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Abstract — Airborne polycyclic aromatic hydrocarbons (PAHs) are deposited on agricultural grasses. In turn, PAHs enter the food chain
through animals eating grasses. However, the risk of food contamination, e.g. of milk, is unknown because mechanisms ruling the fate of PAHs
during digestion by cows are not understood, especially in the rumen. Here, we studied the disappearance rate of phenanthrene, pyrene and
benzol[a]pyrene, n-alkanes, and dry matter from contaminated grass samples in the rumen, the first compartment of the ruminant digestive tract.
Three cows fitted with a rumen cannula were used for this study and the grass samples were incubated in sacco for 1, 3, 6, 12, 24 and 48 h.
The results show that the disappearance rate of PAHs was fast and higher than that of n-alkanes. On average, 83% of PAHs disappeared after
1 h of incubation. Phenanthrene showed a disappearance rate higher than 90%. The findings suggest a fast desorption of PAHs from the surface
of the grass leaves. The digestive hydrolysis of the grass is not required to release PAHs, contrary to other fractions. As a consequence, the

bioavailability of PAHs is not limited by the grass.

PAHs / in sacco | grass [ n-alkanes / rumen

1. INTRODUCTION

Polycyclic Aromatic Hydrocarbons (PAHs) are consid-
ered as involuntary by-products of incomplete burning of or-
ganic matter. After atmospheric emissions, PAHs may be de-
posited on grasslands and consequently ingested by ruminants
(Simonich and Hites, 1994; Tankari Dan-Badjo et al., 2007).
The literature shows that PAHs are transferred from feed to
milk (West and Horton, 1976; Grova et al., 2000, 2002). This
transfer depends on the deposit method on plants, on the
physicochemical properties of the compounds and on the ap-
titude of PAHs to be extracted from the feed matrices. Once
ingested by ruminants, PAH behaviour will depend firstly on
their solubilisation, which is related to the lipophilicity of each
compound. Grova et al. (2005) have shown that PAHs are ex-
tensively metabolised in ruminants. Ounnas et al. (2009) con-
cluded that apparent absorption of PAHs after oral intake is far
from being negligible. Indeed, the absorption rates of parent
compounds and their metabolites, which correspond at least
to the urine and milk excretion rates, have been found to go
above 30%. In order to characterise PAH bioavailability bet-
ter, it is necessary to assess the PAH release from grass in
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the digestive tract of ruminants. The PAH localisation on the
leaves needs to be specified first. According to the generic rep-
resentation of the cuticle (Kunst and Samuels, 2003), the in-
tracuticular wax is defined as an amorphous mixture of lipids
soaked in cutin which binds the cuticle with the matrix of the
cellular wall. The epicuticular wax refers to the lipids of the
surface which form crystalloids or a smooth external layer
with the cuticle. The adsorption of PAHs to these plant cu-
ticular waxes has already been reported (Bakker et al., 2001;
Wang et al., 2008). Bakker et al. (2001) even concluded that
the molecular low-weight PAHs are especially present in cu-
ticular wax and inside the leaves. Indeed, the PAHs with high
molecular weight remain more or less on the surface of the
leaves (epicuticular wax). A recent study showed that the
concentration of PAHs in the cuticle was one to two orders
of magnitude higher than that of inner tissues (Wang et al.,
2008). In the case of other lipophilic compounds such as poly-
chlorobiphenyls, it was estimated that cutin provides approxi-
mately 70-90% of the cuticle sorption capacity (Thomas et al.,
1998). N-alkanes (C,3—C3¢) are the main aliphatic constituents
in the cuticular waxes of graminae (Dove and Mayes, 1991;
Maffei, 1996; Ferreira et al., 2007). Indeed, hentriacontane
(C3y), tritriacontane (Cs3) and nonacosane (Cy9) are the most
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abundant n-alkanes in graminae (Mayes et al., 1986; Maffei,
1996; Cortes et al., 2005). Thus, the presence of n-alkanes
would contribute to the retention of PAHs on leaves of exposed
plants.

