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ABSTRACT

Inactivation of bacteriophages by a non-thermal bacteria inactivation procedure--pulsed electric field (PEF) has
been investigated. Model phage particles, 2 phage and ®X174 phage, were successfully inactivated by PEF
treatment. The survival ratios of the two bacteriophages decreased significantly depending on treatment time when
electric field intensity set between 1 to 10kV, and pulse width set between 1 to 10us, and after 200 pulses the survival
ratios were lower than 4-log. Sensitivity of phages to PEF treatment was compared with that of E.coli MV1184 cell.
Phage and MV1184 cell mixtures were treated by PEF at 6kV/cm with 100 pulses, the survival ratio of A phage and
MV1184 were 5-log and 2-log. Bacteriophage is more sensitive to PEF treatment than E.coli cell, and its survival
ratio was lower than that of MV1184. The results showed that phage inactivation by PEF treatment was based on
destruction of phage particle structure. These finding indicated that PEF treatment inactivates E.coli phage in
high-efficiency. PEF treatment could be a valuable application in food and chemical industry for inactivation of
contaminated bacteriophages in fermentation culture.
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INTRODUCTION

Bacteria are the most important units in the fertaigon industry. With the rapid development of nwlar biology
and cell engineering technology, many kind of genehodified bacteria have been applied in indubtria
fermentation [1][2]. Bacteriophage is a kind ofudrthat infects and replicates within bacteriaghimindustrial case,
bacteriophage contamination of the fermentationtdy&c could reduce the amount and quality of fertakbon
production. Other bacteria inactivation procedusesh as heat and high pressure chemical disiofetteatment,
are also applied in inactivation of bacteriophag4]. High-temperature heating can effectivelydtiaate phage
and bacterial contamination, but it also denataresdegrades heat sensitive content, such as witaarbohydrate,
protein and color components; while chemical daitibn may cause secondary pollution of the progkictit is
important to develop a new procedure to inactivetdriophages in fermentation industry.

As a most popular non-thermal sterilization tecbhggl| pulsed electric field (PEF) treatment has batracting
attentions. The most widely accepted mechanismiofainial inactivation by PEF has been attributedh® direct
interaction between the cell membrane and an eadteglectric field, which results in the destructiofh the
membrane structure [6][7]. PEF is one of the narittal technologies being developed for the preservaf
foods as an alternative to traditional thermal rod&[8][9].

In this paper, inactivation of bacteriophages by Rteatment was investigated as one of non-theimaativation
procedure. A phage anaX174 phage were used as model particles,Faonli MV1184 was used as host bacterial.
We used different electrical pulse parameters s including electric field intensity, pulse nibemr and pulse
width, systematically changing only one parametex eime, to ascertain the parameters that cryc@htribute to
the inactivation results.coli cell and bacteriophage were also compared usixturei to determine sensitivities
for PEF treatment.
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EXPERIMENTAL SECTION

Strains and culture: A phage andX174 phage were used as the model particles b Hie treatmentz.coli MV
1184 was used as the host strain of the phagetimfieand cultivated in LB medium (1% tryptone, 0.38#ast
extract, and 0.5% sodium chloride, pH7.B)coli MV1184 was inculcated at 37°C until @g=0.5~0.6, then the
phage suspensions were added respectively. Afedirgip cultivation for 6h, a few drops of chlorofomrere added
to the mixture. The mixture was centrifuged for 20mt 18,000xg and the upper supernatant wereatetleas the
phage stock solutions.

Phage titer measurement: Phage titer was measured by the plaque forming {RIFU) methods. In brief, the
diluted phage suspension aBaoli cells were mixed well and seeded onto LB mediuateptontaining 1.5% agar.
Then 3ml upper cultured agar (0.6%) were pouretherunderlying culture agar, inverted culturedZdh at 37°C.

the phage titer was calculated from the numbehefglaques formatted on plate. Each dilution insi®al on three

plates.

