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Abstract: The nonspecific enrichment of target-unrelated peptides during biopanning remains a
major drawback for phage display technology. The commercial Ph.D.TM-7 phage display library is
used extensively for peptide discovery. This library is based on the M13KE vector, which carries the
lacZα sequence, leading to the formation of blue plaques on IPTG-X-gal agar plates. In the current
study, we report the isolation of a fast-propagating white clone (displaying WSLGYTG peptide)
identified through screening against a recombinant protein. Sanger sequencing demonstrated that
white plaques are not contamination from environmental M13-like phages, but derive from the library
itself. Whole genome sequencing revealed that the white color of the plaques results from a large
827-nucleotide genomic deletion. The phenotypic characterization of propagation capacity through
plaque count- and NGS-based competitive propagation assay supported the higher propagation
rate of Ph-WSLGYTG clone compared with the library. According to our data, white plaques are
likely to arise endogenously in Ph.D. libraries due to mutations in the M13KE genome and should
not always be viewed as exogenous contamination. Our findings also led to the conclusion that the
deletion observed here might be an ancestral mutation already present in the naïve library, which
causes target-unrelated nonspecific enrichment of white clone during biopanning due to propagation
advantage.

Keywords: biopanning; competitive propagation; genomic deletion; lacZα sequence; M13KE; phage
display; Ph.D.TM-7 peptide library; propagation-related TUP; white plaque

1. Introduction

Phage display is a powerful and popular high-throughput selection technique to
identify peptide ligands with specific binding to physiologically relevant protein and non-
protein targets. In phage display, the DNA encoding an exogenous (poly)peptide is cloned
into a specific site in the phage genome that encodes one of the phage coat proteins. After
infection of the host bacterium and expression of phage genes, the guest (poly)peptide
encoded by exogenous DNA is expressed as part of the relevant coat protein while its
encoding sequence is located within the phage genome. Thus, the method exploits the direct
physical link between a (poly)peptide expressed on the phage outer surface (phenotype)
and its encoding DNA in the genome (genotype). This phenotype-genotype link serves
as the backbone of phage display technology and allows for sequence determination of
selected ligands displayed on the surface of phage virions. [1,2]. In the commercially
available and commonly used libraries, such as those provided by New England Biolabs
(NEB), a wide diversity of randomized peptide sequences are expressed as fusions to the pIII
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coat protein of the phage vector M13KE, and the naïve library is said to consist of around
109 unique peptide sequences. NEB has manufactured three different random peptide
libraries, including linear heptapeptide (Ph.D.TM-7), cyclic heptapeptide (Ph.D.TM-C7C),
and linear dodecapeptide (Ph.D.TM-12) libraries. In the cyclic library, the displayed peptide
is flanked by a pair of cysteine residues, which form disulfide bonds during phage assembly.
The complexity of heptapeptide libraries can represent approximately all of the possible
7-mer peptide sequences but only a minor fraction of all possible 12-mer peptide sequences.
In all libraries, the first amino acid of the peptide-pIII fusion is the first randomized position,
and there is a short linker (Gly-Gly-Gly-Ser) between the displayed peptide and pIII [3,4].
As the phage vector used in this library is a simple M13mp19 derivative, it carries the lacZα
gene, allowing for blue-white screening and enabling the formation of blue plaques on
IPTG-X-gal-containing plates. According to the manual provided by the manufacturer, the
emergence of white plaques indicates contamination of the library with environmental
M13-like phages during panning and amplification [3], which can be devastating for the
selection process.

The phage display library screening is performed through biopanning, in which
multiple rounds of selection and amplification are applied to enrich the pool of phage
clones displaying peptides with high binding affinity towards the target of interest [5].
Although phage display has offered enormous potential in the identification of a variety of
target-avid peptides, an inevitable consequence of biopanning is the emergence of false-
positive peptides. Peptides that emerge in rounds of biopanning without specific binding
affinity towards the target are termed target-unrelated peptides (TUPs) [6]. Generally,
these peptides are classified as either selection-related (Sr-TUPs) or propagation-related
(Pr-TUPs). Sr-TUPs arise as a result of binding to one of the components of the selection
system other than the target [6]. Pr-TUPs emerge because the phage library is based on a
biological system where genetic changes, like point mutations, may occur. Such variations
can lead some clones to gain a biological propagation advantage compared to other clones
in the library. Pr-TUPs are therefore recognized as peptides coincidentally expressed on
phage clones with faster propagation rates [7,8]. To date, a number of fast-propagating
phage clones displaying different peptide sequences have been identified, and their higher
propagation has been attributed to various genetic alterations [7,9].

The identification and removal of TUPs arising in biopanning output is of utmost
importance since they can be mistaken as target-related peptides (TRPs) and misguide
further downstream characterization of isolated peptides. Discrimination between false-
positive TUPs and true target binders makes a significant contribution to the integrity of
phage display selection and paves the way for translation of biopanning findings into the
development of diagnostics and therapeutics. In recent years, some experimental [8,9] and
in silico [10,11] methods have been developed for TUP identification. These TUP discovery
approaches have provided novel insights into the selection procedure and expanded the
repertoire of non-specific binding peptides isolated in phage display. Here, we report the
isolation of a non-target binding fast-propagating phage clone (displaying the peptide
WSLGYTG) through biopanning of Ph.D.TM-7 (a NEB-made 7-mer random peptide library)
on recombinant mouse CD4 protein. Instead of blue-colored plaques, this clone produced
white plaques. Whole genome sequencing (WSG) uncovered a large deletion, removing the
lacZα sequence, in the genome of this phage, and a competitive propagation assay revealed
its high propagation rate. Our findings suggest that WSLGYTG-displaying white clone has
been enriched in biopanning due to propagation advantage, not true binding affinity to
the target.

