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Abstract

The present work was performed to evaluate thengiateof electron beam ionizing

radiation for the inactivation of three psychrofhilspore forming bacteriaBéacillus

mycoides, Bacillus weihenstephanensis and Psychrobacillus psychrodurans) isolated from

ready-to-eat brown crabCéncer pagurus). Inactivation curves for the three spores were

performed in both types of crab meat, brown andtevhAlso the effect of pH and water

activity (a,) on the lethal efficacy of ionizing radiation, fdre three different psychrophilic

spore forming bacteria, was evaluated. The effet{sH, g, and their possible interactions

were assessed in citrate-phosphate buffers ofrdiftgoH, ranging between 7 and 4, agd a
ranging from <0.99 and 0.80. A reduction qf acreased the spores resistance between

>0.99 and 0.90, while anyareduction from 0.90 to 0.80 had a minor impact tbair

resistance. In contrast tq,ahe effect of pH showed a greater variability eleging on the
spore species. While pH did not affect the reststanf B. weihenstephanensis at any @, B.

mycoides showed slightly higher resistance_at pH 5.5,a080.90 and 0.80. pH showed a

significant effect on the resistance Bf psychrodurans. For the two types of crab meat,

slightly differences were observed irD 6values. B. weihenstephanensis was the most

resistant, requiring 7.3-7.6 kGy to inactivate Gylegcycles of this spore forming bacterium,

while for B. mycoides and P. psychrodurans 6.1-6.3 and_5.4-5.3 kGy respectively were

necessary to reach the same inactivation leverab meat. An agreement between spore
resistance in crab meats and lab media, with sincharacteristics in pH and,awas also
observed. The results obtained in this researchodstrated the potential for ionizing
radiation to achieve an appropriate inactivatioveleof spores naturally present in brown

crab with the application of doses lower than 1§ kG

Keywords: lonizing radiation; psychrophilic sporactivation; seafood; Brown crab.
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1. INTRODUCTION

The use of ionizing radiation for food decontamimatwas proposed in the 19th
century, and since then a wide range of researslibéan performed to evaluate the potential
of this technology for microbial inactivation (Deala et al., 2002; Grant and Patterson, 1992;
Jeong and Kang, 2017; Sasiet al., 2003; Thayer and Boyd, 1993), and assesdluence
on food properties (Byun et al., 2000 and 2008hDi&991; Graham and Stevenson, 1997;
Lee et al., 2001). Currently, a number of orgaiosat worldwide have accepted this
technology as a safe alternative technology fordfdecontamination (WHO, FDA). The
World Health Organization has established 10 kGthasnmaximum dose for food processing

without any adverse effect on food matrixes (WH@1)9 Though, a later study concluded

that no limiting dose is required (WHO 1999). Eitlnay, nowadays more than 60 countries

worldwide have regulations regarding the use oiziog radiation for food products (IAEA,
2017). In fact, the joint FAO/IAEA (International témic Energy Agency) Division of
Nuclear Techniques in Food and Agriculture estimabat approximately 700,000 tonnes of
food were irradiated in 2013 (IAEA, 2015). The maiotential for_the use of ionizing
radiation in foods is its ability to extend the moisiological shelf-life with poultry, egg
products, red meats, seafood products and spiopegEd as good candidates for the use of
radiation as decontamination technology, due tpdt®ntial to inactivate microorganisms at
low temperatures (Farkas, 2006).

Fish and fishery products have a special interesttd their particular characteristics.
Many of these products are commercially cookedradyzts in their own right or are cooked
for use as ingredients in ready-to-eat productgreia thermal pasteurization to reduce 6
Logio-cycles of non-proteolyti€lostridium botulinum type E is commonly applied to ensure

food safety. However, the shelf-life of these pradus directly dependent on the cold chain
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during distribution, due to the presence of oth@ranheat resistant psychrophilic. These
microorganisms are able to survive conventionakeguaization treatments and germinate
during chilled storage producing a noticeable réduacin the shelf-life of the product. A
clear example of this issue is the preservatioradly-to-eat brown cralCéncer pagurus).
Brown crab Cancer pagurus) is one of the most consumed crustaceans in southe
European countries where the market has been dtedinay the fresh live products
(Edwards & Early, 2001). However, the expansiorthef market of this crustacean to the
United States of America and Japan, where the copson of ready-to-eat products is
increasing (Edwrads & Early, 2001), makes it ne@gs$o evaluate alternative technologies
for the production of safe products with high qtyaéittributes and prolonged shelf-life. One
of the major problems in the production of reachetd seafood products is the presence of
psychrophilic bacterial spores (Faghri et al., 1984am and Huss, 1996) which show high
resistance against the thermal decontaminatiorepses, requiring a severe heat treatment to
reduce their population up to an acceptable lethelugh these treatments can affect the

quality attributes of the final product. So, ElectrBeam lonizing radiation (EBI) could be an

alternative in their production.

