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Abstract

Most bacteriophages — the viruses of bacteria, commonly described simply as phages — use lysis to
release virions from infected bacteria. Lysis releases other intracellular contents of cells and
represents a process of more general bacterial-cell decomposition. Lysis also reduces the optical
density of bacterial cultures, often substantially. Optical density is a measure of light scattering and
absorbance, and is commonly used to quantify the turbidity of broth bacterial cultures. Turbidity-
based approaches to studying phage-induced bacterial lysis have been used for roughly as long as
phages have been recognized by science. This review examines the history of automated optical
density-based explorations of phage impacts on bacterial cultures, with emphasis on published use
of kinetic microtiter plate readers. A key conclusion is that the first published automated use of a
kinetic-reading microtiter plate reader to study phage-induced bacterial lysis was that of Paddison et
al. in 1998 (PMID: 9560373, PMCID: PMC1460109, DOI: 10.1093/genetics/148.4.1539). Challenges to
that conclusion are encouraged.

Keywords: 96-well plate; 96-well microtiter plate; bacteriophage; colorimetric; lysis profile;
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1. Introduction

“...in vitro, 'ensemencement d'une trace d'une culture de ce bactériophage a virulence exaltée
dans une emulsion renfermant plusieurs milliards de bacilles, suffit pour tuer et lyser ces bacilles en
l'espace de trois heures.” d'Hérelle [1], pp. 932-933, 1919

“When a drop of the lysed culture was added to a young bouillon culture of the Shiga bacilli this
culture in turn became dissolved.” d'Hérelle [2], p. 19, 1922

Lysis profiles are a means of visualizing phage life cycles using optical density measurements
[3]. This contrasts with the more labor-intensive one-step growth experiments [4-6]. Early use of the
term ‘lysis profilee for the study of phage biology can be found in the publications of Rolfe and
Campbell [7,8], as applied to induced phage A lysogens, and of Kao and McClain [9] as applied to the
lytic infections by bacteriophage T4. Early use of culture turbidity to quantify the timing of phage-
induced bacterial lysis [3,10-12], however, can be traced to at least the work of Krueger in 1930 [13,14].
Use of “Photoelectric nephelometers” to generate a true lysis profile nonetheless was not seen until
1947, as developed by Underwood and Doermann [15] (see the Appendix A for additional early
history).

Here we move forward several decades to consider the use of automated microtiter plate readers
to generate phage lysis profiles. These instruments have the utility of allowing high throughput lysis
profile determinations as well as the performance of experiments over long time frames (Figure 1).
They thus represent an important innovation for the study of phage population growth, though with
the caveat that it is likely that culture aeration within 96-well microtiter plates, even with shaking,
may not be as substantial as can be achieved using minimally filled flasks with gyratory shaking.
Nonetheless, the presence of kinetic microtiter plate readers in phage laboratories has become
extremely common. The question being asked here, though, is which publication was the first to
report the use of an automated microtiter plate readers to determine a phage lysis profile? The
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evidence points to Paddison ef al. [16] as the first published example of such an experiment. To make
that determination, I employed multiple literature search approaches.

Optical Density (650 nm)

0 2 4 6 8 10

Time (hours)

Figure 1. Example lysis profiles. Shown is the impact of phage T1 on different starting bacterial concentrations
(Escherichia coli B), with starting phage multiplicities of somewhat less than 1 (hence the observed initial rise in
culture turbidities). Different colors refer to different biological repeats. The approach is equivalent to a virulence
determination assay [17-21], though here without virulence quantification. Note the apparent latent period
extension seen as initial optical densities increase, from somewhat less than one-half hour — Delbriick [22]
reported 13 min for T1 - to six or more hours prior to the completion of the presumably lysis-associated culture
turbidity declines. This phenomenon of apparent latent period extension at higher bacterial turbidities has
been observed previously by multiple researchers [19,20,23-31].

2. Materials and Methods

A Molecular Devices Thermomax microtiter plate reader was used to generate fully automated
lysis profile experiments. It was set to an incubation temperature of 37°C. Prior to each time point, 30
seconds of shaking was performed. A 650 nm filter was used, which overlaps the '66' Klett-
Summerson Photoelectric Colorimeter filter that possesses “a spectral range of 640-700 millimicrons”.
Each curve represents the average of three technical repeats. Muller-Hinton Broth II, cation adjusted,
was the growth medium.