2. Results
2.1. White Plaques Appeared in Biopanning Output Originate from the Library

After three rounds of biopanning of the Ph.D.TM-7 library on recombinant mouse
CD4, 45 plaques were picked out for sequencing to recognize displayed peptides. The
phage clone displaying the WSLGYTG peptide was identified as the most enriched clone
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(4 clones, corresponding to 8.9% of phage clones) and was therefore subjected to down-
stream characterization. However, upon plating the amplified WSLGYTG-displaying clone
for titration, it was found that the color of the plaques appearing on the plate was white
(Figure 1). The cloning vector WT-M13KE used for the construction of the Ph.D.TM-7 pep-
tide library differs from wild-type environmental M13 (WT-M13) phages by the insertion
of a lacZα-containing sequence into the vicinity of the origin of replication (Ori) that leads
library phages to generate blue plaques in the presence of IPTG (an inducer of the lac
operon in the E. coli genome) and X-gal (enzyme substrate). Therefore, the emergence of
white plaques was first assumed to arise from the contamination of WSLGYTG-displaying
clone stock with white plaque-producing environmental phages.
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Figure 1. Plaques from WSLGYTG-displaying phage (left plate) and Ph.D.TM-7 peptide library (right
plate) plated on separate plates and a close-up of a white and a blue plaque. WSLGYTG-displaying
clone produces white plaques, whereas library clones produce blue plaques.

Several white plaques were picked out and sequenced. As indicated in Figure 2, the
genomic sequence of white plaques is identical to WT-M13KE and shows a difference
from WT-M13. The genome of library-derived WT-M13KE has multiple nucleotide differ-
ences in comparison with the genome of environment-derived WT-M13. These nucleotide
differences serve as a sequence signature to distinguish WT-M13KE from WT-M13. We se-
quenced the genomes of eight white plaques (nucleotides 1130 to 1680). This genomic part
of the M13 phage contains five nucleotide differences between WT-M13 and WT-M13KE,
highlighted in green and blue colors in the upper part of Figure 2 (G at position 1610, A at
position 1613, G at position 1631, C at position 1634, and T at position 1662). The presence
of these nucleotides in white plaques indicates that viral plaques derive from the library,
not the environment. Additionally, all the sequenced white clones display the WSLGYTG
peptide (marked in red), which is not present in the genome of WT-M13KE (the reference
genome not displaying any peptide).

2.2. WSLGYTG-Displaying White Clone Does Not Show Significant Binding to the Target Protein

To investigate the binding of WSLGYTG-displaying white clone to the target protein,
enzyme-linked immunosorbent assay (ELISA) was performed, and the binding ratio was
calculated for each phage sample based on the absorbance from CD4-coated wells divided
by the absorbance from PBS-coated wells (Figure 3). The following two different negative
controls were included: no phage (to account for nonspecific binding of anti-M13 antibody
in the target-coated well) and WT-M13KE as a Ph.D.TM-7 library clone that does not display
any peptide on its surface (to account for the nonspecific binding of the phage particle itself
to the target). Moreover, a positive control was included in ELISA that was a clone already
shown to have high binding affinity for the target. To have a more accurate evaluation of
the target binding of the WSLGYTG-displaying white clone, three different titers of this
clone (109, 1010, and 1011 pfu) were used in ELISA.
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Figure 2. DNA sequence alignment between a fraction of the genomes of WT-M13 (at the top),
WT-M13KE (in the middle) and eight isolated white plaques (at the bottom). All eight clones show
evidence of arising from the library as they contain nucleotides (marked in blue) that differentiate
them from the corresponding nucleotides in WT-M13 (marked in green). Additionally, all the eight
white clones express the peptide WSLGYTG and the linker GGGS (marked in red), which are not
present in the genomes of both WT-M13 and WT-M13KE. The nucleotide numbers refer to WT-M13KE
genome. Compared to WT-M13, the nucleotide numbers are lower by 1 in WT-M13KE due to the
deletion of T at position 1565. The alignment analysis was performed in SnapGene software (from
Insightful Science; available at snapgene.com).