It is known that the ruminal microflora takes a central place
in the degradation of feed and vegetable fibres, and its effi-
ciency in degradation of starch, cellulose, hemicellulose and
pectin is well established (Van Soest, 1982). Contrarily, its ef-
fect on the release of n-alkanes as a marker of cuticular waxes
and organic pollutants in the rumen, and especially of PAHs,
needs to be better described. Indeed, actions of the ruminal
bacteria on the link between pollutants and their matrix as well
as the effect of mechanical forces of the rumen on the link
between PAHs and the cuticle of leaves are still unknown. A
correct evaluation of availability and metabolisation of PAHs
in exposed ruminants implies knowing to what extent these
contaminants are released from grass in the main digestive
compartment during the ruminal fermentation process. Thus,
the in sacco approach (Michalet-Doreau et al., 1987), gen-
erally used to study the disappearance kinetics of feed con-
stituents, appears of great interest to assess the dynamics of
disappearance of cuticular n-alkanes and grass-bound PAHs.
Indeed, this technique involves using samples in nylon bags
exposed to the microbial fermentation activity in the rumen.
So, the obtained disappearance kinetics allow knowing the ex-
tent and speed of release of the different feed fractions in situ
and therefore their availability for digestion and/or absorption.
This approach, used for nutritional purposes, would also al-
low one to characterise the release of PAHs from the grass
surface, i.e. cuticular waxes, and to see to what extent these
compounds would be available for further degradation in the
digestive compartments.

Thus, the objective of this study was to compare the dynam-
ics of ruminal disappearance of different grass-bound PAHs
with the disappearance of cuticular n-alkanes and dry matter
(DM) of the same grass.

2. MATERIAL AND METHODS
2.1. Grass used

The grass used in this study was contaminated by pulverisa-
tion of phenanthrene (Phe), pyrene (Pyr) and benzo[a]pyrene
(BaP) (Sigma Aldrich and Fluka, Steinheim, Germany) on a
ten-square-metre meadow’s grass area in the absence of rain
and wind. This contamination was carried out in order to
achieve the minimal concentration in grass DM to be detected
by liquid chromatography (at least 10 ug/g DM). This level of
contamination appeared necessary to ensure the good quality
of the experimental design, allowing a precise determination
of the disappearance kinetics in the rumen.

The treated surface was harvested (yield about 2.4 t DM/ha)
the day after pulverisation in order to allow binding of PAHs
on the surface of leaves. Then, the grass was dried in a cli-
mate chamber at 30 °C for 5 days to minimise volatilisation
of PAHs. Then, the dried grass was manually cut to a parti-
cle size of approximately 2 cm. Approximately 4 ¢ DM of
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Figure 1. N-alkane profiles of the graminae species used. Source:
Maftei (1996) for F. arundinacea, D. glomerata and A. elatius.
Ferreira et al. (2007) for L. perenne.

the PAH-contaminated grass were introduced into nylon bags
(9% 14 cm, pore size of 50 um: PA 50/27 WHPW, Saati France
Co., Sailly Saillisel, France). PAH concentration was previ-
ously determined as explained below.

Figure 1 indicates the profile of n-alkanes in the main
species contained in the mixture of the collected grass samples
(40% Festuca arundinacea, 30% Dactylis glomerata,20% Ar-
rhenatherum elatius and 10% Lolium perenne) according to
the literature.

2.2. Analytical methods

PAH extraction in grass was carried out by toluene and
analysed by liquid chromatography according to the proce-
dure described by Dugay et al. (2002) and adapted by Tankari
Dan-Badjo et al. (2007). PAH calibration curves were per-
formed by diluting a standard mixture (M-610-QC, Interchim)
containing the 16 PAHs listed by the United States Environ-
mental Protection Agency. The PAH extraction yield varied
from 45 to 100%. The quantification limit was 0.5 ng/g DM.

