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Abstract The differences in physicochemical characteris-

tics between infectious and non-infectious viral particles

are poorly known. Even for heat, which is known as one of

the most efficient treatments to inactivate enteric viruses,

the global inactivation mechanisms have not been descri-

bed yet. Such knowledge would help distinguish between

both types of particles and therefore clarify the interpre-

tation of the presence of viral genomes in food after heat

treatment. In this study, we examined in particular the

differences in electrostatic charge and hydrophobicity

between the two particle types. MS2 phage, a common

surrogate for enteric viruses, was used as a model virus.

The heat-induced inactivation process of the infectious

phages caused hydrophobic domains to be transiently

exposed and their charge to become less negative. The

particles also became progressively permeable to small

molecules such as SYPRO Orange dye. The presence of

non-infectious phage particles in which the genome was

not accessible to RNases has been clearly demonstrated.

These observations were done for MS2 phages exposed to a

temperature of 60 �C. When exposed to a temperature

higher than their critical temperature (72 �C), the particles

were disrupted and the genome became available for

RNases. At lower temperatures, 60 �C in this study, the

transient expression of hydrophobic domains of remaining

infectious phages appeared as an interesting parameter for

improving their specific detection.

Keywords MS2 bacteriophage � Heat � Surface properties �
Hydrophobicity � Charge

Introduction

In the last century, environmental virologists were inter-

ested in the behaviour and survival of infectious viruses

only. The latter are defined as viruses able to complete their

entire infectious life cycle inside their host cells. The ref-

erence method for their detection is therefore cell culture.

The gradual discovery of non-culturable pathogenic viruses

(e.g. norovirus, hepatitis E virus) and the use of molecular

approaches (e.g. RT-PCR) for the detection of viral gen-

omes in the environment and food commodities have

completely changed the frame of reference. Detection of

viral genomes includes infectious viruses, and also non-

infectious viruses and even naked viral genomes. The latter

two were at first neglected because since RNA was con-

sidered as not stable; the detected genomes were assumed

to be linked to infectious viruses protected by a capsid.

Today, such an assumption is no longer acceptable because

it has been largely demonstrated that the persistence of the

genome is much greater than that of the corresponding

infectious virus in most cases (Gassilloud et al. 2003;

Ogorzaly et al. 2010; Prevost et al. 2016; Seitz et al. 2011;

Simonet and Gantzer 2006). Gaining knowledge about the

characteristics of non-infectious viral particles, or more

broadly about the molecular mechanisms of viral inacti-

vation, has become a major objective for food and envi-

ronmental virologists.
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Little is known about the mechanisms of inactivation of

enteric viruses. Temperature is recognized as one of the

main viral inactivation factors (Bertrand et al. 2012). In the

case of poliovirus, temperature has been shown to cause

structural and conformational changes of its capsid, whose

rate depends on the temperature applied. Poliovirus in its

native state has a sedimentation coefficient of 160S (Bel-

nap et al. 2000). Two different types of particles, distin-

guished by their sedimentation coefficients, have been

identified after heat treatment: the 135S form followed by

the 80S form (Belnap et al. 2000). The 135S particles—

also known as ‘‘A particles’’—have lost &73 % of their

viral protein 4 (VP4) and externalized the N-terminus of

viral protein 1 (VP1), but still contain viral RNA, which is

not sensitive to RNase treatment (Curry et al. 1996).

Interestingly, VP1 N-terminus externalization is directly

linked to an increase in the hydrophobicity of the A par-

ticles (Fricks and Hogle 1990). Curry et al. (1996) sug-

gested that despite an increase in hydrophobicity,

infectivity is maintained for CHO cells or Murine L cells

which are non-permissive to native poliovirus. The 80S

particles described as empty capsids from transmission

electron microscopy (TEM) experiments are not infectious

and have lost mostly their viral RNA and VP4 (Breindl

1971; Levy et al. 2010). The 135S and 80S forms exhibited

a 4 % larger size compared to the native poliovirus (Belnap

et al. 2000). More recently, Wigginton et al. (2012) showed

that temperature has an effect on the capsid because MS2

phage, one of the main surrogates of enteric viruses, lost its

ability to recognize its receptor after heat treatment. The

72 �C heat treatment that was applied led to modifications

of the capsid. On the other hand, it has been amply

demonstrated that genome detection by RT-PCR is not

markedly affected by heat (Baert et al. 2008; Wigginton

et al. 2012). When considering all the data available, we

can hypothesize that heat-inactivated viruses exhibit

structural differences in their capsids which may contribute

to the loss of infectivity. If so, the physicochemical prop-

erties of the viral capsid should be affected.