According to our results, the white clone indicated a significantly lower target binding
than the positive control in the same phage titer (109 pfu). Consistent with this, the mean
ratio of positive control (average ratio of 30) was significantly higher than the white clone
(average ratio of 9.1) (p = 0.0003). Moreover, the white clone did show a significantly higher
target binding than WT-M13KE (negative control). Input phage titer is an important factor
for color development in phage ELISA. To have a more accurate evaluation of the target
binding capacity of the WSLGYTG-displaying white clone, the binding of this phage at a
higher titer (1011 pfu) was compared with a positive control (1010 pfu). Interestingly, even
with a 10-fold increase in the input titer of white clone (100 billion virions of white clone vs.
10 billion virions of positive control), the target binding of this phage was still significantly
lower than the positive control (p = 0.0013). The results of phage ELISA provide support
for the notion that although the clone displaying WSLGYTG peptide has been enriched
and selected in biopanning, it is not a true target-specific binder.
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Figure 3. Evaluation of WSLGYTG-displaying white clone binding to the target protein mCD4.
Target-coated wells (0, 5 µg/well) were incubated with phage clones (White-WSLGYTG, WT-M13KE,
positive control, and no phage). The plate was incubated with anti-M13 antibody conjugated with
HRP and color development was achieved by adding TMB and quenching with H2SO4. The absolute
absorbance values (450 nm) were reference subtracted (540 nm) and binding ratio was determined
through dividing clone binding by CD4-coated/PBS-coated wells (OD450 (CD4)/OD450 (PBS)). The
white-WSLGYTG clone does not show significant binding to CD4 once compared with positive
control. PBS: Phosphate buffered saline (no target), WT-M13KE: Ph.D.TM-7 library clone without
displayed peptide, ns: non-significant.

2.3. Whole Genome Sequencing of White Clone Indicates a Large Deletion in the Phage Genome

Whole genome sequencing (WGS) analysis was conducted to gain insight into any
probable alterations in the genome of the white clone. The results of WGS revealed a
large deletion in the genome from nucleotide 5879 to nucleotide 6705 (numbering refers
to M13KE). This deletion includes almost the entire intergenic region between Ori and
lacZα (except the first 11 nucleotides immediately after Ori), the complete lacZα gene, and
10 nucleotides immediately downstream of the lacZα gene (Figure 4).

2.4. Competitive Propagation Assay (CPA) Reveals a High Propagation Rate for White Clone

The observation of no significant binding affinity for the white-Ph-WSLGYTG clone
towards CD4 in phage ELISA inspired us to advance the hypothesis that this phage is likely
to be enriched during library selection in a nonspecific manner and represents the potential
to display a TUP. Another insightful finding that strengthened our original proposition
was the results of WGS analysis based on which white-Ph-WSLGYTG clone had a large
deletion, leading to a dramatic reduction in genome size (the loss of about 11.5 percent of
the total genome). These different lines of evidence prompted us to investigate whether this
clone possesses a particular propagation advantage compared with the naïve Ph.D.TM-7
library, as the library contains a huge variety of phages with a range of propagation rates.
To this end, competitive propagation assay was conducted in which equal titers of white-
Ph-WSLGYTG and library virions were inoculated together in an early log E.coli ER2738
culture. At three time points, samples were assessed with respect to white/blue plaque
titer by plate count method and NGS analysis.

In the blue/white plaque count titration (Table 1), we observed a comparably equal
titer of blue and white plaques immediately after mixing (t = 0). During the amplification
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period, the titers of both white and blue clones were increased. However, titer enhancement
was dramatically higher for white clones compared with blue ones.
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Figure 4. Schematic representation M13KE genome indicating large intergenic deletion (red) revealed
by whole genome sequencing. The deletion was detected in positions 5879–6705 (827 nucleotides),
causing deletion of the segment encoding lacZα gene. The M13KE genomic information was down-
loaded from New England Biolabs repository [12] and the figure was prepared using SnapGene and
BioRender.

Table 1. White/blue plaque count-based titration in competitive propagation assay. The increased
titer of white plaques is significantly higher than blue plaques during amplification period. Ratio
was obtained through dividing the titer of white plaques by the titer of blue plaques at each time
point. Percent is calculated by dividing the titer of white plaque by the titer of both white and blue
plaques multiplied by 100.

Incubation Time White Plaque Titer
(pfu/mL)

Blue Plaque Titer
(pfu/mL) White/Blue Ratio Percent of White Plaques

in the Phage Pool

t = 0 4.9 × 107 4.1 × 107 1.2 54.4%
t = 150 5.3 × 108 8.0 × 107 6.6 86.9%
t = 270 2.7 × 1010 1.9 × 108 14.3 99.3%

We also performed competitive propagation assay based on NGS. As white plaques
displayed WSLGYTG, this assay was performed to determine the number of WSLGYTG-
displaying virions in the phage pool. Table 2 contains information about the number of
reads acquired and analyzed in the NGS-based CPA. The sequencing quality was optimal,
and only a low percentage of reads were removed after filtering. Clean reads were used
for the analysis of CPA results. Immediately after mixing, a sample was withdrawn (t = 0)
and phages displaying the peptide WSLGYTG comprised around half (54.1%) of the phage
virions present in the culture. After 150 min, WSLGYTG clone was able to take over the
majority of the growing culture (75.9%) and, after 270 min became immensely predominated
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in the culture (comprising 91.6% of the total number of phage virions) (Figure 5). The
findings of the competitive propagation assay confirmed our hypothesis, revealing the
fact that the white-Ph-WSLGYTG clone has a significantly higher propagation rate in
comparison with the average propagation rate of phage clones in the library. On this basis,
WSLGYTG is characterized as a Pr-TUP displayed on the surface of a fast-propagating
phage clone that produces white plaques.

