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Improved legislation on animal welfare has prompted farmers to move from caged rearing systems 9 toward free-range ones (EC Council Directive 1999/74). This change in animal farming is currently 10 highlighting the relevance of some non-feed contributions to unacceptable residue levels of 11 polychlorodibenzodioxins (PCDDs) and polychlorodibenzofurans (PCDFs) -both also known as 12 "dioxins" -in eggs (Schoeters and Hoogenboom, 2006;Van Overmeire et al., 2006). According to 13 the results of investigations carried out in different countries, eggs produced under free-range 14 conditions and/or relevant environmental exposures may show higher levels of PCDD and PCDF 15 contamination compared to those from caged systems (Figure 1). 16 17 Previous papers have focused their attention on the relationship between PCDD, PCDF and DL-PCBs 18 intakes and contamination levels in eggs, and in other edible tissues (Stephens et al., 1995;19 Hoogenboom et al., 2006;Pirard and De Pauw, 2006), proposing also a toxicokinetics/toxicodynamics 20 -based modelling approach to estimate the carry-over rate (van Eijkeren et al., 2007). Some of these 21 papers have already dealt with uptake exposures, where the main source of PCDDs and PCDFs in eggs 22 was the soil (Schuler et al., 1997;Le Bizec et al., 2005) and the materials originating from dust and 23 shavings recovered from timber treated with pentachlorophenol (PCP) (Lynn et al., 2000;Diletti et al., 24 It is well known that PCP, according to its grade, may contain some PCDD congeners, such as 1 the hepta-and octachloro-substituted congeners, as technical contaminants (US EPA 2006). Moreover, 2 these congeners may results from PCP degradation, i.e. if treated timbers were exposed to sunlight or 3 burnt (Draper et al. 1988). According to Fries and co-workers (2002), intermediate timber treatment 4 could result in a litter contamination of 880 µg/g product for PCP and of 53 pg WHO-TE/g product for 5

PCDDs and PCDFs. 6 7 At present, for materials in contact with food specific legislation has been set up (EC Regulation 8 1935/2004), whereas for exposure of food producing animals to PCP-contaminated materials, such as 9 barns, stables, and litters and the consequent possible bio-accumulation of such persistent organic 10 pollutants, only some general recommendations have been issued (EC Regulation 852/2004). 11 12 In this paper, we report the results of a depletion study carried out on eggs after a laying hen flock was 13 reared on a PCP-contaminated floor, with the aim to give useful information for appropriate 14 management actions based on a deeper knowledge of PCP, PCDD, and PCDF depletion in eggs, as 15 consequence of possible aggregate exposures. 16 17

MATERIALS AND METHODS 18

Animals. During monitoring activities, eggs with violative PCDD and PCDF levels were found in a 19 hen flock reared on wood shavings. Epidemiological investigation to trace back the contamination 20 revealed the presence of PCP at 5 mg/kg product and of PCDDs and PCDFs at 50 ng WHO-TE/g 21 product in the litter, with 1,2,3,6,7,8-H 6 CDD, H 7 CDD and O 8 CDD congeners at 70, 3,077 and 23,273 22 ng/kg product, respectively, whereas the contribution to contamination of commercial feed seemed to 23 be negligible (<0.15 pgWHO-TE/g dry matter, 12% moisture). According to farm records, such 24 purchased from local craftsman and originating from imported Ayous timber. Six Brown Swiss laying 2 hens of 1.5 kg body weight were randomly sampled from a 100-animal flock and placed on 3 uncontaminated bedding, under controlled feed conditions. The average egg production was 4 approximately 4.9 egg/head per week; each egg weighing approximately 55 g, with an average fat 5 content of 12 %. The depletion study lasted eight weeks; the first day of the experiment under 6 controlled conditions was considered Day 0. Observation points were planned every two weeks, by 7 drawing one egg from each animal at each sampling time. Pools of six eggs were gently whipped until 8 the mixture was homogeneous and then kept frozen at -20 °C until analyzed. 9 10 Standards and Reagents. Acetonitrile, methanol (VWR, Buffalo Grove, IL, USA), diethyl ether, n-11 hexane (Carlo Erba, Rodano, Italy), acetone, sulphuric acid (95-97 %), sodium oxalate, ammonium 12 acetate (Fluka, St. Louis, MO, USA), cyclohexane, dichloromethane, sodium sulphate (Riedel de Haen,13 Seelze, Germany), and Extrelut ™ (Merck, Darmstadt, Germany) were purchased of the best 14 commercially available quality. Gases (purity, 5.5) were purchased from Rivoira (Turin, Italy). Native 15 and fully 13 C labelled PCP were certified standards (purity, 98 %) provided by Aldrich (St. Louis, MO, 16 USA). Native and 13 C 12 labelled PCDDs, PCDFs were certified standards (purity, 99 %) provided by 17 CIL (Andover, MA, USA). 18 19 PCDD and PCDF analytical procedure. The analytical procedure was adapted from the US EPA 20