It is widely recognised that microbial inactivatiommuced by ionizing radiation is due

to the DNA damage (Farkas, 2006). Despite the kedge of its inactivation mechanism, a

lack of data exists concerning the effects of tresmitt media characteristics on the lethal
efficacy of EBI. It is also well known that physichemical characteristics of the treatment
medium have an important effect on the microbisistance against physical stress; however
few studies in this respect related to EBI exisisn(and Sommers, 2012; Huhtanen et al.,

1989; Thayer and Boyd, 1993). To the best knowlenfgine authors a systematic study to

assess the effect of common variables, such asvptér activity (@) and their interactions
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on the lethal effect of EBI has not been previousgcribed. This lack of knowledge is even

larger in the case of psychrophilic bacterial spore

The main objectives of the present study were &duate the potential application of ionizing

radiation to reduce the spore population presegtab meats, to assess the influence of the

pH and water activity of the treatment media onl#dihal effect of EBI treatments on three

different psychrophilic spores isolated from pagt®d crab Cancer pagurus) and to analyse

if the obtained inactivation results in lab mediwas to predict the results obtained in the

food matrix.

2. MATERIALSAND METHODS

2.1. Microorganisms, treatment media and sample preparation

The three spore forming bacteria used in this stuegse the three most isolated from
Irish brown crab Cancer pagurus): Bacillus mycoides, Bacillus weihenstephanensis and
Psychrobacillus psychrodurans. During this investigation, the three spore susmars were
managed and prepared as described by Condon-Abaiato (2016). In brief, 1 mL from a

pure culture in stationary phase was spread ordostiface of Tryptone Soya Agar with

0.6% (w/v) yeast extract (TSAYE) (Oxoid Ltd., Bagatoke, Hampshire, UK) agar plates

containing 3 ppm (w/v) of manganese sulphate (Cartm, Milan, Italy) and incubated at 25
°C for 10 days. Spores were then collected withilstpH 7.0 Mcllvaine citrate-phosphate
buffer (Dawson et al., 1974) and washed and ceged three times. The final spore

suspensions were then submerged in boiling wated fminute in order to inactivate the

possible remaining population of veqgetative catld atored under refrigeration (4+1 °C) until

use. The presence of aggreqgates was evaluateddny diicroscopic observation in a Thoma
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chamber. The spore concentration was evaluatedoby plating in TSAYE (Oxoid). All

suspensions contained a concentration of abolspdres per mL.

To evaluate the effect of the different treatmeetia characteristics, such as pH and
water activity (@), a series of Mcllvaine citrate-phosphate buff@awson et al., 1974) of
different pH and @ were prepared. pH was adjusted to 4.0, 5.5 andigirtly a pH meter
BASIC 20 (Crison Instrument, Barcelona, Spain) #reh the @ was adjusted to 0.80, 0.90
and >0.99 by adding different proportions of glydewvith the § measured using a dew point
instrument (Water Activity System mod. CX-1, DecagDevices, Pullman, WA, USA).
Once all treatment media were prepared, they werdized at 121 °C for 20 min and stored
under refrigeration (4+1 °C) until required for use

Immediately before treatments, the different medeae distributed in 24-well plates.
Each well was filled with 2 mL of buffer of a ceirigopH and @ under aseptic conditions in a
sterile laminar flow cabinet (Telestar mini-V/PCRelestar Technologies, S.L., Terrasa,
Spain). Then, plates were inoculated by addingillof the corresponding dilution of each
spore suspension, in order to reach an initial tofimpproximately 10spores/mL in each

well. The inoculated well plates were immediateated. The pH and water activity of the

treatment media did not differ before and after EBhtments.

For crab meat samples, crabs were cooked at 96r°20fminutes. White meat from
claws and brown meat from the body were then rech@geptically in a sterile laminar flow
cabinet (Telestar mini-V/PCR, Telestar Technologi®d.., Terrasa, Spain) to ensure the
natural contamination was under the detection lifddta not shown). Then, meats were
distributed by placing 1 g of each meat in stetibes of 10 mL, and 0.1 mL of the
corresponding spore suspension dilution was adBéaining an initial concentration of 10

spores/g. The inoculated meat was manually mixeth & sterile spoon to uniformly
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distribute the spores in the meat, and treated wnetedy. g, of the crab meat, both white and

brown was 0.99 and the pH ranged from 7.5-8.0.