Thus, the purpose of our work was to evaluate the

physicochemical changes that heat treatment induces in

MS2 phage. MS2 phage was used as a model because of its

similar size (&22–29 nm), the presence of a positive-sense

RNA genome, and an overall structure of the capsid close

to enteric pathogenic viruses (Bae and Schwab 2008;

Boudaud et al. 2012; Bozkurt et al. 2015; Deboosere et al.

2012; Shirasaki et al. 2009; Sidhu and Toze 2009; Valegård

et al. 1990). This phage is non-pathogenic for humans and

easy to culture in laboratory. Moreover, a high-phage

concentration is easily achieved which was essential for

some of the methods used in the present study. The first

step was to confirm the presence of non-infectious particles

still possessing a genome protected inside the capsid. In a

second step, surface property modifications were compared

before and after heat treatment by different methods. The

selected strategy was to evaluate the changes in charge

(electrophoretic mobility and adhesion to charged beads)

and hydrophobicity (hydrophobic fluorescent dye labelling

and adhesion to hydrophobic beads) that heat induced in

infectious phages and in total phage particles (i.e. the

whole viral genome detected by RT-PCR corresponding to

infectious particles as well as non-infectious ones).

Materials and Methods

Production and Purification of Phages

Replication of MS2 bacteriophage (ATCC, 15597-B1) was

done according to the procedure ISO 10705-1 (ISO 1995)

without the CHCl3 lysis step, using Escherichia coli Hfr

K12 (ATCC, 23631) as host cells. The produced phages

were twice centrifuged (8000g, 20 min, 4 �C, Beckman

Avanti J–E) and the supernatant was filtered using a 0.22-

lm filter unit (Stericup-GP, Millipore, SCGPU05RE). The

viral suspension was stored at 4 �C before proceeding to

the purification steps. MS2 phages were pelleted upon

ultracentrifugation of large volumes (&1 L) of the phage

suspension (42,500g, 18 h, 4 �C, Thermo Scientific Sorvall

WX Ultra 80, A-621 fixed rotor). The pellets were resus-

pended in iodixanol solution (20 % final, Axis-Shield,

OptiPrep) and laid on a 40 % iodixanol layer in a tube

(Cone-Top PA tube 14 9 47 mm, Thermo Fisher Scien-

tific, 75000454). The density gradient was formed upon

centrifugation at 160,000g and 15 �C for 7 h (Thermo

Scientific Sorvall WX Ultra 80, TH-641 swing rotor). The

band corresponding to the position of the phages was then

gently removed from the tube with a syringe. This solution

was finally dialysed (Float-A-Lyzer G2 dialysis device,

100 kDa, 1 mL, Spectra/Por, G235035) twice (one over-

night, the other for 7 h) in phosphate-buffered saline (PBS

Fisher BioReagents, BP2944-100) with a concentration of

1 mM (1 mM Na2HPO4 and 14 mM NaCl). The working

suspensions of MS2 phages were kept at 4 �C before use.

Infectivity Assay

Infectious MS2 phages were enumerated by plaque assay

method using the double-agar-layer technique according to

the ISO 10705-1 (ISO 1995). Ten-fold serial dilutions of

the MS2 stock solutions were made to the appropriate

dilution in PBS (for phage enumeration). Infective MS2

phage concentrations were measured as the number of

plaque-forming unit per mL (PFU/mL). The final concen-

tration of purified phages was &1014 PFU/mL.
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Viral Genome Extraction and Quantification

Viral RNA was extracted from 50 lL samples using the

QIAamp viral RNA kit (Qiagen, 52906) and eluted in 100 lL
of elution buffer. The extracts were immediately stored at

-80 �C before quantification. Reverse transcription was

performed according to the manufacturer’s recommendations

from 7.5 lL of RNA using 20 pmol of reverse primer (50-
ACCCCGTTAGCGAAGTTGCT), 100 U of SuperScript III

(Life Technologies, 18080085) and 20 U of RNaseOUT (Life

Technologies, 10777019) in a 20-lL reaction volume. RT

step was performed at 50 �C for 60 min and 70 �C for

15 min. Quantitative PCR (Life Technologies, StepOne Plus)

was then carried out from 5 lL of cDNA with TaqMan

Universal PCR Master Mix (Life Technologies, 4318157)

according to the manufacturer’s recommendations in a 25-lL
reaction volume, with reverse and forward (50-
TCGATGGTCCATACCTTAGATGC) primers at a concen-

tration of 1 lM and the TaqMan MGB probe (50-FAM-

CTCGTCGACAATGG-MGBNFQ) at a concentration of

0.3 lM. PCR amplification was performed at 50 �C for 2 min

and 95 �C for 10 min, followed by 45 cycles of 15 s at 95 �C
and 1 min at 60 �C. The primers and probe used in the RT-

qPCR (Life Technologies, StepOne Plus) were as described

by Ogorzaly and Gantzer (2006). Two negative controls were

included in each experiment. One positive control of known

quantity of phages was also included to ensure good repro-

ducibility of extractions and RT-qPCR steps. The efficiency

of the RT-qPCR stayed between 80 and 95 %.