Table 2. Number of NGS reads at different time points. The table shows the total number of reads
obtained after NGS sequencing, the number of clean reads used for data analysis, and the number of
removed reads after filtering.

Incubation Time Total Number of
Reads

Total Number of
Clean Reads

Total Number of
Removed Reads

Percent of Removed
Reads

t = 0 879,645 837,278 42,367 4.8
t = 150 1,141,980 1,105,681 36,299 3.2
t = 270 1,261,717 1,235,481 26,236 2.1
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Figure 5. NGS-based competitive propagation assay. Equal titers of white-WSLGYTG clone and
Ph.D.TM-7 library were inoculated in early log E.coli culture and amplified for 4.5 h. At three time
points, samples were withdrawn and the percentage of WSLGYTG-displaying clone compared to
random peptide library clones was calculated based on NGS data. A substantially higher propagation
rate was found for WSLGYTG clone compared to the library (representing an average propagation
rate of the clones in the library).

3. Discussion

Phage display is a potent strategy for the discovery of target-specific ligands. The
high throughput nature of this methodology enables researchers to screen very large and
diverse libraries for the identification of clinically relevant peptides [13,14]. Although
many successful selections have been described in the literature, biological bias is an
inherent feature of phage display libraries. The undesirable isolation of TUPs without
true binding affinity toward the target remains a major bottleneck for this technology. Pr-
TUPs, one of the most important categories of phage display-selected false-positive binders,
are coincidentally displayed on viruses that propagate faster than other clones of the
library [8], and their target-independent enrichment has the potential to negatively impact
the selection output. Distinguishing TUPs from target-specific peptides and reporting
propagation-related predominating phage clones will facilitate the discovery of true target
binders, illuminating the dark side of biopanning. In the current work, we report the
isolation of a fast-propagating phage clone displaying the peptide WSLGYTG, which was
enriched through screening of the commercial Ph.D.TM-7 phage display library against
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recombinant mouse CD4 protein. A literature search revealed that this peptide sequence
has already been isolated in biopanning on two other targets, including human recombinant
CD3E protein (the epsilon chain of T-cell surface glycoprotein CD3) [15] and protective
and non-protective anti-Borrelia burgdorferi sera of New Zealand White (NZW) rabbits [16].
However, the chance of obtaining a true binder on different targets in biopanning of a library
containing billions of peptides is very unlikely, and the peptide might be a nonspecific
ligand. In line with this, the results of phage ELISA uncovered that the Ph-WSLGYTG clone
does not show significant binding to the target protein (Figure 3). Another observation
that raised our interest in further investigation of the Ph-WSLGYTG clone was the white
color of the plaques produced by this clone (Figure 1). According to the manufacturer’s
instructions [3], the most likely explanation for the emergence of white plaques is that the
phage pool has become contaminated with environmental M13-like phages during panning
and amplification. Nonetheless, our findings on the genomic analysis of randomly chosen
white plaques (Figure 2) present a stark contrast to this notion and evidently demonstrate
that all the white plaques in our work originated from the library, with no environmental
contamination. There is also one previous report on the identification of library-derived
white plaques from M13KE-based libraries [17]. Our WGS analysis of the Ph-WSLGYTG
indicated that a large genomic deletion, which removes the entire lacZα gene (from 6216 to
6695), causes the white color of plaques. The deletion covers nucleotides 5879 to 6705 (a
total of 827 nucleotides) (Figure 4) in the phage genome, which includes a major part of the
intergenic region between gIV and gII, goes 10 nucleotides downstream of the lacZα gene
and ends 115 nucleotides before gII [12]. Interestingly, the deletion starts 11 nucleotides
downstream of the origin of replication (5487 to 5867), thus not impacting Ori. Ori is
essential for M13 phage DNA replication and is highly sensitive to mutations [18,19]. In
the library vector M13KE, a large 816 nucleotide fragment is inserted into the intergenic
region near Ori [20]. The proximity of this large insert to Ori gives rise to a significant
reduction in the propagation capacity of the M13KE phage compared with wild-type M13.
Therefore, the genomic deletion observed in our work is suggested to act as a compensatory
mechanism for the replication defect of M13KE. However, the degree of deletion in terms
of size and position may vary. Consistent with our finding, Smith et al. [7] have already
reported the occurrence of large genomic changes (rearrangement) in compensation for
reduced propagation in fd-based phage display libraries.