3. Use of Kinetic Microtiter Plate Readers

Use of kinetic microtiter plate readers —ideally with associated incubating and shaking functions
- can greatly ease the determination of phage lysis profiles. For this reason and others, these
instruments have become a standard approach for phage characterization during the current decade
(2020s). This contrasts with manual determinations using Klett-Summerson Photoelectric
Colorimeters, equivalent single-tube readers (spectrophotometers), or instead by manually loading
microtiter plates into plate readers at different intervals. Provided here is a literature search leading
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up to identification of the earliest, published phage lysis profile that employed a kinetic “microtiter
plate reader” or “microplate reader” to automate its generation.

The article by Xie ef al. [19] is used here to define the end point of the early use of automated
microtiter plate readers to generate phage lysis profiles as this publication set the stage for
subsequent, more widespread use of this technology, at least in my opinion. There, lysis profiles were
used as a means of quantifying phage antibacterial virulence [17-21]. See also the review by myself
which explores the history of the use of phage lysis profiles as a means of estimating phage titers [32].
In this latter publication, a suggestion is made that peak culture turbidities or their timings as seen
with lysis profiles may represent a preferable measure of phage antibacterial virulence than the use
of areas under curves, a conclusion that is similar though not quite identical to those of Blazanin et
al. [33]. See also the supplementary materials of that same publication [32] for a narrative exploration
of the complexities than can be associated with interpreting phage biology from lysis profile
experiments.

3.1. Searching for References, Round 1

A Google Scholar search was undertaken' looking for combinations of variations on "phage",
"microplate reader”, and synonyms for phage impact on bacteria, excluding citations and patents.
This yielded over 300 hits. Publications from 1989-1997 either studied non-phage systems [34-37],
mentioned phages without explicitly studying lysis [38-43], or employed phage typing rather than
lysis profiling [44]. Tabarya and Hoffman [44] does mention lysis profiles: “A set of 19 bacteriophage
types, representative of four bacteriophage groups, was obtained from the American Type Culture
Collection (Rockville, MD, USA) and was used to generate a bacteriophage lysis profile for each S
aureus isolate.” However, their use of a “Microplate Reader” seems to have been limited to
performing ELISAs. Interestingly, Crupper and Iandolo [36], from 1996, did employ a “kinetic
microplate reader” to study lysis (a Molecular Devices Vmax), but it is not clear that its kinetic
function was used to generate the killing curve shown in their sixth figure (panel A). It also was not
a phage but instead a bacterium-produced antibacterial peptide that was being studied.

Among these early references, Paddison et al. [16] from 1998 is the earliest publication found in
the above search containing a phage lysis profile that had been generated using a kinetic plate reader.
That lysis profile, shown in the fifth figure of that publication, demonstrates automated measurement
of phage-induced bacterial lysis over time. Crucial for comparison to other studies, where automation
might be present but is not specified, the data points are evenly spaced throughout that experiment.
By comparison, the next lysis profile in that study was based on manually acquired data with clearly
inconsistent intervals between time points. The following sections examine additional searches that
were conducted to identify any earlier examples.

3.2. Round 2, Earlier Than 1998 but Not Automated?

In an attempt to dig further, I used the author filter, “author:R author:Young”. This is for Ryland
Young, a crucial pioneer in the study of phage-induced bacterial lysis. This revealed additional phage
lysis-related publications dating from 1998 or earlier, with focus predominantly on lysis induced by
cloned phage genes rather than on lysis induced by whole phages:

Smith and Young [45] from 1998 show multiple lysis profiles including of A phage lysogens. One
can see in this article, however, that there is no reference to how this absorbance, here used as an
indication of optical density, was determined. Intervals between time points also appear to be varied
by different amounts, especially at the beginning of the presented curves. That suggests that optical

! This is the original Google Scholar search: ("phage" OR "bacteriophage" OR "phages" OR "bacteriophages")
AND ("microplate reader" OR "microtiter plate reader" OR "microtitre plate reader") AND (“lysis profile" OR

"infection profile" OR "killing curve” OR “virulence assay”)
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density measurements were obtained manually rather than in an automated manner. Similar patterns

appear in Smith et al. [46] as well as Chang et al. [47] from 1998 and 1995, respectively.
Johnson-Boaz et al. [48] from 1994 explained their approach as: “The turbidity of bacterial

cultures was followed by measuring the Ass in a Gilford Stasar spectrophotometer equipped with a

liquid-sipping apparatus.” Again, however, spacing between time points is not constant.
Equivalently, see Chang [49]. Thus, none of these 1998 and earlier publications associated with R.