Determination of MS2 genome copies per mL (gc/mL)

used for the standard curve was performed using an MS2

extract quantified by a UV–Vis spectrophotometer (Thermo

Scientific, NanoDrop 2000). Integrity of the MS2 RNA was

checked by electrophoresis (Agilent, 2100 Bioanalyzer). The

calculation for the genome copy per volume was performed

with a genome of 3,569 nucleotides. The final concentration

of purified phages was around 1015 gc/mL.

Heat Treatment

Purified phages at a concentration of 1014 PFU/mL (250 lL
in 1 mM PBS solution with 1 mM Na2HPO4 and 14 mM

NaCl) were exposed to different temperatures and time

conditions -72 �C for 10 min, 60 �C for 10, 30 or

60 min—in prewarmed Protein LoBind tubes (Eppendorf,

0030108132) in a water bath. Samples were immediately

placed on ice after heat treatment to prevent further

inactivation.

RNase Assay

Suspensions of MS2 phage, with a final concentration of

107 gc/mL, were treated with RNase A (1 lg/mL final,

AppliChem, A3832) at 37 �C for 60 min. Efficiency of the

RNase treatment was estimated using RNA extracted from

MS2 phage as positive control. MS2 phage suspensions

without RNase treatment were used as negative controls for

RT-qPCR and plaque assay. Control of the efficiency

removal of the RNase was performed by a one ten-fold

dilution of samples which gave us between 80 and 120 %

of the undiluted RNA concentration from RNase assays.

Transmission Electron Microscopy

For transmission electron microscopy (TEM) experiments,

the samples were adsorbed on grids and negatively stained

with 2 % of phosphotungstic acid at pH 7.4 for 1 min

which had been previously filtered with a 0.22-lm mem-

brane filter. These stained samples were examined using a

Philips CM20 electronic microscope operating at 200 kV

and with 950,000 magnification.

Binding of MS2 Phages to E. coli

Binding assays of MS2 phage to its host cell were carried

out as described by Wigginton et al. (2012). In short, E. coli

Hfr K12 was grown to an optical density of 0.3 according to

the procedure ISO 10705-1 (ISO 1995) and then placed on

ice. MS2 phages were next added to the bacterial suspension

to a final concentration of 106 PFU/mL corresponding to a

multiplicity of infection (MOI) of & 0.01 in a 2-mL final

volume in each Protein LoBind tube. The samples were

incubated at 4 �C for 90 min using Dynal MX1 Mixer (Life

Technologies) and then centrifuged at 3000g and 4 �C for

15 min. The pelleted bacteria were washed twice in their

culture medium. Viral RNAs were then extracted from the

pellet and supernatant (50 lL) using the QIAamp Viral RNA

kit, and the RT-qPCR assay was used to quantify the number

of phages bound to the bacteria and in the supernatant. The

binding capacity of MS2 phage was estimated by log Q
Q0

where Q is the viral RNA found on the bacteria after heat

treatment (60 �C for 10, 30 and 60 min) and Q0 before heat

treatment.

Size and Electrophoretic Mobility Measurements

Size and electrophoretic mobility measurements were

performed in disposable capillary cells (Malvern Instru-

ments, DTS1061) at 23 ± 0.1 �C using a Zetasizer Nano

ZS instrument (Malvern Instruments, He–Ne red laser,

wavelength 633 nm).

Experiments were driven by Dispersion Technology

Software (Malvern Instruments, DTS) as described by Dika

et al. (2011). Briefly, electrophoretic mobility measure-

ments were obtained using laser Doppler electrophoresis
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also known as phase analysis light scattering. The rate of

change of the phase shift between the scattered light and a

reference beam is correlated with the particle velocity and

thus allows for measurement of the electrophoretic

mobility. The size distribution of the viral suspensions

under investigation was determined using Dynamic Light

Scattering (DLS). As a first approximation, the diffusion

coefficient was converted into particle size using Stokes–

Einstein equation.

The viral concentration used in these experiments ran-

ged from 1011 to 1012 PFU/mL to get enough signal from

the Zetasizer instrument. Size and electrophoretic mobility

were measured either as a function of pH (from 2 to 7.4 in

1 mM PBS solution with 1 mM Na2HPO4 and 14 mM

NaCl) or as a function of ionic strength 1.95, 19.5 and

195 mM (in 0.1, 1 and 10 mM PBS solutions, which

contained 0.1 mM Na2HPO4 and 1.4 mM NaCl, 1 mM

Na2HPO4 and 14 mM NaCl, and 10 mM Na2HPO4 and

140 mM NaCl, respectively). All solutions were filtered

through a 0.22-lm membrane filter prior to use. For one pH

or ionic strength, size and electrophoretic mobility mea-

surements were obtained by means of three independent

experiments with triplicate measures in each to ensure

repeatability of the measurements.