2.2. Irradiation treatments

Irradiation treatments were carried out in a 10-MeXtular electron accelerator
(Rhodotron) at the irradiation plant of lonisosriba (Tarancén, Cuenca, Spain). Well plates,
and inoculated meat samples were irradiated atrgnoged doses of 1, 2, 5, 10 and 15 kGy.
Irradiation dosimetry was carried out by using adaf cellulose triacetate located on the
surface of the samples (Nieto-Sandoval et al., RO0@e irradiation dosimetry indicated that
the actual doses applied were 1.13, 2.07, 5.387 #dd 16.4 kGy, respectively. All

experiments were carried out in triplicate, by gsdifferent independently prepared spore

suspensions, applying irradiation doses in differans during the same working day due to

limit accessibility to the circular electron acaeli®r.

2.3. Recovery, incubation and survival counting of treated samples
Immediately after treatments serial decimal dilmgion MRD of liquid samples were

pour-plated using TSAYE (Oxoid) as recovery metaat samples were diluted in 9 mL of

maximum recovery diluent (MRD) (Oxoid) and homogeni with an ultra-turréx for 20

seconds. Then, proper dilutions in MRD were poatgd in_TSAYE (Oxoid). Plates were

incubated at 25 °C for 24 hours #rmycoides andB. welhenstephanensis and 48 hours for
P. psychrodurans. Longer incubation times did not change the ole@icounts (data not
shown). Colony-forming units (CFU) were countedhwvdén improved automatic colony-
counting image analyzer (Protos, Synoptics, CamgetidUK), previously described by

Condon et al. (1987).
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2.4. Modeling and Statistical analysis

Survival curves obtained from the electron beamdiation treatments were obtained
by plotting the Logy fraction of survivors vs. the applied dose (kGy)ndgr most
experimental conditions deviations from linearitgre observed, determining survival curves
with concave downwards profiles (shoulder). Becanfsthis shape the Geeraerd et al. log-
linear regression plus shoulder model was usedré@es et al., 2000) to fit the survival
curves, but swapping the parameter of time in thgiral model with the applied dose in

kGy. Survival curves were fitted to the model bymach of least squares (i.e. by reducing

the sum of square errors, between real and preldiaiees, to the minimum) using GraphPad

PRISM® 5.0 software (GraphPad software, Inc., Smg®) CA, USA). The model includes

two parameters to describe the survival curves gkon 1): shoulder lengthS() which
defines the applied dose before the exponentiatirsion begins, and the inactivation rate

(kmax) that corresponds to the slope of the exponeptiglon of the survival curve.

k Sl
N; = Nye Fmax*dose ( e max )

1+(e~*maxSl—1)ekmax+dose 1)

Based inkmax the traditional decimal reduction valu®i() of each survival curve was
calculated (Equation 2). In this case, Iwgvalue corresponds to the necessary dose (kGy) to
produce a 90% reduction in the spore population.

D10 = 2.303kmax (2)

To determine the treatment parameters and compareesistance between the three
spores under studyD6values were calculated. In this cade 8 defined as the necessary
dose to inactivate 6 Lggcycles of the initial spore population, and iscoéted by Equation
3.

6D= 9+ 6*D1o (3)
Where S is the shoulder length duration am, is the inactivation parameter

calculated from Equation 2.
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R? andRMSE values provided by the software were used to ewalthe goodness of
fits. Statistical analysed-fest and one-way ANOVA) were performed with thea@rPad
PRISM® and differences were considered significaqii®.05. The standard deviatiorfD()

are given in the figures as the error bars.

3. RESULTS

3.1. Spore inactivation kinetics by electron beam irradiation: Effect of pH and water
activity (ay).
Figure 1(A-C) shows, as examples, the inactivatoamves obtained in citrate-
phosphate buffer at pH 7.0 at three differepfa B. mycoides (A), B. welhenstephanensis

(B) and P. psychrodurans (C) (inactivation curves at pH 5.5 and pH 4 arevghdn

supplementary material as Figure S1A-C and S2AsBeaetively) . As observed, inactivation

increased with increasing irradiation dose. Fa three spores under study, concave
downwards profiles were generally observed at aéptd in all water activities. The profile
of some inactivation curves at other pHs (i.e. dn@ 5.5) did not showed shoulders. As
indicated in the Materials and Methods section, r&ere et al. log-linear regression plus
shoulder model (Geeraerd et al., 2000) was uséttte inactivation curves and to calculate
the resistance parameters shoulder length énd decimal reduction dosd3,{). Figure 1
also presents the line obtained from modelling glbline) to show the goodness of fit.
Model parameters are shown in Table 1 as well do¢ mean square erroRNISE). In all
cases the obtaing®f values were >0.99.