PEF generation and treatment: A bench scale continuous high-intensity PEF systétim square-wave pulses was
used in this study. The output voltage and pulsdtiwreaches 1~100kV andis~1Qus, respectively. Treatment
chamber consisted of two parallel stainless pld¢etmdes. The distance between the electrodegdsarithin
1-10cm which set to 1cm in this study. The volurheample treatment chamber is 1mL, and the puksguincy is
100Hz here. The phage solutions &cbli cells were resuspended to’B8U/ml (phage) or TCFU/mI E.coli) in
sterile phosphate buffer (10mM, pH7.0) before tremtt. The phage titer of the treated phage solutias
measured as described abdeoli cell number was measured by colony counting. Theunme of E.coli cell and
phage was inoculated into LB medium immediatelgraREF treatment at 37°C. The turbidity (opticahsiy at
600nm: ORyx) was measured by the time course. Samples witPBEttreatment were used as a negative control.

SEM analysis. Culture fluids were centrifuged for 5min at 30005dpe cell pellet was suspended and washed in
sterile phosphate buffer (10mM, pH7.0) and 1% osmiatroxide treatment for 4h, and then fixed owghhiwith

5% glutaraldehyde. The material was dehydrated Isgraes of graded ethanol solutions and criticatipdried
using liquid CQ, and the preparation was coated with gold in @nool sputter-coater and examined with a gold
field emission scanning electron microscopy (FESENLACHISU-70, JAPAN).

Statistical analysis: All experiments were repeated at least three tirS&tistical analysis was applied to all results
and a paired-test was used on results obtained from the samelezand on those normalized results if they were
obtained from different samples. All the data wamlgzed by Statgraphics5.1 software (StatisticahpBics
Corporation, Rockville, MD, USA).

RESULTS

Inactivation of bacteriophage by PEF treatment: As shown in figurel} phage andbX174 phage survival ratio
significantly decreased by PEF treatment at roomptrature while the parameters of PEF set at thewing
range: electric field intensity at 1~10kv, pulsadthiin 1~1Qis, number of pulses within a range of 50 to 30G Th
survival ratio ofA phage andbX174 phage after PEF treatment at 6kV were decdeéset.7-log and 5.2-log
(P>0.05).

The effect of different electric field intensity dupulse number on the inactivation curve was showdijure 1a
and 1b. Increasing the intensity from 2kV to 10lAused an almost 3-log reduction. For electric fietdnsity 6kV
and pulse width 5us, almost 2-log reduction wasokesl while increasing the pulse number from 5306. The
experimental results showed no significantly défeze on sensitivity to PEF treatment betwk@hage andX174
phage.

The temperature of phage solution after treatmgmbBF at 2kV and 10kV reached to 42°C and 56°Quaetsvely.
And the solution temperature reached 36°C and 685@ectively after PEF treatment by 50 and 300gsulShese
results indicated th&E.coli phage could be inactivated by PEF treatment btitdroreased by heat treatment. In
practical applications, it should be used by redgdhe pulse frequency or cold cycle to keep theetfdemperature
of the objective.
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Figure 1. Survival rate curves of 2 phage and®X174 phage by PEF (f=100Hz). (a) Under different electric field intensity; (b) With
different pulse width; (c) with different number of pulses
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Figure 2. (a)Survival rate curves of 2 phage and E.coli MV 1184 in the mixture liquid by PEF at electric field intensity cour seswith r=5ps,
N=100. (b) ODgqo Of cell and phage mixture culturein time cour ses. mE.coli MV1184 cell without PEF treatment; eE.coli MV1184 and A
phage mixture without PEF treatment, ¥ E.coli MV1184 and A phage mixture treated by PEF at 2KV, 5Sps, 1min; A E.coli MV1184 and A

phage mixture treated by PEF at 10kV, 5us, 1min

Figure 1b showed the results obtained by treathagp suspensions with a ranging pulse width fromtapl0ps. It
was able to achieve an almost 4-log reduction rapgiom 1us to 10us. The inactivation efficiencgaieed higher
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at us and s fork phage andX174 phage, respectively. The inactivation profifé. phage was a little different
from that of®X174 phage. It means the structural differencehafge particles have an impact on the efficiency for
PEF treatment.