N-alkanes were extracted by chloroform and analysed by
gas chromatography according to Garcia (2005). A standard
sample of n-alkanes allowed determining the retention time
of the studied compounds. The concentration was calculated
with regard to the alkane standard. The limit of detection was
established at 1 ng/g DM.

2.3. Animals and proceedings

Three cows fitted with a permanent rumen cannula (#2C,
Bar Diamond Inc. Parma, ID), and fed with a total mixed ra-
tion, were used for this trial. The incubation times of the nylon
bags in the rumen were 1, 3, 6, 12, 24 and 48 h. For each
time of incubation, 6 bags were introduced into the rumen of
each animal. At the end of the incubation periods, bags were
removed from the rumen and washed 2 times for 5 minutes
in cold water, and then dried at 30 °C for 5 days before be-
ing analysed as explained above. In order to determine the im-
mediate disappearance (0 h), 6 bags were washed 2 times for
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5 minutes in cold water without any previous incubation. After
the drying process (30 °C for 5 days), the bags were weighed.
Afterwards, the residues of the 6 bags for each time point and
each cow were pooled into a single sample before analysis. In
each pooled sample the concentration of PAHs, n-alkanes and
DM was determined.

2.4. Calculation and statistical analysis

The in sacco incubation of the grass in cows allowed the
calculation of the disappearance rates of each PAH and cutic-
ular n-alkanes (for each time point of the kinetics) as follows:

Ci—Cr*

i

DR = 100. (1
DR: disappearance rate, C;: initial concentration (ng/g DM)
and C;: residual concentration after incubation (ng/g DM). The
disappearance of DM was calculated in the same way.

The DRs for the PAHs and n-alkanes were adjusted cow by
cow (STAT-ITCF 5.0, 1991, Arvalis Institute, Paris, France)
according to the model of @rskov and McDonald (1970):

DR =a+b(l —e™). 2)

The parameter “a” represents the immediate disappearance
rate, “b” represents the rate of progressive disappearance, and
“c” the disappearance slope. In this way, DRs of each PAH
and the main n-alkane (Cs3;) are modelled based on the average
of 3 cows. Then, the asymptotic plateau of the disappearance
model was considered to be reached following Costera et al.
(2006): 0.95 x [a+b]. Contrarily, the disappearance rate of the
DM did not follow the classical model and had to be adjusted
to a linear model (DR = a+ct).

The different DR values were compared by analysis of vari-
ance (ANOVA) using the GLM procedure of SAS (version 9.1,
2004, SAS Institute, Cary, NC). The factors included in the
model were the studied compounds (Phe, Pyr, BaP, C3;, DM),
the incubation time (1, 3, 6, 12, 24, 48 h) and the interaction
between the compound and incubation time. The 3 cows used
corresponded to 3 repetitions. The average DR values per com-
pound were compared for a given incubation time using a mul-
tiple t-test according to Tukey. The significance was concluded
at the threshold of P < 0.05.

3. RESULTS AND DISCUSSION
3.1. PAH and n-alkane concentrations in the grass

The average concentrations of PAHs (n = 5) and n-alkanes
(n = 4) measured in grass after contamination are presented in
Table I. They were found to be between 36 and 85 ng/g DM.
Although each of the three PAHs was applied on the grass area
at a similar amount, it has to be noted that some differences
were observed in the final concentrations (Tab. I). This result
suggests that the attachment of Phe to the cuticle of the grass
is weaker than that of Pyr and BaP as a consequence of the

Table I. Concentration of PAHs and n-alkanes (ug/g DM) in contam-
inated grass.