For the three spore specieg, affected their irradiation resistance influencioath,

the 3 and theD;q values. The maximum resistance was observed dbwest investigated

ay (0.80), whereas pH hardly affected the irradiatresistance. Th& of B. mycoides,

ranged between 0 and 0.6 kGy &g values ranged from 0.8 to 2.1 kGy, showing the
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highestD,, of the three bacterial species investigated. /A8,ithe pH hardly changed tlig,
values, while the reduction of,showed an important influence. The reduction pfram
>0.99 to 0.90 induced an increase in b values, close to a 2-fold order of magnitude,
while further reductions hardly changed this par@me

In the case oB. welhenstephanensis, the S ranged from 1.1 and 2.5 kGy, being the
species which showed the long&t When g was reduced from >0.99 to 0.90 it induced
increases of 72%, 90% and 66% in ®eat pH 7.0, 5.5 and 4.0, respectively, while the
reduction from 0.90 to 0.80 only increased $héy 26%, 19% and 17%, respectively, at the
same pHs. On the other haridy values ranged from 0.8 to 1.6 kGy, and were sbarce
affected by pH at any,a And, as inB. mycoides, the reduction of @increased irradiation
resistance. In this case, g \@ariation from >0.99 to 0.90 supposed increases76b, 67%
and 100% at pH 7.0, 5.5 and 4.0, respectively, lenDyo values. However, further,a
reductions hardly change this parameter at any pH.

Finally, P. psychrodurans showed a similar behaviour in terms of the effdca, on
S values toB. weihenstephanensis with a reduction in @leading to an increase in tis
However, the influence of pH was more noticeablepHA 5.5 and 4.09 values drastically
increased when,aof the treatment medium was reduced from >0.99.90, although further
reductions scarcely produced any change in thiznpater. Surprisingly, the same reductions
in a, at neutral pH slightly affected tH& values, showing the lowest values compared to
other pHs. On the other harid;( values ranged from 0.7 to 1.9 kGy varying withibaf
and pH. Similarly to the other investigated spof®g,values ofP. psychrodurans increased
when g was reduced but its irradiation resistance wabkdrigt neutral pH.

In summary, the inactivation curves obtained far ¢valuated spore forming bacteria
showed a great variability with regard to the sheullength duration. Also pH andg affects

varied notably respect to the studied specieB: imel henstephanensis both factors seemed to
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be independent of each other, but Rrpsychrodurans an interaction between these two
factors was observed. The differences detectdd;yvalues between species and also the
effects of pH and \a were smaller than those detected in @heparameter. The most
noticeable difference was observed in casePofpsychrodurans where a reduction in
resistance was detected at acid pHSs.

To define the irradiation treatment intensity reqdito apply at industrial level, both
S andD;g values should be taken into account. To evaluate early the effect of pH and
ay on the irradiation resistance of the investigatpdres, B values were compared. The
advantage of using this value is that it comprisath inactivation model paramete®&,and
Dio. Therefore, it is possible to compare directly ttesistance between spores at all
investigated conditions. In additionD@s the inactivation level of the target microorsan
to ensure the safety in processed ready-to-eabv@@gqiroducts (FDA, 2011kigure_2 shows
the effect of @ and pH on the B values forB. mycoides (A), B. weihenstephanensis (B) and
P. psychrodurans (C). As observed, pH had a lower effect on the spesistance than the
effect observed for,aFor P. psychrodurans (Figure_2C), the highest resistance was observed
at neutral pH regardless thg ahile at the other pHs no differences in resistanese
detected at,aof 0.90 and 0.80. Regardii) mycoides the major difference between pHs was
detected at,pof 0.90 where a slightly higher resistance at pFiviias observed (Fig. 2A).

In general, the maximum increase in the spore te®gie was observed withy a

reduction from >0.99 to 0.90, while further redoot of g hardly affected the spore

resistance. Only in the caseRfpsychrodurans at pH 5.5, ® value increased linearly from

5.9 kGy to 9.1 kGy with theyareductions. This species was also the most affdoyethe

variation of &, increasing B values from 4.1 kGy to 8.5 kGy at pH 4 and fro® & 11.7 at

pH 7 when reducing,afrom >0.99 to 0.80.
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From Figure 2, besides the influence of pH apddéferences in radiation resistances
between species can be obsenkdnycoides showed the lowest resistance (5.5 kGy) in pH
7.0 and @ of >0.99, and the highest (12.6 kGy) at pH 5.5 @&n80 of &. B.

wel henstephanensis showed the lowest resistance (6.2 kGy) at >0.98, @nd pH 4, and the

highest (11.0-11.1 kGy) at all pH and both®&90 and 0.80P. psychrodurans showed the
lowest resistance (4.2 kGy) at pH 4.0 apd>8.99, while the highest resistance (11.7 kGy)
was detected in media of pH 7.0 andad 0.80.B. weihenstephanensis showed the greatest
resistance at most pHs and water activities ingattd. Only at the lowest, dested (0.80)
did B. mycoides became the most resistant spore at pH 5.5. Therefwice of irradiation

reference organism is dependent upgofahe product.