To perform phenotypic characterization, the propagation rate of white-Ph-WSLGYTG
was compared with library (containing phage clones with a range of propagation rates)
via CPA. In contrast to time course analysis for phage amplification in which different
monoclonal phage pools are compared individually [8], a polyclonal phage pool is inves-
tigated in CPA and, thus, evolutionary competition among virions serves as a basis for
comparison of the amplification profiles of different phage pools. Based on competition
in a polyclonal phage pool, CPA mimics library construction and its subsequent selec-
tion through biopanning. Since the plaque count approach solely assesses blue/white
phenotypes (not displayed peptides), we also sequenced the CPA phage pool to assess
the frequency of WSLGYTG-displaying phages. Since plaque count is highly prone to
bias due to the small sample size (counting less than 100 white and blue plaques), we
conducted CPA using NGS to allow for a strikingly larger number of virions to be analyzed
(around 106 according to the MiSeq platform used in our work (Table 2 and Figure 5).
Mapping a larger fraction of the phage pool yields in-depth and more detailed insights
into the trend of sequence enrichment during the amplification period. Both enhancing
white to blue ratios/percentages over time in plaque count-based CPA (Table 1) and a
dramatically increasing percentage of WSLGYTG-displaying clones in NGS-based CPA
(Figure 5) demonstrated a clear dominance of white-Ph-WSLGYTG in the final phage pool,
supporting the faster propagation rate of this phage over other library clones. The findings
of CPA highlight that persistent occurrence in selection rounds and the final isolation of
white-Ph-WSLGYTG clone at the end of biopanning is not due to specific target binding
but results from increased evolutionary fitness for propagation associated with genomic
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deletion. It might be speculated that a smaller genome (over 10% reduction in genome size),
removal of coding sequences (like lacZα), and increased Ori function all lower the energy
cost of transcription and translation, allowing the phage to amplify faster. One possible
explanation for the nonspecific enrichment of white clones and their appearance as one
of our most abundant peptides is the diversity collapse that happens during biopanning.
Therefore, the phage pool in biopanning is remarkably less diverse and, thus, contains
fewer competitors than the library used in CPA. This can lead to the highly efficient enrich-
ment of fast-propagating clones during amplification steps conducted between the rounds
of biopanning.

The M13 phage virion is a flexible rod-shaped nucleoprotein filament about 6 nm
in diameter and about 900 nm in length [21,22]. This filamentous structure consists of a
single-stranded circular DNA that is surrounded by a protein coat called a capsid. The
capsid is a symmetric array of around 2700 copies of α-helical pVIII, which is known as the
major coat protein, and a few copies (three to five) of each of the four minor coat proteins
at the two ends of the virion (pIII, pVI at one end, and pVII, pIX at the other end) [22–24].
Subunits of pVIII interact with each other and with the viral ssDNA to generate structurally
stable and functionally viable phage virions. It is known that M13 has a variable length
and the virion length is dictated by the size (number of nucleotides) and conformation of
the packaged DNA. Therefore, the number of nucleotides in the genome ascertains the
exact number of pVIII subunits (as the determinant of virion length), and thus, the ratio of
nucleotides per coat protein subunit (n/s ratio) [25]. It has been indicated that although the
length of a wild-type virion is about 900 nm, shorter virions can also be assembled [21,26].
The smaller genome is packaged by a lower number of pVIII proteins, leading to the
formation of a smaller virion. As mentioned earlier, the genome of the white-Ph-WSLGYTG
clone is over 10% shorter than the genome of the blue plaque-producing clones in the
library. Therefore, the white clone is expected to have shorter virions and fewer pVIII
subunits. A lower copy number of pVIII might help the phage propagate faster. Electron
microscopy (EM) techniques have already been used to characterize filamentous phages
such as M13, providing detailed structural information with respect to the geometry and
morphology of these phages as well as the structures of their different proteins [27–33].
Based on this, the use of EM holds potential to obtain insights into the length and structure
of white-Ph-WSLGYTG. This kind of structural analysis can help us to make a comparison
between the dimensions of white and blue virions as well as understand whether there is a
correlation among virion length, the number of pVIII subunits, and propagation advantage.

In silico tools such as Biopanning Data Bank (BDB) and Scanner and Reporter of
Target-Unrelated Peptides (SAROTUP) have been developed for cleaning biopanning data.
The BDB contains already reported biopanning results from peer-reviewed papers and
is the most comprehensive database for the analysis of peptides obtained through the
screening of phage display libraries [10,11]. SAROTUP was developed to identify TUPs
in phage display experiments. PhD7Faster version 2.0, as part of SAROTUP, is a machine
learning-based predictor made using NGS data of amplified Ph.D.TM-7 library [34]. It can
predict if a peptide from this library is a Pr-TUP. Once we searched for WSLGYTG in BDB,
no hits were found. Although WSLGYTG has already been reported in biopanning data
from the Ph.D.TM-7 library, it has not been deposited into BDB yet. This reflects the fact that
these repositories might not cover all the peptide sequences found and reported in phage
display studies. Furthermore, inconsistency exists between our experimental findings and
PhD7Faster in silico predictions on the propagation capacity of the WSLGYTG-displaying
white clone. PhD7Faster predicts a low probability value (0.1) for the propagation rate,
whereas our experimental data provide strong support for the propagation advantage of
white-Ph-WSLGYTG. Although a high probability of propagation advantage predicted by
PhD7Faster most likely results from the genotype of the pertinent phage clone, the tool
solely identifies a clone as fast propagating based on the sequence of the displayed peptide.
As a matter of fact, PhD7Faster forges a connection between genotypic characteristics
and the displayed peptide. The peptide merely acts as a guide to identify a clone as fast-
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propagating and does not directly take genotypic characteristics into consideration. This
means that PhD7Faster cannot make a distinction between the white clone displaying
WSLGYTG in our work and the already reported CDE-binding blue clone displaying
WSLGYTG [15]. The two clones display the same peptide but possess different genotypes
and plaque colors. This leads PhD7Faster to recognize both virions as slow-propagating
clones (propagation probability value = 0.1). In this manner, the propagation-enhancing
genomic deletion in the white clone is neglected. Another drawback of propagation
prediction tools, such as PhD7Faster, is their lot-dependency. Different lots of the same
library type are very likely to contain phages displaying the same peptide but having
different genotypes. This can simply lead to contradictions between experimental data and
in silico analyses of phage propagation, underscoring that bioinformatic tools are solely in
silico predictors and should be used with caution.