Young appear to have employed a kinetic plate reader, or automated time point acquisition.

3.3. Round 3, Later Than 1998 but Earlier Than 2018

As also was the case for many of the studies indicated in the previous section, in the 2006 and
2007 publications by Xu et al. [50] and by Li ef al. [51], lysis profiles were associated with cloned phage
genes rather than whole phages. Measurements by Li et al. [51] indeed used a microplate reader
though without evidence of automated kinetic reading. The earliest use of automated kinetic
microplate reading for cloned phage gene-induced lysis that I was able to identify instead was by
Pasotti et al. [52] in 2011: “The microplate was incubated at 37°C in the Infinite F200 microplate reader
and assayed every 5 min”.

From 2007 through 2018, the latter being the year of publication of the Xie et al. [19] study, a
number of lysis profiles associated with infection by whole phages — all following that of Paddison et
al. [16] — appear to have indeed been studied via automated data acquisition associated with a kinetic-
reading plate reader including [26,53-62]. Additionally, several post-1998 studies are worth
mentioning, though as examples that did not fulfill this criterion: Cooper et al. [63], from 2011,
presented optical density-based comparisons of phage-containing and phage-absent cultures, though
without emphasis on the lysis step; Henry et al. [64], from 2012, used optical density to infer the timing
of lysis though without visualization of reductions in optical density associated with the presumed
culture-wide bacterial lysis; Kulsuwan et al. [65], from 2014; used microtiter plates but examined wells
visually; Ahmad et al. [66], from 2017, studied the impact of a filamentous phage on a bacterial culture
using a microtiter plate reader, but data points were taken every three hours, suggesting that this was
not automated; and Zhang [67], from 2017, also used a microtiter plate reader, but appears to have
measured turbidities “After incubation”.

3.4. A Smorgasbord of Descriptors

Note that Xie et al. [19] describe their lysis profiles as “growth curves” while Betts et al. [61] refer
just to phage growth. Goldfarb et al. [59] use the phrasing, “culture dynamics” and lysis while Galtier
et al. [60], Henry et al. [57], and Maura et al. [54] used the descriptor, “lysis kinetics”. El-Arabi et al.
[56] in turn tested “host specificity”, the latter as citing [68] from 2010 for their protocol. An interesting
earlier effort is also that of the noted Cooper et al. [63]. They clearly measured the impact of phages
on culture turbidity using kinetic means (as indicated in their third figure), but they do not explicitly
show a lysis profile and otherwise performed their “lytic assessment” of the impact of phages at two
endpoints, eight and 20 hours.

Unfortunately, for the sake of narrowing the above Google Scholar searches (Section 3.1),
adding, e.g., “growth curve” — and not limiting to articles authored by R. Young — results in
collectively well over 3,000 hits. Only about 70, however, were from 1998 and prior. In reading
through the titles of all of the latter, while downloading any manuscripts that seemed in any way
promising, none appeared to be sufficiently phage related. Replacing “growth curve” with “lysis
kinetics” yielded only around 60 hits. This included three published 1998 and prior. One of these is
the noted Paddison et al. [16] while the other two are insufficiently relevant to phage biology [35,37].

3.5. Honorable Mentions

An honorable mention goes to Maillard et al. [23]. In 1996 they employed an automated assay
for studying phage lysis, as an indicator of remaining phage titers following their treatment with
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biocides (see [32] for review). This is a description of their approach: “A conical flask containing 150
ml of [nutrient broth] was connected to a spectrophotometer cuvette, linked to an autofill system
(Autofill 11, Pharmacia LKB) and a pump (5025, Watson Marlow, Falmouth, UK) set at 20 rev min
and worked continuously. Every minute the culture absorbance was recorded
spectrophotometrically at 500 nm (Ultrospec II, Pharmacia LKB).” This approach was clearly both
automated and involved the study of phage lysis profiles. Nonetheless, their approach did not
employ a microtiter plate reader.