3.2. Sporesinactivation in crab meats
As occurred in lab media, the inactivation curvddamed in crab meat showed

downwards profiles in all cases (Figures 3A and.3B)erefore, the Geeraerd log-linear

regression plus shoulder model (Geeraerd et &0)2@as used to describe the curves. Table
2 shows the resistance parameters for the threespowhite and brown medd;, S and
6D values R* andRMSE have been included to show the goodness of fitqpfation 2 to the

survival curves. A slight increase of the radiatresistance paramete®s Do and ® was

observed when spores were treated in crab brown. Beae henstephanensis was the most

resistant requiring 7.3 and 7.6 kGy for white amovin meat, respectively, to reach 6 L@g

reductions, whileP. psychrodurans was the most sensitive requiring 5.4 and 5.3 kGy,

respectively, to reach a similar inactivation level
Figure_4 allows the comparison among the resistantéhe three bacterial spores to

different food preservation technologies: heat;agthbnic waves under pressure at sublethal

temperatures (manosonication: MS) (Alvarez et aDP3) and at lethal temperatures
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(manothermosonication; MTS) (Arroyo et al., 201dnd EBI. Data for heat, MS and MTS

were extracted from Condon-Abanto et al. (2016)oBserved, the maximum differences in
resistance between the most and lowest resistanéspvere 1.7-fold for MS, 4.4-fold for

MTS, 44.4-fold for heat and less than 1.2-fold Ed3.

4. DISCUSSION

Electron beam ionizing radiation appears to be afethe few non-thermal
technologies with the capability to inactivate ssom an effective way without requiring a
combination with other technologies such as hegbhenomenon noted with other non-
thermal technologies (Bermudez-Aguirre et al., 20CEry-Barraud et al., 2004; Conddn-
Abanto et al., 2016; Sevenich et al., 2015; Uenand Isobe, 2003). Most published data
shows that spores are more resistant than vegetils withD;o values in the range of 1-4
kGy, (De Lara et al., 2002; Farkas 2006). Thg values obtained in the present work at an
ay of >0.99, independent of the pH, ranged from 0.8.1 kGy. Thes® values were lower
than those observed in othBacillus species, which showdd;y values higher than 2 kGy
(De Lara et al., 2002; Séas et al., 2003; Valero et al., 2006), but wherfedéht @ were
consideredD; values ranged from 0.8 to 2.1 kGy.

According to our results, all the studied sporeswsdd inactivation curves with no
exponential kinetics, and in most of the invesegatonditions shoulders were observed.
Similar kinetics were described by other authorsBacillus spores (Blatchley et al., 2005).
However, log linear inactivation kinetics have alseen described foB. cereus and B.

subtilis spores (De Lara et al., 2002). The presence ofldasuhas been explained by the

capacity of microorganisms to repair damage causgdow intensity treatments, the

activation of dormant spores and due to the preseh@qgglomerates (Mathys et al., 2007;

Sapru et al.,, 1993). The microscopic observationowf suspensions did not show the
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presence of aggregates and the presence of talastaletected in any of the survival curves

obtained, which allows discarding that the showdebserved are produced due to the

presence of aggregates. On the other hand, theazt@op of the microscopic counts with the

plate counts allowed to conclude that the preseficriperdormant spores would represent

less than 10% of the population, which would intkcthat the shoulders are not related to

activation phenomena either. On the other side, rémgair of damages inflicted by

technological treatments has some special chaistaterin bacterial spores since they can

only occur once germination has begun (Setlow, P0B6detailed study on the damage

inflicted by radiation on the sporesBfsubtilis were performed by Moeller et al. (2014).

Condon-Abanto et al. (2016) reported the preseficghoulders in the inactivation
curves when applying heat, manosonication (MS) amanothermosonication (MTS)
treatments, foB. weihenstephanensis andP. pshychrodurans, but not forB. mycoides. These
results suggested that the capacity of damagerreymaild depend on both the bacterial
species and the main target of the applied teclgyolo terms of mechanism of action.
Considering that the main mechanism involved inntherobial inactivation produced by EBI
is the damage on the DNA, and the fact that thegmee of shoulders is common in the
inactivation curves obtained with other technolsgaich act on the same target, such as the
case of UV-C light (Gayan et al., 2013), it is satprising the detection of these shoulders in
the inactivation curves obtained in our research.