Binding of MS2 Phages to Hydrophobic or Ion

Exchange Beads

Two types of beads were used to evaluate binding of the

viral particles. Hydrophobic magnetic beads are coated

with polystyrene (PolySciences, 19133). Ion exchange

beads are either BcMag PSA (Bioclone, FM-105) for anion

exchange or BcMag SCX (Bioclone, FV-101) for cation

exchange.

Prior to the experiments, the beads were washed twice in

the buffer to be used in the assay, which was either 10 mM

PBS (10 mM Na2HPO4 and 150 mM NaCl) at pH 7 for

hydrophobic beads or 50 mM PBS (50 mM Na2HPO4 and

20 mM NaCl) at different pH values (2.5, 3.0, 4.0, 7.0) for

ion exchange beads, as indicated by the manufacturers. The

binding assays were performed with a viral concentration

of 106 PFU/mL and 108 beads/mL, in a 2-mL final volume

in each Protein LoBind tube. The binding assay using

hydrophobic beads was carried out twice for 2 h at room

temperature using Dynal MX1 Mixer (Life Technologies).

Newly washed beads were used for the second run. With

ion exchange beads, only one run was done for 10 min at

room temperature using Dynal MX1 Mixer too. Then, the

beads were separated from the supernatant with a magnet

for 2–3 min. Supernatants were analysed by both plaque

assay (infectious phages) and RT-qPCR (total phages)

methods, and the beads were analysed only by RT-qPCR.

The binding capacity of MS2 phage on beads was

estimated by log Cx

C0
where Cx is the concentration of either

infectious phages or viral RNA after binding assay in

suspension and C0 the initial concentration of either

infectious phages or viral RNA in suspension.

Differential Scanning Fluorimetry

Differential scanning fluorimetry (DSF) was performed as

previously described with some modifications (Subba-

Reddy et al. 2012; Walter et al. 2012). Briefly, thermal

melting curves of heated and unheated MS2 phages were

obtained in 96-well plates using StepOne Plus qPCR Sys-

tem (Life Technologies) and the fluorescent dye SYPRO

Orange, 5000 9 concentrate, supplied in DMSO (Life

Technologies, S-6650). The final reaction volume was 25

lL with 5 lL of buffer (150 mM Tris–HCl, pH 8), 2 lL of

viral suspension from stock or after heat treatment (5.1014–

1015 gc/mL), 16 lL of ultrapure water ([18 MX/cm) and 2

lL of SYPRO 62.5 9 (final concentration = 59). The

experiments were ramped from 20 to 95 �C on a 1 %

stepwise gradient corresponding to &1 �C/min with fluo-

rescence measurements. Fluorescence intensity was deter-

mined by the sum of the readings in all channels of our

qPCR system.

Statistical Analysis

Data from the RNase treatment were entered into Microsoft

Excel 2010 (Microsoft Corporation) and analysed in Sta-

tEL 2.7 (Ad Science). Significant differences between

groups were analysed by the Kruskal–Wallis test. A p value

of\0.05 was considered as significant.

Results

Overall Effects of Heat on MS2 Phage

The overall effects of heat on the structure and infectivity

of MS2 phage were estimated for 60 �C (10, 30 and

60 min) and 72 �C (10 min). The effect on the structure

was evaluated by monitoring the capsid integrity, the size,

as well as the persistence of the genome and its resistance

to RNase treatment (Table 1). First, as shown by TEM,

capsid integrity was not affected by any of the 60 �C
treatments. In contrast, a 72 �C heat treatment for 10 min

was found to disrupt the phage capsid as only a very small

number of phage particles could be observed. Secondly, the

mean size of MS2 phages did not change at 60 �C com-

pared to the native phages (22 ± 1 nm) but increased at

72 �C to 37 ± 4 nm. The size distribution was also much

larger for 72 �C with the presence of particles up to
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100 nm in diameter. Thirdly, the persistence of the gen-

ome, estimated by RT-PCR, did not exhibit any significant

changes for any of the conditions. Finally, RNase treatment

did not alter the genome of native phages (-0.1 log10
degradation, Table 1), thus meaning that the difference

between infectious and total RNA of 1/5–1/10 observed in

stock suspensions was mainly due to the presence of the

genome protected inside a capsid and not to the presence of

naked RNA. The efficiency of the RNase treatment was

checked on extracted MS2 RNA and a decrease of

-2.9 ± 0.4 log10 was obtained. After 10 min heating at

60 �C, a transient -0.8 log10 increase in RNase sensitivity

(p\ 0.05, Kruskal–Wallis test) may be observed. This was

not confirmed for either 30 or 60 min heat treatment (-0.2

log10). After 10 min heating at 72 �C, high degradation

(-2.1 log10) was observed confirming capsid disruption

with such a treatment. An incomplete digestion of the MS2

RNA by the enzyme considering the small size of the RT-

qPCR product (169 bp on 3,569 bp) may explain the

RNase inability to completely eliminate RNA amplification

as previously proposed (Yang and Griffiths 2014).