The deletion observed in our work is the same as reported by Zygiel et al. [17]. They
found the deletion in three different non-commercial libraries (ACX4CX2, ACX5CX1, and
ACX6C) constructed using the M13KE vector. The observation of the same large deletion in
different M13KE-based libraries in two different studies poses an important question about
the temporal occurrence of this genomic alteration. Two scenarios exist about the origin
of white plaques. Based on the first scenario, the deletion happened during amplification
steps between rounds of biopanning and the clone displaying the WSLGYTG peptide
existed in the naïve library as a blue plaque-producing virus. Zygiel et al. suggested a
possible mutational hotspot in the phage genome as an explanation for the emergence
of white plaques in three different libraries. According to this standpoint, independent
deletion events have occurred separately in different M13KE vector molecules. This notion
contradicts the fact that indels are generally infrequent compared to point mutations [35].
This is more pronounced for larger indels, and consequently, it is very unlikely that such a
large (827 nucleotide) deletion recurs in different libraries. On the other hand, the frequent
occurrence of such mutational events might offer some clues about the instability of the
M13KE genome, posing a limitation to its use in the construction of phage display libraries.
The second scenario proposes that the deletion was already present as a very minor portion
of the M13KE molecules initially employed to generate the libraries or arose during the
amplification step of library construction. In the procedure of library construction, the
ligation of the displayed peptide-encoding oligonucleotide pool into M13KE is followed by
transformation into the host bacterium and intracellular vector amplification. Owing to
the propagation advantage, the deletion mutant clone in the naïve library gets the chance
to become enriched and increases its copy number during subsequent amplification steps
between biopanning rounds, leading to its propagation-related target-unrelated enrichment
in the recovered phage pool from the last round of selection. In this scenario, an ancestral
mutation exists in some M13KE molecules of the naïve library that is passed down to all
the libraries made from vector stock containing the mutation. In this case, the different
molecules of the mutant vector can display different peptide sequences. This has been ob-
served for the deletion mutant white clone which displays WSLGYTG (from the Ph.D.TM-7
library) in our work, whereas it displays ACSYKACWV, ACHYAPCRS, and ACLALACRT
(from the ACX4CX2 library), ACRSAGTCP and ACQYAKLCA (from the ACX5CX1 library),
and ACNHRLASC and ACSGEERAC (from the ACX6C library) in the paper of Zygiel and
co-workers [17]. Such ancestral mutations represent library construction artifacts, which
seem to be unavoidable and might happen in the construction of many combinatorial phage
display libraries. These mutant clones are nonspecifically enriched during biopanning
in a target-independent manner associated with amplification bias. This opinion is in
accordance with previous reports on the existence of ancestral point mutations in fd-tet
(used to make f88-4, fUSE5, and f3-15mer libraries) phage display peptide libraries [7] and
propagation-related parasitic enrichment of ancestral indel mutations in a focused M13
phage protein library [36]. Based on the second scenario, the M13KE genome is stable
enough to be used for the construction and selection cycles of phage display libraries.
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4. Materials and Methods
4.1. Phage Display Library and Biopanning

The phage vector M13KE used in Ph.D.TM-7 Phage Display Peptide Library (New Eng-
land Biolabs, Ipswich, MA, USA) displays random heptapeptides fused to the N-terminus
of the phage minor coat protein pIII. Each peptide is expressed in a pentavalent manner on
the surface of five pIII proteins. This library was used for panning on recombinant mouse
CD4 protein (Sino Biological, China) as described previously [37] with some modifications.
After three rounds of library selection, bound phages were recovered with acidic glycine
(0.2 M glycine-HCl, pH = 2.2, 1 mg/mL BSA) and then neutralized with 1 M Tris-HCl
(pH = 9.1). The recovered phages were plated on IPTG-X-gal agar plates and a number of
plaques were picked out for Sanger sequencing.

4.2. Phage Amplification and Extraction

Escherichia coli strain ER2738 was used to amplify phage virions. The phage pool was
cultured in 20 mL early log ER2738 bacterial cells (5 h, 37 ◦C, 250 rpm). After removing
bacterial cells and debris, the amplified library was purified by adding PEG/NaCl buffer
(1/6 volume of 20% PEG/2.5 M NaCl, overnight incubation at 4 ◦C) and centrifugation
(12,000× g, 10 min, 4 ◦C).

4.3. Phage Titration

Double agar overlay method was used to determine the titer of phage suspensions for
competitive propagation assay. For this purpose, phage suspensions were serially diluted
(10-fold) in LB medium and incubated with a mid-log phase ER2738 culture (300 µL,
OD600 = 0.5) for 5 min at room temperature. The infected cells were then transferred
into 3mL pre-heated top agar (0.7%), plated onto LB agar/Tet/X-gal/IPTG medium, and
incubated overnight at 37 ◦C before counting plaques. Each sample was plated in triplicate
and titer was determined from plates with an even distribution of plaques.