However, it has been postulated that pH apdi@not affect the antimicrobial effect
of UV-C light (Gayan et al., 2014), while our rasulsuggest that the pH and more
significantly g, of the treatment medium affects the irradiatiosigiance. This fact would be
related to the mechanism of action by which eachateon technology, UV-C or e-beam,
affects DNA. While UV-C radiation induces the formea of photoproducts due to the direct

absorption of photons (Gayan et al., 2014, Lopelom8aPalou 2005), EBI reacts through
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two mechanisms affecting the DNA. The most simptaidd be comparable with the UV-C
mechanisms where the damage in the DNA is produdezh an energy photon or electron

crash randomly with the genetic material (Dicks@®2, _Goodhead 1994; Yokoya et al.,

2008); while the second one involved more compleactions based on the radiation

chemistry of water. EBI, in presence of water, piceb reactive species, from which

hydroxyl radicals_(Ok) and hydrogen peroxide ¢B,) are considered the main factors

responsible for the reactions with nucleic acidstli®rland et al., 2000; Lomax et al., 2002).

The protective effect of,aobserved in this investigation shows the importaoicthis second
mechanism for the inactivation efficacy of EBI. €Be series of reactions would also explain
the results obtained by other authors, where thdiatian resistance of different
microorganisms increased when microorganism wedéd in frozen media, where agajn a
is reduced by the freezing process (Black and Jetzy2006; Fan and Sommers, 2012;
Thayer and Boyd, 1993 and 2001).

De Lara et al. (2000) suggested that the mechamswlved in bacterial spore

inactivation by ionizing radiation would be veryffdrent from the mechanisms involved in
heat destruction due to the different targets ahei@chnology. However, since research
about the effect of,aon spore resistance against EBI has not beenildedgyet, it would be
convenient to compare the effect of this paramdtetween these two technologies.
Thermobacteriology studies with differeBacillus species have reported a linear correlation
between the Log of therm@l;o values and (1 in different ranges of,a(Guillard et al.,
1998; Mazas et al., 1999), but in the present shalglear relations were detected between
these two parameters. Mazas et al. (1999) reptmdhe effect of @aon the heat resistance
of several strains dacillus cereus spores begins to be noticed gtvalues lower than 0.85,
while our results suggest that the main effect,obathe radiation lethal efficacy is produced

between @ values from >0.99 to 0.90. Additionally, they rejeal that a decrease i rom
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0.96 to 0.71 increased;p values to heat between 30 and 60-fold and Gilidrdl. (1998)
observed an increase @, values to heat (0B. cereus) higher than ten-fold when thg, a
was reduced from >0.99 to 0.80. Contrarily, oumitssshowed a much lower protective
effect of low @, since the resistance of spores hardly increasesh\g, was reduced from
0.90 to 0.80. The protective effect qf @duction against EBI is related presumably wiih t
indirect inactivation mechanisms based on the ftionaof oxidative species (ROS) due to

the radiation chemistry of water but also due teduction of the intercellular water content

of the spore (Dickson, 2001; Moeller at al., 201Fhe sorption isotherm of the most organic

materials indicates that, the reduction gffeom >0.99 to 0.9 involves a great percentage

reduction of the water content, whilg seduction from 0.90 to 0.80 requires a much smalle

reduction of the water content (Yanniotis and Bladw 2009). This would explain the great

protective effect of @between >0.99 and 0.90 and the low protectivecefietween 0.90 and
0.80 observed in this research.

To date, as in the case qf, @0 data about the effect of pH on EBI lethalczitly, are
available in the literature in order to discusshwihose obtained in the present work.
However, the effect of pH on the heat resistancebadterial spores has been widely
described (Casadei et al., 2001; Palop et al., 3086 1999). While the pH hardly affected to
spore inactivation by EBI, it is reported that theat resistance d@. licheniformis andB.
cereus changed 20 and 3-fold respectively when the pHnmedaced from 7 to 4 (Palop et al.
1996 and 1999). Mazas et al. (1999) and Casaddi €001) also reported reductions of 5
and 7-fold in the heat resistance Bxfcereus for similar reduction of pH on the treatment
media. All of these discrepancies support the Hypgs that very different mechanisms are
involved in the bacterial spore inactivation by th@ad EBI. Although, the few effects of pH
on spore resistances with EBI treatments is sinidahose observed on UV-C light, which

produce the microbial inactivation through simiaechanisms.
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Another important difference which showed the distiinactivation mechanisms for
each technology is the resistance variability betwspecies. Figure 4 shows a comparison
among the three investigated bacterial spores sigagat, MS, MTS and EBI. The variability
in resistance among spores was different dependinghe inactivation technology. The
maximum differences in resistance among the thpeees were 1.7-fold for MS, 4.4-fold for
MTS, 44.4-fold for heat and less than 1.2-fold Ine tcase of EBI. These differences in
resistance between species would be attributabileetalifferent targets of each technology.
As it has been already pointed out, while cell éopes are the main target for ultrasound
(Conddn et al., 2011), the most sensitive targetseat inactivation of bacterial spores seems
to be DNA, core enzymes or spore membranes (Pdlagbh 4998; Setlow, 1995). On the

other hand, as was suggested previously, the reasitive target to ionizing radiation is the

DNA which would explain the small differences irsistance between species as it has been

previously suggested for other technologies whicham the same targets such as UV-C

(Gayan et al., 2013).