The inactivation rate during heat treatment was evalu-

ated by plaque assay and by the capacity of MS2 phage to

bind to its receptor (F-pili of E. coli). The results are given

in (Table 1). Infectivity decreased as temperature

increased: -1 ± 0.1 log10 at 60 ± 0.2 �C and -8 log10 at

72 ± 0.2 �C. The inactivation rate was also correlated with

contact time at 60 �C: -1.0 ± 0.1 log10 for 10 min,

-2.0 ± 0.2 log10 for 30 min and -2.7 ± 0.4 log10 for

60 min. The reduction in the binding capacity to the host

cells correlated fairly well with that in infectivity, except

for 60 min where a slight difference was observed. Since

disruption of the MS2 phage capsid was observed for viral

particles at 72 �C using TEM assays, the binding assays

were not performed at this temperature.

To sum up, the 60 �C heat treatments had no effect on

the structure of MS2 phage (capsid aspect, size and gen-

ome), except for a suspected transient permeability to

RNase after 10 min exposure. Moreover, it can be assumed

with confidence that some changes occurred at the capsid

level since high inactivation was observed, possibly due to

the reduction in the capacity of the phage to bind to its host

cell. As for the 72 �C heat treatment applied for 10 min, it

disrupted the phage capsid. This led us therefore to use the

60 �C heat treatments only to evaluate the differences in

charge and hydrophobicity between native and heat-inac-

tivated phages.

Effect of Heat on the Charge of MS2 Phage Particles

The charge of MS2 phage was evaluated by electrophoretic

mobility (l) and by its adhesion capacity to positively or

negatively charged beads.

Electrophoretic mobility experiments were performed

on native and heated phage particles. These experiments

were carried out as a function of ionic strength or of pH.

Table 1 Effects of exposure to 60 �C for 10, 30 and 60 min, and to 72 �C for 10 min on the integrity of MS2 phage, as well as on its size,

infectivity, host cell binding capacity and genome without or with RNase treatment

Heat treatment Untreated 60 �C, 10 min 60 �C, 30 min 60 �C, 60 min 72 �C, 10 min

Size(nm ± SD)a 22 ± 1 21 ± 1 22 ± 1 23 ± 2 37 ± 4

Loss of infectivity

(log10 ± SD)b
[ -1.0 ± 0.1 -2.0 ± 0.2 -2.7 ± 0.4 -8

Loss of host cell

binding

(log10 ± SD)c

[ -1.1 ± 0.2 -1.8 ± 0.2 -2.0 ± 0.3 ND

Loss of genome

(log10 ± SD)c
[ -0.1 ± 0.1 -0.5 ± 0.4 -0.5 ± 0.4 -0.4

Loss of genome with

RNase treatment

(log10 ± SD)c

-0.1 ± 0.1 -0.8 ± 0.2 -0.2 ± 0.1 -0.2 ± 0.3 -2.1 ± 0.3

Samples were observed at 950,000 magnification (bar, 50 nm). Experiments were performed in triplicate for 60 �C and in duplicate for 72 �C
(except for RNase treatment in triplicate)

ND Not Determined, SD Standard Deviation, [ infeasible, a 1012 PFU/mL, b 1014 PFU/mL, c 107 gc/mL
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No difference in behaviour was noted between native and

heated particles whatever the conditions (Fig. 1a, b). The

very same electrophoretic mobility profile was obtained

after heating at 60 �C for 10, 30 and 60 min. The iso-

electric points (IEP) for native and heated phage particles

were between pH 3.0 and 3.5. These results showed that

electrophoretic mobility was not suitable to identify charge

differences for the total particles in suspension. It is

important to note that total particles include infectious as

well as non-infectious particles.

The capacity of the phages to adhere to charged beads

was assessed by plaque assay (PFU) and RT-qPCR. The

two methods, as opposed to the electrophoretic mobility

assay, allowed the charge of the infectious phages (PFU)

and that of the total phages (RT-qPCR) to be estimated

independently.

Two types of ion exchange magnetic beads were used in

our experiments: one was negatively charged with a pKa

of &2.3 and the other was positively charged with a pKa

of &10. The experiments were performed in triplicate in

50 mM PBS for different pH values, for the two bead

types, as well as for native and heated phages. Only one

heating condition was selected: 60 �C for 10 min. Binding

profiles of the native and heated phages were obtained on

the positively and negatively charged beads (Fig. 2a, b

respectively).