To determine the titer of phage suspensions for ELISA, quantitative PCR (qPCR) was
used as described elsewhere [38] with minor modifications. M13KE double-stranded DNA
(dsDNA) (New England Biolabs, Ispswich, MA, USA) was used to plot the calibration
curve and quantify phage titer. During PCR, phage ssDNA is converted into dsDNA
and SYBR Green stains dsDNA. Eight 10-fold dilutions of purified phage suspensions
were serially prepared and incubated with 10 U of DNAase I (Thermo Fisher Scientific,
Waltham, MA, USA) at 37 ◦C for 1 h, to remove residual DNA that is not from intact phage
particles, followed by enzyme inactivation at 95 ◦C for 15 min. A 20 µL PCR reaction
was run using Agilent Mx3005P QPCR System in which each reaction well contained
7.8 µL of Applied BiosystemsTM Power SYBRTM Green 2X Master Mix (Themo Fisher
Scientific, Waltham, MA, USA), 2 µL of denatured phage DNA, 0.1 µL of each of the
primers (500 nM), and 7.8 µL of RNase-free dH2O. The kit contains highly purified Applied
BiosystemsTM AmpliTaq GoldTM DNA polymerase, LD. This polymerase is a chemically
modified hot start PCR enzyme. Forward (5′-CACCGTTCATCTGTCCTCTTT-3′) and
reverse (5′-CGACCTGCTCCATGTTACTTAG-3′) primers bind specifically to the genome of
M13KE at positions 1025–1045 and 1099–1120, respectively [38]. Two temperature PCR was
applied, and PCR cyclic conditions were as follows: 95 ◦C for 10 min, 40 cycles of 95 ◦C for
15 s and 60 ◦C for 1 min by a melt curve setting of 95 ◦C for 1 min and ramp from 55–95 ◦C
(30 s). Phage quantification was conducted by comparing the observed cycle threshold
(Ct) values of sample with standard curve. All reactions were performed in triplicate. To
convert the concentration of DNA into genome copies per microliter (gc/µL), the following
formula was used, and dilution factor was included for concentration calculations [38]:

[genome copies (gc)/µL] = [dsDNA g/µL]/[DNA size (bp) × 607.4 + 157.9] × (6.02 × 1023)
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4.4. Sanger Sequencing of White Plaques

A number of white plaques were picked out for sequencing and used as template in PCR
(plaque or whole phage PCR) conducted by a high-fidelity DNA polymerase. A part of phage
genome was amplified in a 50 µL PCR reaction containing 25 µL of Q5 High-Fidelity 2X Mas-
ter Mix (New England Biolabs, Ipswich, MA, USA), 2.5 µL of each of the forward and reverse
primers (10 µM), 1 µL of water-diluted plaque, and 19 µL of nuclease-free water. Primers
were designed using SnapGene software (from Insightful Science; available at snapgene.com)
and the sequences of primers were 5′-TAGTCCTCAAAGCCTCTGTAGC-3′(forward) and
5′-CAATAGGAACCCATGTACCG-3′(reverse). The following cyclic conditions were used:
initial denaturation at 98 ◦C for 30 s, 30 cycles of denaturation at 98 ◦C for 10 s, annealing at
53 ◦C for 20 s, and extension at 72 ◦C for 20 s. The final extension was performed at 72 ◦C
for 2 min. The amplified DNA was purified by QIAquick PCR purification kit (Qiagen,
Hilden, Germany) and subjected to sequencing by ABI sequencer (Eurofins Genomics,
Ebersberg, Germany).

4.5. Phage ELISA

Recombinant CD4 (0,5 µg/well) was immobilized on a 96-well Maxisorp plate (Nunc,
Thermo Fisher) at 4 ◦C overnight followed by addition of 100 µL of blocking buffer (5%
BSA dissolved in PBS) at 37 ◦C for 3 h. After two washes with 250 µL of PBST (0.1% tween
20), pre-blocked (5% BSA, 37 ◦C, 1 h) phages (1010 pfu/well) were added and incubated for
0.5 h with shaking. Unbound phages were removed by 5 consecutive washes and bound
phages were incubated with 100 µL of HRP-conjugated anti-M13 antibody (Sino Biological,
Beijing, China). Samples were incubated with 100 µL of 3,3′,5,5′-tetramethylbenzidine
(Merck, Darmstadt, Germany) in the dark until color development (15 min) and the re-
action was terminated with 100 µL of 2M H2SO4. The absorbance was measured on a
FLUOstar® Omega reader (BMG Labtech, Ortenberg, Germany) at 450 nm and 540 nm (as
reference wavelength).

4.6. Whole Genome Sequencing of White Plaque

The double-stranded replicative form (RF) DNA of WSLGYTG-displaying phage clone
producing white plaques was purified using the NucleoSpin® plasmid kit (Macherey-Nagel,
Düren, Germany) according to the manufacturer’s protocol. Whole genome sequencing
(WGS) was performed on the purified DNA using Illumina NovaSeq 6000 platform with a
PE150 base pair (bp) strategy (Novogene, Cambridge, UK).