PAH n-alkane
Phe PyI' BaP C29 C31 C33
36.2+85 84.7+39 57.8+35 193+0.1 310+1 7.6+0.3

DM: dry matter, PAH: polycyclic aromatic hydrocarbons, Phe:
phenanthrene, Pyr: pyrene, BaP: benzo[a]pyrene.

differences in lipophilicity between these compounds. Never-
theless, lipophilicity does not explain the differences between
Pyr and BaP. In any case, each of the three PAHs was found
at a sufficient level to ensure the quality of the experimental
design. Regarding the n-alkanes, concentrations were found to
be between 7 and 19 pg/g DM and the highest concentrations
were found for Cs3;, as observed by several authors (Mayes
et al., 1986; Maftei, 1996; Cortes et al., 2005).

3.2. In sacco disappearance of PAHs, n-alkanes
and DM

The kinetics of in sacco disappearance of the studied PAHs
are presented in Figure 2. The differences shown, as notable
variations in DR between time points observed, need to be in-
terpreted with caution, especially those of the very lipophilic
compounds Pyr and BaP. It can be noted that the DR was
rapidly very high for all three PAH compounds. Indeed, con-
centration of the 3 PAHs disappeared beyond 70% in the first
hour of incubation to reach a DR of over 80% at 48 h. The im-
mediate disappearance was higher for Phe than that for the two
other PAHs. Moreover, DRpy. Was significantly higher during
the first three hours of incubation than DRpy,; and DRpp. Thus,
the less hydrophobic compound Phe disappeared more rapidly
in the ruminal liquid than the more lipophilic ones (Pyr and
BaP).

The in sacco disappearance of the studied n-alkanes is pre-
sented in Figure 3. No significant differences were found be-
tween compounds for each kinetic time point (P > 0.05).
Therefore, the most abundant compound, Cs;, can be used
in further modelling as a representative n-alkane. Neverthe-
less, all n-alkanes disappeared significantly more slowly than
PAHSs. Indeed, the DR of all n-alkanes was close to 30% dur-
ing the first hour of incubation, and none of the compounds
reached a disappearance rate of 70% even at 48 h.

Finally, DM disappearance also increased with time (Fig. 4)
but the exponential model did not correspond to the measured
time points of DRpy. Therefore, a linear model has to be used
for fitting. Thus, only 20% of DM disappeared during the first
hour, 30% after 12 h, about 50% after 24 h and 70% at the end
of the kinetics.

Among the studied compounds, the most rapid disappear-
ance in the rumen was observed for PAHs, especially Phe, fol-
lowed by n-alkanes and lastly, DM. These data suggest that
PAHs were adsorbed on the surface of the cuticle and liberated
at the beginning of the cuticle hydrolysis, which was found to
be progressive with time. Thus, PAHs would disappear from
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Figure 2. In sacco disappearance kinetics of grass-bound PAHs. PAH: polycyclic aromatic hydrocarbons, Phe: phenanthrene, Pyr: pyrene, BaP:
benzo[a]pyrene.
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Table II. Effect of compound and incubation time on disappearance rates (%) in sacco.

Effect P-value Incubation time (h) BaP Pyr Phe Cs DM
Compound (Cp) <0.001 1 78.6° 70.4° 97.9* 33.1¢ 21.0¢
Incubation time (It) <0.001 3 80.0* 56.6° 97.2* 48.1° 23.8¢
Interaction Cp x It <0.001 6 87.8% 83.3* 84.3% 55.6° 28.2¢
Cow NS 12 90.7* 83.2% 88.3% 52.2° 31.8¢

24 69.2° 76.1° 98.8* 60.3b 46.7¢
Root MSE 5.48 48 84.6% 90.9* 99.2¢ 68.2° 68.9°

a, b, c: Means with different letters within the same line indicate a difference at the threshold of P < 0,05. DM: dry matter, Phe: phenanthrene,

Pyr: pyrene, BaP: benzo[a]pyrene.

Table III. Parameters of the in sacco disappearance models for the
three PAHs, C3; and DM.

Variable model a b c R?