For both native and heated phages, the lowest adhesion

capacity was obtained on negatively charged beads above

the IEP (pH 4 and 7) and on positively charged beads

below the IEP (3.0 and 2.5). Inversely, the highest adhesion

capacity was obtained on negatively charged beads below

the IEP and on positively charged beads above the IEP. It

clearly confirmed that the IEP was between 3.0 and 4.0 for

all types of particles as previously determined. For pH 7,

differences in negative charge were observed between

infectious (-2.6 log10 ± 0.1) and non-infectious (-1.6

log10 ± 0.1) phages in the native suspension. After heat-

ing, the negative charge of the infectious phages decreased,

approaching the adhesion capacity of the non-infectious

particles. For pH 3.0 and 2.5, results were more difficult to

analyse because of (i) the proximity of the IEP of the phage

particles, (ii) the possible aggregation of the phages and

(iii) the proximity to the pKa of the negatively charged

beads.

Overall, both native (infectious and non-infectious) and

heated phages (infectious and non-infectious) had a nega-

tive charge for pH above 4 but native infectious phages had

the highest negative charge.

Effect of Heat on the Hydrophobicity of MS2 Phage

Particles

The hydrophobicity of MS2 phage was evaluated by DSF

and by its adhesion capacity to hydrophobic beads.

DSF experiments were performed with SYPRO Orange,

a small dye with affinity for the hydrophobic regions of the

proteins that become exposed upon heating. This method

was able to measure the temperature at which proteins

unfold (Niesen et al. 2007; Subba-Reddy et al. 2012;

Walter et al. 2012). The DSF profile (fluorescence as a

function of temperature) permitted the determination of the

temperature at which the viral hydrophobic domains were

accessible and therefore the melting temperature (Tm) of

the phage particles. For native MS2 phages, Tm was esti-

mated to be 66–67 �C meaning that significant conforma-

tional changes occurred around such temperatures (Fig. 3).

After exposure to 60 �C (i.e. from 10 to 60 min), the initial

fluorescence of the DSF profile progressively increased

Fig. 1 Electrophoretic mobility (l) of MS2 bacteriophage a as a

function of pH in 1 mM PBS or b as a function of the ionic strength

(mM) at pH 7.4. The solid lines are only guides to the eye. Three

independent experiments were performed, each time with three

measurements. Error bars indicate standard deviations
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with heating time (Fig. 3). It meant that the dye was in part

initially fixed on hydrophobic domains which could be

located either on the capsid surface or/and inside the viral

particle thus implying possible dye penetration. On the

DSF profile, the decrease in fluorescence between 20 and

60 �C for heated phages could be due to probe quenching

by water (Cimmperman and Matulis 2011). The Tm value

of 66–67 �C was still observed on the DSF profile after a

60 �C treatment. On the other hand, no Tm could be

determined after a 72 �C treatment which was certainly due

to the low concentration of remaining intact phage parti-

cles. Such an observation confirmed the results obtained

with TEM and RNase treatment regarding the disruption of

the viral particles after exposure to 72 �C.
The binding capacity to hydrophobic beads was com-

pared between native and heated phages (Fig. 4). To

minimize the influence of charge, hydrophobicity was

studied at pH 7 and high ionic strength (10 mM PBS with

10 mM Na2HPO4 and 150 mM NaCl). As described above

on global charge, binding assays allowed the determination

of hydrophobicity of the infectious phages (PFU) and that

of the total phages (RT-qPCR) to be estimated indepen-

dently. Due to the ratio of infectious phages on total phages

of 1/5–1/10, total phages represented before and after heat

treatment mainly non-infectious phages. For native phages,

no adhesion was observed on these beads for both total and

infectious phages. Therefore, few hydrophobic domains

were expressed on the surface of MS2 particles as previ-

ously described (Dika et al. 2013). Subjecting phages to

60 �C for 10 min (Fig. 4) highly increased the binding of

the remaining infectious phages (initially in suspension,

105 PFU/mL). The adhesion level reached 0.9 ± 0.4 log10
in the first run and 1.5 ± 0.2 log10 in the second run. For

total phages, detected by RT-qPCR, no adhesion was

observed during the two runs. Thus, the hydrophobicity of

heat-inactivated phages was the same as that of native

phages. It meant that heat treatment transiently increased

Fig. 2 Binding assay of MS2 bacteriophage to charged beads in the

case of native phages (empty forms) or heated phages (full forms) at

60 �C for 10 min in 50 mM PBS. The results obtained with positively

and negatively charged beads are represented in A and B, respectively.

The circle forms represent the total phages detected by RT-qPCR and

the square forms the infectious phages detected by plaque assay. The

dotted lines are only guides to the eye. Three independent

experiments were performed. Error bars indicate standard deviations.