Method 1613 and validated in-house (US EPA, 1994). Briefly, after fortification with 13 C-labelled 21 congeners, each test portion (50 g from a six-egg homogenate) was allowed to rest for 24 hours at 4 °C 22 and then subjected to extraction after addition of 100 mL of distilled water and a thorough mixing. 23

After addition of 1.5 g sodium oxalate, the mixture was extracted three times with a liquid-liquid 24 5 extraction procedure involving methanol, diethyl ether, and n-hexane (50 mL of each solvent) (Fürst, 1 2006). The organic extract was purified by eluting through a column of Extrelut ™ impregnated with 2 96% sulfuric acid, followed by an automated cleanup with a Power-Prep ™ unit. In this unit, three 3 sequential chromatographic steps take place on columns packed with silica gel, alumina, and graphitic 4 carbon. PCDDs and PCDFs were quantified by high resolution gas chromatography on a 60m, I.D. 5 0.25 µm BPX-DXN column (SGE, Ringwood, Australia), coupled with high resolution mass 6 spectrometry (VG Autospec HRGC-HRMS) used in the selected ion monitoring mode (SIM). 7

Acceptable recovery rates for labelled internal standards were within the 60 -120 % range. Average 8 extended uncertainty was within 20% for each congener quantified. 9 10 PCP analytical procedure. Determination was carried out by HRGC-LRMS/MS, without the 11 derivatization of the analyte, according to a validated internal procedure. Briefly, a 300-mg test portion 12 of each homogenate sample was fortified with the internal standard 13 C-PCP at a level of 50 ng/g and 13 allowed to equilibrate, after thorough mixing, for 2 hours at room temperature. Then, 3-mL sodium 14 carbonate (0.1 M pH = 10.5) were added to the sample, that was defatted with two independent 15 liquid/liquid partitions with 3 mL of diethyl ether and 3 mL of n-hexane, respectively. After the 16 removal of the organic phase, the aqueous layer was acidified with the addition of 2-mL HCl 1.0 N and 17 the PCP back-extracted twice in organic phase, with the addition of 5-mL of t-butyl methyl ether, at 18 each extraction. Using tetradecane as keeper, the 10-mL extract was then carefully reduced to dryness 19 under a nitrogen stream and redissolved in 500 µL of iso-octane containing hexachlorobenzene (HCB) 20 (100 pg/µL) as injection standard for the GC-MS/MS analysis on a GCQ system 21 Milan, Italy). The chromatography was carried out on a 10-m 0.32-mm-i. product m/z 255. In both cases, the first transition was utilized for quantification. Recovery rates for 6 labelled standard were above 85 %; the calibration line had R = 0.9979. Results were expressed as the 7 mean of two independent extractions on the same sample with 25% of extended uncertainty. Definitive 8 confirmation of the PCP presence was also achieved with high resolution mass spectrometry on 9 Prospec instrument (Micromass, Manchester, UK), at a resolution of 5000 at 10% of peak height with 10 on-column injection and a chromatography setting similar to the GC-MS/MS analysis. 11 12 Data processing. The litter-to-eggs transfer ratio, (ratio between the contamination in eggs on lipid 13 base, and that in litter, on weight base) was classically considered, for possible aggregate exposures. 14 Congeners half-lives (HLs) were calculated from the linear regression of log-transformed concentration 15 data vs. time, according to the following canonical equation (Eqn. 1): ln(C) = ln(C 0 ) -kt , where the 16 C 0 represents the extrapolated contamination level, at time 0, according to the best fitting of the 17 regression curve, and k is its slope. The regression line fitness was tested with the Fisher test (P ≤ 18 0.01). The statistical work was performed by the Excel XP software. 19 20