Phe DRppe =a+b (1) -85 179 112 099
Pyr DRpy,=a+b (1-eH 33 116 5,9 0,99
BaP DRpp =a+b (1-e") 32 112 4,1 0,97
Cs DRcs; =a+b (1) 25 83 1,1 0,98
DM DRpy=a+ct 19,3 1,1 0,98

DM: dry matter, PAH: polycyclic aromatic hydrocarbons, Phe:
phenanthrene, Pyr: pyrene, BaP: benzo[a]pyrene, DR: disappearance
rate.

the grass samples as soon as epicuticular n-alkanes begin to
be degraded (Boudon et al., 2002). Differential disappearances
between PAHs could be linked to their chemical properties, as
suggested by Bakker et al. (2001). Indeed, these authors found
that PAHs with low molecular weight were predominantly
present in cuticular waxes and inside the leaves, whereas PAHs
with high molecular weight remained only on the surface of
the leaves. Indeed, Phe had a lower molecular weight and was
less lipophilic than Pyr and BaP, but its disappearance in com-
parison with the heavier Pyr and BaP did not confirm the ob-
servations of Bakker et al. (2001). Jurjanz and Rychen (2007)
reported a higher extraction in vitro of Phe in aqueous media
than for Pyr and BaP. Therefore, Phe would be easily desorbed
in an aqueous medium such as the rumen from the waxy sur-
face of leaves. Wang et al. (2008) observed, on annual leaves,
that the concentration of PAHs in cuticular wax was one- to
two-fold higher than in the inner tissues. Finally, the question
can be asked if a longer exposition of grass would allow PAHs
to enter the inner leaf tissues and then change their ruminal
disappearance dynamics.

To our knowledge, no data are available in the literature to
discuss the disappearance of n-alkanes in the rumen.

3.3. Comparison of the disappearance of PAHs, C3;
and DM

The statistical comparison of the effect of compound and
incubation time (Tab. II) on the different DR values confirmed
observations previously made about the figures.

Although there were notable variations for some time
points (for the very lipophilic Pyr and BaP), all three PAHs

disappeared very rapidly from incubated grass. The DR of Phe
was significantly highest for all studied incubation times. The
DRc3; was significantly less rapid than PAHs but generally
more rapidly than grass DM (Tab. II). Therefore, it seems more
pertinent to focus on the generally very rapid disappearance of
PAHs in the aqueous medium of the rumen.

The comparison of DR values can be improved when mod-
elled as an exponential function, which is usually done for nu-
tritional purposes. Thus, the modelled disappearance kinetics
of PAHs, C3; and DM are compared in Figure 5 and the dif-
ferent model parameters are given in table III. Over the stud-
ied period, DRpays was higher than DR¢3; and DRc3; also
appeared to be higher than DRpy;. Within the three studied
PAHs, the DRpy,. was significantly higher than the DR of the
two other PAHs (P < 0.001). In fact, DRpy. reached 91%,
while DRpup and the DRpy, reached 80% and 77%, respec-
tively. The DR values, calculated at the plateau, were not sig-
nificantly different for Pyr and BaP (P > 0.05). Maximum
DR (i.e. 0.95 x [a+b]) was reached after an incubation of
21 minutes for Phe, 36 minutes for BaP and 51 minutes for
Pyr. In contrast, the maximum DR for C;3; was reached only
after 183 minutes of incubation. The linear evolution of the
DRpy did not allow determining a plateau as for the other
compounds, but this linear model (Tab. III) calculated full dis-
appearance of DM after 73 hours of incubation.