CX, concentration after binding assay, C0, initial concentration

Fig. 3 SYPRO Orange signature of MS2 phage before and after heat

treatment at 60 or 72 �C. The curve represents one of the three

independent experiments. Fluorescence intensity is given in arbitrary

units (106 9 AU)

Fig. 4 Binding of native (empty forms) or heated (full forms) MS2

phages to hydrophobic magnetic beads at pH 7 in 10 mM PBS

(10 mM Na2HPO4 and 150 mM NaCl) after 10 min heating at 60 �C.
The circle forms represent the total phages detected by RT-qPCR and

the square forms the infectious phages detected by plaque assay.

Three independent experiments were performed. Error bars indicate

standard deviations. CX, concentration after binding assay, C0, initial

concentration
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the hydrophobicity of infectious MS2 phages before inac-

tivating them.

To conclude, these approaches showed a transitory

increase in hydrophobicity at the surface of MS2 particles

induced by heating at 60 �C for infectious particles only.

An increase in permeability may have also contributed to

the increase in hydrophobicity that was shown by the DSF

profile. Heat treatment may, therefore, induce the expres-

sion of hydrophobic domains at the surface of infectious

MS2 phages and increase permeability of the particles due

to modifications of the phage capsid.

Discussion

The purpose of this study was to identify possible differ-

ences in surface properties between native and heated MS2

phages. To do so, overall charge and hydrophobicity were

evaluated before and after heat treatment at 60 and 72 �C.
We also studied the structure of the phage particles

(physical aspect, size, genome degradation and resistance

to RNase treatment) and their inactivation (loss of infec-

tivity and host cell binding capacity).

For such a purpose, it was essential to carefully charac-

terize the native MS2 phages prior to any treatment. In our

study, infectious phages accounted for only 10–20 % of the

total phages (i.e. genomes of infectious and non-infectious

phages estimated by RT-qPCR using standard curve). The

difference was not due to free viral RNA since our RNase

treatment had no influence on native MS2 phages. Such a

ratio could therefore be explained by the presence of

incomplete and non-infectious phages that may not have been

removed by the density gradient purification protocol. How-

ever, TEM observation results showed homogenous particles

with a diameter of 22 nm. Previous studies had already

identified such different particles (Krahn and Paranchych

1971; Paranchych et al. 1970). As observed after CsCl density

gradient purification, &10–20 % of phages R17 were infec-

tious for E. coli (Paranchych et al. 1970). A 10 % fraction of

these non-infectious phages failed to bind to the F-pilus of

E. coli due to a lack of the maturation protein (Krahn and

Paranchych 1971). On the other hand, we could not exclude

overestimation of the number of genome copies in the MS2

extract used for the standard curve and quantified by UV–Vis

spectrophotometry, which measures all RNA including frag-

mented RNA. However, our initial phage suspension con-

tained homogenous particles without free RNA but some of

them were non-infectious for undefined reasons.

The first issue discussed here is the destruction of the

phage particles by heat treatment. Heat is known to inac-

tivate viruses but the conditions needed to disrupt the

capsid still need to be specified. In this study, disruption is

defined as a modification of the capsid that makes its

observation by TEM impossible or the genome accessible

to large molecules like RNase. Three major conclusions

from our work allow identifying heat treatment conditions

that disrupt the capsid: (i) few phage particles were

observed by TEM after heating at 72 �C for 10 min, (ii) the

sensitivity of the genome to RNase after heating at 72 �C
was similar to that of the genome chemically extracted by

nucleic acid extraction procedure and (iii) the DSF profile

(&1 �C/min) showed only one major conformational

change for a Tm of & 66–67 �C for native MS2 phages.

Taking into account that heating at 60 �C did not disrupt

the phage capsid whatever the exposure time (10–60 min),

the critical temperature at which MS2 phage particles were

disrupted may have been near 66–67 �C but surely strictly

above 60 �C. Some literature data confirm such a conclu-

sion but only for MS2 VLPs (Virus-Like Particles). Using

differential scanning calorimetry (DSC), performed with a

temperature increase of 5 �C/min, Bundy et al. (2008) and

Ashcroft et al. (2005) obtained Tm values of 72.3 and

68.8 �C, respectively. In the case of Norwalk VLPs, similar

temperature disruption was reported by TEM at 65 �C with

an increase in temperature of 15 �C/h (Ausar et al. 2006).

For bacteriophage k, the release of its DNA was observed

at &68 �C and seemed to follow the loss of the phage tail

(Qiu 2012). Exposure to 72 �C led to genome accessibility

to RNases for viruses such as hepatitis A virus or poliovirus

(Nuanualsuwan and Cliver 2002; Pecson et al. 2009). For

other viruses, the critical temperature seemed lower. Such

was the case for echovirus 1, which was disrupted at 60 �C
for 10 min (Ruokola et al. 2014), as well as for Feline

Calicivirus, whose genome became accessible to RNases

after a treatment at 60 �C for 2 min (Topping et al. 2009).