RESULTS AND DISCUSSION 21

The depletion curves of PCP and total PCDDs and PCDFs (WHO-TEQs) are reported in Figure 2; 22 Figure 3 shows the depletion curves of selected PCDD and PCDF congeners. The pertinent statistical 23 coefficients are summarized in Table 1 . PCP seems to show a steady state up to the second week 24 after withdraw, with a sudden drop between the second and the fourth week; at this time-point, the PCP 1 in eggs was approximately 2.5 % of the highest contamination recorded. The observed trend does not 2 allow suitable modelling of depletion, likely due to PCP metabolism chemical features. PCP allows 3 two different mechanisms of interaction with macromolecules, according to the non-dissociated or the 4 anionic form. The latter can bind positive charged groups of proteins (Vidal-Madjar et al., 1992). The 5 rate of such protein interaction may be affected by a quite large variability, possibly involving a 6 distribution in compartments different from fat (around 2 % of body weight in hens), that could 7 influence the ways of excretion and the kinetics of depletion (Lin et al. 1996). 8 9 On the contrary, a log-linear trend was observed for PCDD and PCDF (TEQs) depletion with an 10 overall half life estimated as 3.8 weeks. The design of the study did not allow us to verify the possible 11 presence of the few-day α-phase of depletion, already described in other papers (Stephens et al., 1995;12 Le Bizec et al., 2005, van Eijkeren et al., 2006). However, the α-phase results are not able to influence 13 the overall half-life, as indicated by the good fitting of the linear regression of WHO-TEQ values vs 14 time (R > 0.998; F = 789; P F <0.01) (Figure 2), a finding in agreement with the conclusions reported by 15 Hoogenboom et al., (2006) and attributable to a reduced body burden contribution, a metabolism-16 driven scenario observable in high-production laying hen (Gregory and Robins, 1998). Previous papers 17 dealing with PCDD and PCDF depletion in eggs after feeding exposures reported total TEQ half-lives 18 of approximately 1.5 weeks after one week of exposure to contaminated feed (Traag et al., 2006), and, 19 after the steady state was reached, in the range of 4 -8 weeks, (Stephens et al., 1995;Pirard et al., 20 2006); a half-life of 7 weeks (referred to the second phase of depletion) has been reported in eggs from 21 flocks reared on naturally contaminated soil (Le Bizec et al., 2005). 22 minimizing possible body burden contributions (Pirard et al., 2006;Hoogenboom et al., 2006); (c) an 3 egg production rate approximately 25 % higher than that reported by Le Bizec and co-workers, along 4 with a more efficient depletion of such contaminants. 5 6 From the analytical profile derived from the C 0 values of individual congeners (Figure 3), the PCP 7 origin of PCDD and PCDF contamination in eggscharacterized by the predominant contribution of 8 the H 7 -and O 8 CDD congenersseems to be evident up to the second week from withdrawal. In fact, 9 the congener profile and the ratio between the aforesaid congeners in the eggs and in the wood 10 shavings not contaminated by animal dejects (roughly 1: 5) is in good agreement with that reported by 11 US EPA for PCP (US EPA, 2006). 12 13

In the weeks following withdrawal, such ratio is no longer mantained, as a consequence of the different 14 toxicokinetics of the H 7 -and O 8 CDD congeners in eggs (Figure 2, Table 1). Nevertheless, those 15 PCDDs still represent up to the 70 % of the overall contamination on a gravimetric basis and these 16 data could still represent a marker for the source of exposure up to the fourth week from that 17 withdrawal. 18 19 For most congeners, the F-test related to regression analyses indicates that such model was suitable to 20 describe PCDD and PCDF depletion (P F ≤ 0.01). Only for 1,2,3,7,8-P 5 CDD, the P F value fell within 21 0.01 and 0.05 (Table 1). The total contribution of the aforesaid congeners to the cumulative TEQ levels resulted lower than 5 % 2 throughout the depletion process. 3 4