The adjustment of the DR¢3; and DRpaps to the model of
@rskov and McDonald (1970) highlights the similar dynam-
ics between the disappearance of n-alkanes and PAHs, even
if the DR¢3; were significantly lower (Fig. 5). The negative
values of the immediate disappearance (a) were surprising and
should be considered as an artefact due to analytical variations
in these lipophilic compounds in the aqueous medium of the
rumen. After the start of incubation, the progressively degrad-
able fraction (b) was higher for PAHs, especially for Phe, than
for n-alkanes (Tab. III). The same hierarchical order is noted
for the slopes of the fitted models (c), i.e. the speed of disap-
pearance curves: Phe > (Pyr & BaP) > Cj;. This leads us to
formulate the assumption that DR¢3; corresponds to the degra-
dation of the epicuticular wax, more easily degradable than
the intracuticular wax by the rumen juice. The general repre-
sentation of the cuticular components proposed by Kunst and
Samuels (2003) seems to explain the dynamics of DR kinet-
ics found in this study well. Indeed, PAHs disappear as soon
as the epicuticular n-alkanes, as their lipophilic support, start
to be degraded, and thereafter n-alkanes get degraded more
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Figure 5. Modelled in sacco disappearances of Phe, Pyr, BaP, C3; and DM during the 4 first hours of incubation. DM: dry matter, PAH:
polycyclic aromatic hydrocarbons, Phe: phenanthrene, Pyr: pyrene, BaP: benzo(a)pyrene.

quickly than the DM. Furthermore, previously published stud-
ies have indicated that ruminal digestion of grass leaves takes
place progressively. For example, Dinsdale et al. (1978) found
that a thick wall (0.9 um) had been attacked during a 6-h pe-
riod of digestion. Later, Cheng et al. (1980) carried out a study
about the sequence of events in the digestion of fresh legume
leaves by rumen bacteria. Their results showed that 8h of in-
cubation were necessary to detect a high amount of bacteria in
the intercellular spaces of the parenchyma tissue. These data
support the evidence of a slower disappearance of DM com-
pared with the disappearance of n-alkanes and PAHs. Thus,
the different disappearance speeds between PAHs, n-alkanes
and the DM indicate that PAHs were meanly adsorbed on the
surface of leaves. Secondly, their hydrophobicity can explain
the slight differences in speed of disappearance noted between
the three PAHs.

It is shown here that PAHs are quickly removed from
contaminated grass samples, which is the first step of their
bioavailability. The in sacco technique did not allow one to
conclude if removed PAHs are adsorbed on the cell walls of
microorganisms, or if less lipophilic compounds such as Phe
are susceptible to passing into the liquid phase of the ruminal
content, or if both pathways are used. However, no significant
retention effects caused by the grass matrix were shown, and

therefore no limitation of the bioavailability of grass-bound
PAHs can be expected. Thus, the extraction patterns of these
pollutants showed their high bioaccessibility but further work
would be needed to elucidate in which digestive compartment
they would be absorbed.

The extrapolation of DRpay; in the present work to other
hydrophobic pollutants such as dioxins, furans and poly-
chlorobiphenyls can be suggested. Indeed, Costera et al.
(2006) observed a very high transfer of polychlorodibe nzo-
p-dioxins (PCDDs), polychlorodibe nzofurans (PCDFs) and
polychlorobiphenyls (PCBs) from contaminated hay to milk.
It would now be of great interest to confirm our observations
by conducting similar studies with roughages, which should
be contaminated by a longer period of exposition.

4. CONCLUSIONS

This work aimed to determine, by the in sacco procedure,
the dynamics of ruminal disappearance of PAHs, cuticular
n-alkanes and finally, of DM of contaminated grass. The very
rapid disappearance of PAHs from contaminated grass allows
one to conclude that these pollutants are very rapidly released
from the surfaces of leaves. The disappearance behaviour of
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cuticular n-alkanes in the rumen had similar disappearance
kinetics, but to a lesser extent than PAHs. Both compounds
disappeared from grass more rapidly than the grass DM. This
result confirms the adsorption of the PAHs on the surface of
the leaves and probably on the cuticular n-alkanes. This ex-
periment gives new insight into the way that PAHs are ad-
sorbed on grass and how these compounds are released in the
rumen to become bioaccessible for ruminants. Therefore, if
PAHs become bioaccessible for ruminants, their transfer to
milk could be a consequence. Further studies should elucidate
if the commonly reported high degree of PAH metabolisation
should be linked to the high microbial activity in the rumen.
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