To sum up, above the critical temperature, non-infec-

tious particles were mainly represented by free genomes.

As a consequence, discrimination between the genome of

infectious and non-infectious viruses can easily be obtained

by an RNase treatment. Such treatment reduces false pos-

itive up to 3 log10 of genome. The critical temperature

seemed to be strictly over 60 �C for the previous cited

viruses, including for MS2 phage.

For temperatures lower than the critical limit (60 �C in

our experiments), the presence of non-infectious structured

particles in which the genome was still protected inside the

capsid was clearly shown. Even after 60 min heating at

60 �C, no effect was identified on the overall particle

structure (TEM), size (DLS) or genome (RT-PCR) or on

the accessibility of the genome to RNase. On the other

hand, inactivation of MS2 phage was significant and the

capsid lost its capacity to bind to the host cell. A correla-

tion between loss of infectivity and loss of host cell binding

was observed as previously noted (Wigginton et al. 2012).

This shows that modifications of the capsid were the cause

of heat inactivation. Conformational changes at the capsid
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level could modify the charge or hydrophobicity of the

particle.

The overall charge of the viruses could be determined

by measuring their electrophoretic mobility and their

adhesion to positively or negatively charged beads. Such an

approach allowed monitoring, by a plaque assay, infectious

phages among the total particles whose genomes were

quantified by RT-qPCR. The electrophoretic mobility

results concerning the IEP and overall charge of MS2

phages were in full agreement with literature data in the

field (Dika et al. 2011; Langlet et al. 2008). No differences

were observed using this method whatever the used con-

ditions (i.e. as a function of ionic strength or of pH) which

concerned mainly non-infectious phages. Nevertheless,

other studies reported drastic changes. For example, heat

treatment caused the IEP of native poliovirus to decrease

from 7.5 to 4.5 (O’Brien and Newman 1979). This IEP

decrease could have been related to a loss of VP4 and viral

genomes and might have corresponded to the conversion

from the 160S to the 80S form (Breindl 1971; O’Brien and

Newman 1979). The capsid rearrangement after the loss of

VP4 and genomes might have led to this lower IEP. In our

study, the adhesion profiles of the total particles (mainly

non-infectious) also confirmed the IEP of MS2 phage.

They also showed that the charge did not change at pH 7

after heating at 60 �C for 10 min. They confirmed that the

IEP of MS2 phage was between 3.0 and 4.0 as well. More

interestingly, the results clearly showed that before heating,

infectious phages exhibited higher adhesion capacity to

positively charged beads than that of total phages which

were mainly non-infectious phages. This modification of

the charge density for infectious viruses was never

described until yet.

With respect to the determination of the particle

hydrophobicity, different approaches were used: interac-

tion with a fluorescent probe and adhesion to hydrophobic

support (Dika et al. 2013). Our results confirm data found

in the literature saying that MS2 phage expresses relatively

low hydrophobicity (Dika et al. 2013), but they also pro-

vide new knowledge on MS2 hydrophobicity through

comparison between native and heated phages. The adhe-

sion experiments showed that a 60 �C heat treatment leads

to an increase in the hydrophobicity of the remaining

infectious MS2 phages compared to the native infectious

phages. Interestingly, non-infectious phages had low

hydrophobicity like native phages. Therefore, a transient

higher hydrophobic but still infectious state could be

hypothesized. We propose a transient state between low

hydrophobic infectious particles and low hydrophobic non-

infectious particles composed of particles still infectious

but with higher hydrophobicity than the other two particle

types. This transitory state may potentially explain the

facilitated accessibility of RNase to viral genome for the

latter particles after 10 min heating at 60 �C. The DSF

profile gave additional information as the initial fluores-

cence was found to correlate with the heat exposure time at

60 �C. The more the heat exposure time was increased, the

more the hydrophobic domains were accessible to the

probe. Nevertheless, this relationship was not gradual for

adhesion capacity to hydrophobic beads so it may have

been due to the diffusion of the SYPRO probe inside the

capsid (SYPRO probe is smaller than RNase). Disruption

of the capsid was still observed on the DSF profile at

66–67 �C whatever the heating time.

In the light of our results, this study demonstrated that

heating at 60 �C slightly decreases the negative charge of

the remaining infectious phages and transiently increases

their hydrophobicity. The permeability to small molecules

such as SYPRO probe, but not RNase, may be increased by

heat exposure, thus establishing the existence of non-in-

fectious particles in which the genome is still protected

from RNases. At 72 �C, the particles are disrupted and the

genome becomes accessible to RNase. Critical tempera-

tures, permeability and expression of hydrophobic domains

should now be explored for other enteric viruses to deter-

mine the application range of pretreatments able to dis-

criminate infectious from non-infectious viruses prior to

their detection by molecular tools. Nonetheless, some of

the method used in this study will not be applicable to the

low concentration of enteric viruses found in food samples.
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