Inactivation sensitivity of E.coli MV1184 and A phage to PEF treatment: The mixture ofE.coli MV1184 and:
phage was treated by PEF on different electrid fietensity. The survival ratio of phage was lower than that of
E.coli MV1184 at any treatment intensity. The survivdlaaf A phageand E.coli MV1184 were 3-log and 47%
reduction, respectively after 2kV treatment. Thasult shows that phage is more sensitive to the PEF treatment
thanE.coli MV1184.

The mixture ofE.coli MV1184 and\ phage was treated by PEF at 2kV and 10kV wiik &nd 1min. Treated
suspensions were inoculated into LB medium andveuéid at 37°C. Figure 2b showed the @f the suspension
in time courses. The Qfy reached 2.0 after 12h for pugecoli MVV1184 cell, and Oy, reached only 1.0 after 12h
for the mixture ofE.coli MV1184 and\ phage due to phage lysEsoli cells. For the cultivation of the mixture
suspension treated by PEF for 2kV, peak value exh®t97 after 12h, but for 10kV the peak value doabch 1.86.
This result showed that phage in the mixture susiperwas successfully inactivated without completetivation
of E.cali cell by 10kV PEF treatment, but the cell phagé estisted in the suspension which treated by 2I8FP

Figure 3. The scanning electron micrograph (FESEM) of disrupted cell envelopes by PEF (U=2kV, r=5ps, N=100). (a)Escherichia coli
MV 1184; (b)Escherichia coli cellswith 4 phage particles

PureE.coli MV1184 and the mixture were observed by field ais scanning electron microscopy (FESEM) after
treatment by PEF at 2kV (Figure 3).phage particles showed low density with irreguaucture on thee.coli
surface and electroporation formedm®noli cell membrane.

DISCUSSION

In this study, PEF was successfully used to inadtighage an@X174 phage. No significant difference of survival
ratio was detected between two different phageschwhmnight indicated that PEF treatment inactivates
bacteriophages independence of particle structdiies.peak inactivation efficiency reached as &nd fis for A
phage andbX174 phage, respectively. The two phages have rdifteparticle structures [1]. That means the
structural difference of phage particles have gpeich on the inactivation efficiency for PEF treairne

Survival ratios oft.coli cell and phage in PEF treatment in the mixtureewdatected and compared in this study.
The result showed thatphage is more sensitive to the PEF treatment Ehesli MV1184. It suggested that PEF
treatment could be applied for the phage-free fetat®on process in food and chemical industry.

Electroporation is one of various theoretical mediiat have been proposed to explain the PEF tesaton
bacteria cells. When cells are exposed to an eadt@lectric field with sufficient amplitude and ddion, the cell
membrane is electroporated [10][11]. Aqueous paresassumed to be induced in the cell membrandhandores
increase in size and number with pulse intensity@uration [7]. It was reported that PEF had aiktaig effect on
the secondary structure of insulin chain-B [12],ickhrestricting the inherent flexibility that is wzial for its
biological activity. PEF could also destroy the aetary structures of papain, pepsin, peroxidasepatgphenol
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oxidase [13]-[16], and caused conformation of didel linkage of protein enzymes [5][16]. The inaetion of

phage under PEF treatment should be caused byettendary structure disruption of coating proteifke

hydrophobic and sulfydryl groups lead to a dis@fatoss linkage of phage proteins. Future studuldhmze remains
on the mechanism of phage inactivation.

In conclusion, this study demonstrated that PE&tinent could inactivatg.coli phage in high efficiency at room
temperature. PEF treatment could be applied foptiage-free fermentation process in food and charmdustry.
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