In the case of 2,3,7,8-T 4 CDF congener, the pertinent regression equation resulted in a negative value of 5 the rate constant k, thus highlighting a possible transfer mechanism not only based on the fugacity 6 (Sweetman et al., 1999), as already described in other depletion studies related to clams (Miniero et al., 7 2005), trout (Brambilla et al., 2007) and cows ( Brambilla et al., 2008). 8 9 According to a an audit at the farm, as the flock has been reared on contaminated litter more than two 10 months before the first violative findings, the transfer ratio referred to a steady state were estimated 0.9 11 for PCDD and PCDF WHO-TEQs and 0.03 for PCP. The 0.9 value for PCDDs and PCDFs is higher 12 than the 0.6 derived from Le Bizec study (2005) for a 11.4 pgWHO-TE/g top soil contamination, and 13 lower than the 1.2 described by Schuler et al., (1997) for a 13 pgI-TE/g soil contamination. Such 14 differences may account for the different contamination patterns of the soils and the litter and for the 15 diversity in hens husbandry and management. 16 17 In our study, when calculated on gravimetric basis, the transfer ratio for 1,2,3,6,7,8-Hexa-, Hepta-and 18 O 8 -CCD result in 1.5, 0.49, and 0.31, respectively, in line with the general rule of a lower bio-19 availability for higher chlorine-substituted congeners. Such transfer ratios are in good agreement with 20 those calculated by Schuler and co-workers (1997) for the same congeners (1.6; 0.4, and 0.1, 21 respectively). It is worth noting that corresponding congeners COR of 42, 21, and 8 % have been 22

reported for feed exposures, (Hoogenboom et al., 2006). A possible explanation could rely on the 23 different ways of exposure: in our case, the inhalation as a consequence of dustiness and contaminants 24 http://mc.manuscriptcentral.com/tfac Email: fac@tandf.co.uk The results of our work highlight the relevance of assessing the environmental quality of materials in 9 contact with food-producing animals that could contribute to the aggregate (dermal, inhalatory, and 10 alimentary) exposure in non-caged flocks. Due to their peculiar behaviour, the aforesaid requirement 11 appears to be more stringent in laying hens reared on PCP-contaminated litter, where a PCDD and 12 PCDF transfer ratio both on WHO-TE and gravimetric basis (for those congeners most representative 13 of a PCP exposure) higher than the corresponding COR described for feed exposures were found. For 14 monitoring purpose, PCP should be investigated on timber-derived materials; however, it would not 15 represent a reliable marker for the presence of violative residues of PCDDs and PCDFs in eggs due to 16 the strong differences in compound toxicokinetics. On the contrary, analytical congener patterns where 17 H 7 -and O 8 CDD account for more than the 70 % of the total TEQ amount, may help to trace back the 18 origin of contamination. Last but not least, the present study highlights some interesting features in the 19 depletion of T 4 CDF, that may expand the withdrawal time requested to recover the alimentary 20 soundness of the produce, when the contribution of such congener to total TEQs were relevant (Table 21 1). It is our aim to deepen such aspect in the near future. 

  in the contamination profile may help to trace back to the source of contamination. Among 1 congeners, the 2,3,7,8 T 4 CDF exhibited a different depletion pattern, indicating a possible mechanism 2 of active transport. 3INTRODUCTION 8

  more than two months earlier, along with the change of the animal bedding, 1
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  d. FFAP column(HP Italia, 22 Milan, Italy), with a PTV injector (0.2 min hold at 60 °C, then to 200 °C at 14.5 °C/ sec) in splitless 23 mode (1.5 min). Ramp started from 80 °C (1 min), then to 135 °C (30 °C/min), and to 165 °C (10 ° 24 http://mc.manuscriptcentral.com/tfac Email: fac@tandf.co.uk ). After a 2 min hold, 250 °C were reached at 20 °C/min. Carrier gas (He) was set at 3mL/min. 1 Ionization was achieved with electronic impact, positive ions, at 70 eV. Transfer line and source were 2 set at 240 °C, and 200 °C, respectively. MS/MS acquisition was carried out in Multiple Reaction 3Monitoring mode with the following ion species: precursor m/z 266 for native PCP, products m/z 202 4 and 230; precursor m/z 272 for 13 C-PCP, products m/z 207 and 236; precursor m/z 290 for HCB, 5