A second honorable mention goes to Elespuru and Moore [69]. This is a 3-galactosidase-release
assay involving induction of phage A lysogens, so is not a true lysis profile. Still, the assay was done
in microtiter plates, though automated time points do not appear to have been taken. This study was
discovered using a Claude.ai-assisted literature search using the query, “Ien looking for 1998 and
earlier use of automated microtiter plate analysis of phage lysis.”

4. Conclusion

Based on the presented effort, Paddison ef al. [16] could very well be the first publication to
employ an automated, kinetic microtiter plate reading to generate a lysis profile. From that
publication, “two-step lysis profiles” were generated for phage T4 along with two of its mutants.
From that study: “Absorbance readings at 550 nm were taken every 30 sec using... a SpectraMax
tunable microplate reader”. This was performed using a loaned demonstration machine.

I had previously employed a Klett-Summerson Photoelectric Colorimeters to perform equivalent
lysis profile experiments [70,71]. The inspiration for doing the new phage-mutant lysis profile [16] —
but instead automated using a kinetic-reading microtiter plate reader — came from my postdoctoral
work at the University of Pennsylvania; there I had performed numerous ELISAs, employing a
microtiter plate reader for data collection. It was not until ~25 years after the 1998 publication,
however, that a microplate reader was again obtained for use in the Abedon laboratory, which was
used to generate the figures found in [32] as well as Figure 1 here.
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Appendix A: Some Early History of Optical Density-Based Phage
Characterization

In 1947, Underwood and Doermann [15] published a techniques article titled “A photoelectric
nephelometer”. There, they generated lysis profiles for coliphages T1, T4, and T5. This publication
also included a lysis profile of a genetic variant of phage T4 called an r mutant, which specifically is
unable to display lysis inhibition (see similarly, the above noted experiment by Paddison et al. [16]).
They in addition used this instrument to follow the growth of Escherichia coli cultures absent phage
presence. Bacterial doubling times (“time of division”) and also phage latent periods were reported.
More generally, “A nephelometer is described that does not require a precision optical system or an
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electronic amplifier.” Indeed they note that “In the bacteriophage laboratory it is desirable to have a
means of measuring changes in the turbidity of bacterial cultures.”

According to Google Scholar, the Underwood and Doermann article at the time of this writing
had been cited a total of 15 times, the last time being in 2018 by a thesis. A search of citing articles on
“Phage” or “Bacteriophage” or their plurals yielded nine publications, including the 2009 Hyman
and Abedon [4] as well as one by Adams that is in Russian. The latter presumably is a translation of
his famous 1959 monograph [72] since Underwood and Doermann are cited there in the English
version on p. 483. Oddly, though, the English version of the monograph didne show up in the Google
Scholar search.

Among the remaining seven is the important Doermann [73] from 1952. Explored there was the
impact of cyanide as an inducing agent of phage-mediated lysis, with the resulting artificial lysis used
to release intracellular virions prematurely. This allowed a measure of when those intracellular
virions first become present within phage-infected bacteria, which in turn defines the end of what
subsequently became known as the phage eclipse [74].

Also citing Underwood and Doermann [15] is an Adams article [75] from 1949 which, like
Underwood and Doermann [15], compares the lysis timing of phage T5 using optical-density versus
one-step determinations. One-step growth-measured lysis, however, seems to occur sooner than as
measured using declines in turbidity, perhaps in part because the start of such lysis as based on virion
release can be determined more precisely versus the turbidity decline associated with only a few
initially lysing bacteria. Both approaches, though, show similar dynamics in the absence from media
of calcium, as required for phage T5e infection process at a point that appears to follow the bacterial
adsorption step. Lanni [76], also citing Underwood and Doermann, meanwhile used optical density
to explore the display of a lysis inhibition phenotype seen with a mutant of phage T5, but apparently
that phenotype is not also seen with the wild-type phage. These early efforts presumably all involved
individual, manual turbidity determinations. As indicated in the main text, it would be multiple
decades until such processes came to be automated such as by using kinetic-reading microtiter plate
readers.
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