In general, the obtained results in this reseamhdcinvolve important practical
implications. While changes in the contaminatingyd| pH or @ could increase the risk of
microbial survival thousands of times in a steeisproduct by heat, the same variables
would hardly affect the safety and stability oftarsised product by ionizing radiation.

It has been reported that a radiation degekGy produced a significant extension of
the shelf-life of different crab products (Chenagt 1996; ICGFI, 1998). However, to the
best of our knowledge, no studies assessing thiati@u resistance of naturally present
bacterial spores in crab products have been rapantehe form presented in the present
work. The obtained results showed that, similasliservations in lab media, the inactivation
kinetics of the three spore species showed a sbotdtlowed by an exponential decay, as it

has been reported for othBacillus species in different media (Blatchley et al., 20@Bur
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results also proved that, despite the differentmasition and chemical characteristics of the
two kinds of crab meat (Anacleto et al., 2011; Bato et al., 2010), the specific resistance of
each spore was scarcely affected by the type of.mMe@eover, the specific resistances of
each species in meat were similar to those detectizdd media at similar pH ang, ¢evels.
These results would indicate that unlike other nedbgies, the irradiation dose applied to lab
media could be used as reference to calculate ¢lcessary treatments for each specific
foodstuff. Nevertheless, this important aspect waeluire further more exhaustive studies.
Finally, the inactivation curves obtained in bogpds of meats suggested that a dose below
10 kGy, which is the maximum permitted and recomaeeinlegal dose by FAO/WHO for
foods, would permit a reduction of 6 Lggycles of any of the investigated bacterial spores
present in crab and crab products. These resulttdvitadicate that EBI could be an adequate
technology to preserve brown crab. However, furthesearch would be necessary to
determine the impact of those treatments in thdé agreeat quality and the maximum

applicable dose to avoid possible undesirable amng the sensory characteristics.

5. CONCLUSIONS

In summary, this work covers a knowledge gap in tieéd of bacterial spore
inactivation by electron beam ionizing radiatiomeTobtained results showed that the pH of
the treatment media could affect the spore resistaaithough the effect would be dependent
on the specific spore under study. On the othed ham important protective effect of low a
of the treatment medium was observed, but the itnpfathis parameter is present in a larger
or smaller magnitude depending on the bacterialespkhe protective effect of the reduction
on g has the major effect in the range from >0.99 @®0regardless the investigated spore.
The studied spores showed, in both lab media aald oreat, shoulders followed by an

exponential decay profiles in their inactivatiomédics._ Crab meat type and its composition
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hardly affected the specific resistance of eachrespbhe observed radiation resistances in

meats were comparable with the resistances detedninlab media of similar pH ang.a
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632 Table 1. Electron beam radiation resistance parametersinglotafrom the fitting of the
633  Geeraerd log-linear plus shoulder model (Equatipto the survival curves d. mycoides,

634 B. weihenstephanensis andP. psychrodurans in citrate-phosphate buffers of different pH and

635  a.
Microorganism pH a 9 (kGy) D10 (kGy) RMSE
>0.99 0.6 (0.032) 0.8 (0.002) 0.069
7 | 0.90 | 0.5(0.2435 1.5 (0.319) 0.111
0.80 0.3 (0.063) 1.9 (0.009¥ 0.115
>0.99 0.4 (0.005) 1.0 (0.043) 0.031
B. mycoides 5.5 | 0.90 - 1.9 (0.028) 0.052
0.80 - 2.1 (0.068) 0.101
>0.99 0.5 (0.040) 0.9 (0.025) 0.107
4 | 0.90 0.3 (0.003) 1.8 (0.046¥ 0.110
0.80 0.3 (0.085) 1.9 (0.016Y 0.122
>0.99 1.1 (0.067) 0.9 (0.014) 0.042
7 | 0.90 1.9 (0.048) 1.6 (0.027) 0.038
0.80 2.4 (0.013) 1.4 (0.005) 0.083
>0.99 1.1 (0.064) 0.9 (0.043) 0.010
B. weihenstephanensis | 5.5 | 0.90 2.1 (0.060) 1.5 (0.008) 0.083
0.80 2.5 (0.049) 1.4 (0.010) 0.085
>0.99 1.2 (0.053) 0.8 (0.024) 0.039
4 | 0.90 1.8 (0.012) 1.6 (0.0019 0.047
0.80 2.1 (0.117) 1.5 (0.023]) 0.049
>0.99 0.2 (0.012) 0.9 (0.002) 0.076
7 | 0.90 0.3 (0.179%" 1.6 (0.083) 0.008
0.80 0.4 (0.003) 1.9 (0.003) 0.015
>0.99 0.3 (0.028) 0.9 (0.001) 0.060
P. psychrodurans 55| 0.90 1.0 (0.028) 1.0 (0.0149 0.078
0.80 0.9 (0.012) 1.4 (0.0619 0.020
>0.99 - 0.7 (0.003) 0.235
4 | 0.90 0.8 (0.035) 1.0 (0.013) 0.080
0.80 0.9 (0.029) 1.3 (0.024) 0.041
636
637  ay, water activity;S, shoulder lengthD,,, decimal reduction dose calculated fré&max with
638 Equation 2 RMSE, root mean square error. Numbers in brackets septestandard deviation
639  of three replicates. Letters show differences wittolumns for each spore specie (p<0.05).
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Table 2. Electron beam radiation resistance parameters riatairom the fitting of the