4.7. Plaque Count-and NGS-Based Competitive Propagation Assay (CPA)

An equal number (1 × 109 pfu) of white-Ph-WSLGYTG clone and Ph.D.TM-7 peptide
library was amplified (250 rpm, 37 ◦C) in a 20 mL early log ER2738 culture in LB for 4.5 h.
At incubation times of 0, 150 and 270 min, samples were withdrawn and spun (4000 g)
at 4 ◦C for 10 min. To determine the titer of white and blue plaques in the culture, 10 µL
of phage supernatant was serially diluted (10-fold dilutions) and plated using 200 µL of
ER2738 strain (OD600 = 0, 5) and 3 mL top agar (0.7%). Plaques were assessed as either
white or blue and counted on plates with 50–300 plaques.

The remaining 2,8 mL phage supernatant was used for DNA extraction using Nucle-
oSpin ® Plasmid kit for isolation of M13 DNA (Macherey-Nagel, Düren, Germany). DNA
was eluted in 10 µL of RNase-free water and its concentration and purity was measured
using NanoDropTM. PCR was run on eluted phage DNA using Q5 High-Fidelity 2X Master
Mix (New England Biolabs, Ipswich, MA, USA) in 50 µL reaction volumes containing 25
µL of master mix, 5 µL of phage DNA, and 2.5 µL (10 µM) of each of the forward and
reverse primers. The primers contained phage genome-specific sequences and Illumina-
compatible sequencing adaptors for subsequent NGS analysis. The sequences of primers
are as follows [39]:
Forward: 5′-AATGATACGGCGACCACCGAGATCTACACTTCCTTTAGTGGTACCTTTCT
ATTCTC*A
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Reverse: 5′-CAAGCAGAAGACGGCATACGAGATCGGTCTATGGGATTTTGCTAAACAA
CTTT*C

PCR was performed as follows: initial denaturation at 98 ◦C for 30 s, and 20 cycles
of denaturation at 98 ◦C for 10 s, annealing at 60 ◦C for 30 s, and extension at 72 ◦C for
20 s followed by final extension at 72 ◦C for 2 min. The correct size of PCR product was
evaluated on 1% TAE agarose gel. The PCR product was purified with QIAquick PCR
purification kit (Qiagen, Düren, Germany) and used for NGS analysis.

Illumina next-generation sequencing was performed by Center for Genomic Medicine,
Copenhagen University Hospital, Rigshospitalet (Copenhagen, Denmark) using the MiSeq
platform and the MiSeq v2 Nano reagent kit. Each purified PCR product obtained from the
previous step was run individually on an Illumina flow cell and subjected to amplification.
Single-end sequencing strategy was conducted for 53 cycles including a custom sequenc-
ing primer (ACACTTCCTTTAGTGGTACCT TTC TAT TCT CAC TC*T). Asterisks in the
sequences of primers refer to the presence of phosphorothioate.

4.8. Analysis of Illumina NGS Data

The resulting FASTQ file was uploaded into a MATLAB script [40] with some mod-
ifications. Data analysis comprises different steps including read filtering, translation of
nucleotides into amino acids, and calculation of frequencies for the identified hits. The
script recognizes the sequenced nucleotides and translates them into amino acids. The
variable region of phage genome contains the sequences of 7-amino acid displayed pep-
tide, (consisting of 21 nucleotides) and GGGS linker (12 nucleotides) at the C-terminus of
displayed peptide. Reads with invalid amino acids (containing ‘*’) within the displayed
peptide or not containing a complete and correct linker sequence were removed (specified
as total number of removed reads in Table 2). Thereafter, 95.2%, 96.8%, and 97.9% of reads
remained for time points 0, 150, and 270, respectively. The remaining reads (specified as
total number of clean reads in Table 2) were sorted according to their frequencies. The
relative abundance of WSLGYTG clone was calculated as percentage based on the total
number of clean reads at different time points. The script used for data analysis can be
found in Supplementary Materials.

5. Conclusions

Due to the growing popularity of phage display for peptide discovery, commercial
phage display libraries have gained considerable attention for the discovery of translational
peptides. Since M13KE-based Ph.D. libraries are extensively used in phage display research,
identifying the origin of white plaques observed upon working with these libraries is crucial.
Our findings provide clear evidence for the fact that white clones might derive from the
library, and not every white plaque should be viewed as environmental contamination.
In the case of endogenous origin of white clones, all manufacturer’s recommendations
to remove these plaques from biopanned phage pools, such as sterilization of equipment
and reagents, are not helpful. Upon finding white plaques during library selection, we
highly recommend determining their genetic identity. This genotypic characterization
can be easily conducted by picking out a number of white plaques and sequencing them.
Sequencing can be performed by using (−96 gIII and −28 gIII primers) provided in the
Ph.D.TM-7 library kit or any type of custom-made primers, which target genomic regions
able to show nucleotide differences between environment-derived WT-M13 and library-
derived M13KE. Since mutations giving rise to propagation advantage may prevent the
enrichment of true target binding clones, this work highly emphasizes the importance of
identifying and genetically characterizing these mutants to avoid their misidentification as
target-specific binders.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23063308/s1.
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