  (a) an exposure to wood shavings of more than eight weeks, sufficient to reach a 1 steady state(Pirard and De Pauw, 2005); (b) an exposure occurred in already egg-producing hens, thus 2
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  3,7,8-T 4 CDD and 2,3,4,7,8-P 5 CDF showed a correlation coefficient less than 0.878 24 for P = 95 %), and for this reason their depletion patterns are not reported in Figure3. 1
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  litter (Lorber et al., 2002), facilitated by the long time spent in close contact with 1 the litter of nesting and laying 41-°C warm-blooded animals. 2On the contrary the poor PCP transfer ratio can be due to the following factors: a) the ionic behaviour 4 of the contaminant at the alkaline pH 7.4 -8.0 of the litter, where the PCP log Kow is estimated below 5 3; b) the possibility that depletion mainly occurs through pathways different from eggs. 6 7 CONCLUSION 8
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Table 2 .

 2 Mean C 0 , k, and half-life (HL) values and their confidence intervals (P = 95%) of PCDD and PCDF congeners in eggs and total TEQs estimated from the depletion study (n = 5). Values rounded off to two figures. Critical value for R respectively 0.878 (P R = 95%) and 0.959 (P R = 99%)

		C 0 (pg/g fat)	k (weeks -1 )	HLs (weeks)	R	F	P F
		Mean	CI [95%]	Mean	CI [95%]	Mean CI [95%]			
	2,3,7,8-T 4 CDD	-	-	-	-	-	-	0.803	5.43	0.10
	1,2,3,7,8-P 5 CDD	4.5	3.4-6.0	0.079	0.023-0.14	8.7	5.1-31	0.932	19.9	<0.05
	1,2,3,4,7,8-H 6 CDD	17	13-22	0.15	0.10-0.21	4.5	3.4-6.7	0.984	93.6	<0.01
	1,2,3,6,7,8-H 6 CDD	110	86-150	0.14	0.078-0.20	5.1	3.5-8.9	0.974	54.6	<0.01
	1,2,3,7,8,9-H 6 CDD	27	22-32	0.21	0.17-0.25	3.3	2.8-4.1	0.995	296	<0.001
	1,2,3,4,6,7,8-H 7 CDD	1300	714-2500	0.35	0.22-0.48	2.0	1.4-3.1	0.981	75.0	<0.01
	O 8 CDD	5800 1100-30000	0.55	0.21-0.88	1.3	0.79-3.3	0.949	27.0	<0.05
	2,3,7,8-T 4 CDF	-	-	-	-	-	-	0.914	15.1	<0.05
	1,2,3,7,8-P 5 CDF	2.1	1.8-2.5	0.072	0.036-0.11	9.7	6.5-19	0.965	41.0	<0.01
	2,3,4,7,8-P 5 CDF	-	-	-	-	-	-	0.713	3.10	0.18
	1,2,3,4,7,8-H 6 CDF	50	45-55	0.17	0.15-0.19	4.0	3.6-4.6	0.998	662	<0.001
	1,2,3,6,7,8-H 6 CDF	14	12-17	0.18	0.14-0.22	3.9	3.2-4.9	0.994	241	<0.001
	1,2,3,7,8,9-H 6 CDF	0.83	0.72-0.96	0.14	0.11-0.17	5.0	4.1-6.4	0.993	227	<0.001
	2,3,4,6,7,8-H 6 CDF	14	11-17	0.25	0.21-0.29	2.8	2.4-3.3	0.996	348	<0.001
	1,2,3,4,6,7,8-H 7 CDF	180	85-400	0.39	0.24-0.55	1.8	1.3-2.9	0.977	63.3	<0.01
	1,2,3,4,7,8,9-H 7 CDF	36	21-62	0.33	0.22-0.44	2.1	1.6-3.2	0.984	91.6	<0.01
	O 8 CDF	310	83-1100	0.48	0.22-0.75	1.4	0.92-3.2	0.958	33.9	<0.05
	Total WHO-TEQs	46	41-50	0.18	0.16-0.21	3.8	3.4-4.2	0.998	789	<<0.001
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