Geeraerd log-linear plus shoulder model (Equatiptothe survival curves d@. mycoides,

B. weihenstephanensis andP. psychrodurans in white and brown crab meats.

D10 (kGy) 3 (kGy) 6D (kGy) R RMSE

_ B. mycoides 0.8 (0.135}" | 1.3(0.218) | 6.1 (0.038)| 0.99 0.026
anfé';? B. weihenstephanensis | 1.0 (0.063) | 1.0 (0.067° | 7.3 (0.055)| 0.99 | 0.021
P. psychrodurans 0.8 (0.010) | 0.6 (0.030) | 5.4 (0.019)| 0.99 0.039

B. mycoides 0.9 (0.052) | 0.8 (0.026) | 6.3(0.118)| 0.99 0.012

Bnr%";? B. weihenstephanensis | 1.1 (0.060) | 1.0 (0.018) | 7.6 (0.109)| 0.99 | 0.023
P. psychrodurans 0.7 (0.005) | 0.9 (0.012) | 5.3 (0.007)| 0.99 0.038

D10, decimal reduction dose (kGy) calculated frig whit Equation 23, shoulder length

(kGy); 8D, necessary doses (kGy) to reached 6;¢-0eductions RMSE, root mean square

error; R?, determination coefficient. Numbers in bracketsresent standard deviation of

three replicates. Letters show differences witllumns (p<0.05).




656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

Figurelegend

Figure 1. Survival curves to electron beam ionizing radiatat room temperature @.
mycoides (A), B. weihenstephanensis (B) and P. psychrodurans (C) in citrate-phosphate
buffer of pH 7 and water activity (& of >0.99 @), 0.90 @) and 0.80 A). Error bars

represent standard deviation of three replicates.

Figure 2. Effect of the water activity (g on the dose necessary to reduce 6:b.0gcles of
B. mycoides (A), B. weihenstephanensis (B) andP. psychrodurans (C) at pH 7.0@), 5.5 ©O)

and 4.0 @).Error bars represent standard deviation of thepécates.

Figure 3. Survival curves to electron beam ionizing radiadmoom temperature &f

mycoides (@), B. weihenstephanensis () andP. psychrodurans (A) in crab’s white meat

(A) and brown meat (B). Error bars represent stathdaviation of three replicates.

Figure 4. Specific resistance d@. mycoides (black bars)B. weihenstephanensis (grey bars)
andP. psychrodurans (white bars) to different inactivation technologi@ citrate-phosphate
buffer of pH 7.0 and,@2>0.99 (data for MS, MTS and Heat are adapted f@mndon-Abanto

et al., 2016).
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SUPPLEMENTARY MATERIAL

Figure S1. Survival curves to electron beam ionizing radiatd room temperature 8f

mycoides (A), B. weihenstephanensis (B) andP. psychrodurans (C) in citrate-phosphate

buffer of pH 5.5 and water activity,fpof >0.99 @), 0.90 @) and 0.80 A). Error bars

represent standard deviation of three replicates.

Figure S2. Survival curves to electron beam ionizing radiatid room temperature 8f

mycoides (A), B. weihenstephanensis (B) andP. psychrodurans (C) in citrate-phosphate

buffer of pH 4 and water activity (aof >0.99 @), 0.90 @) and 0.80 A). Error bars

represent standard deviation of three replicates.
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Highlight

* The effect of the treatment media pH was different for the different spores forming
bacteria

» A protective effect of low a, of the treatment medium was observed

» The protective effect of the reduction on a, has the mgjor effect in the range from >0.99
t0 0.90

* lonizing radiation could be a suitable technology to reduce the naturally present bacterial

spore populations present in crab meat products



