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Abstract—Photoinduced toxicity of polycyclic aromatic hydrocarbons (PAHs) occurs via photosensitization reactions (e.g., gen-
eration of singlet-state oxygen) and by photomodification (photooxidation and/or photolysis) of the chemicals to more toxic species.
The quantitative structure—activity relationship (QSAR) described in the companion paper predicted, in theory, that photosensitization
and photomodification additively contribute to toxicity. To substantiate this QSAR modeling exercise it was necessary to show that
toxicity can be described by empirically derived parameters. The toxicity of 16 PAHs to the duckweed Lemna gibba was measured
as inhibition of leaf production in simulated solar radiation (a light source with a spectrum similar to that of sunlight). A predictive
model for toxicity was generated based on the theoretical model developed in the companion paper. The photophysical descriptors
required of each PAH for modeling were efficiency of photon absorbance, relative uptake, quantum yield for triplet-state formation,
and the rate of photomodification. The photomodification rates of the PAHs showed a moderate correlation to toxicity, whereas a
derived photosensitization factor (PSF; based on absorbance, triplet-state quantum yield, and uptake) for each PAH showed only
a weak, complex correlation to toxicity. However, summing the rate of photomodification and the PSF resulted in a strong correlation
to toxicity that had predictive value. When the PSF and a derived photomodification factor (PMF; based on the photomodification
rate and toxicity of the photomodified PAHs) were summed, an excellent explanatory model of toxicity was produced, substantiating

the additive contributions of the two factors.
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INTRODUCTION

For ecotoxicologic modeling, quantitative structure—activ-
ity relationships (QSARs) are useful for correlating the phys-
ical properties of chemicals to given biological responses [1,2].
Such QSARs allow prediction of the potential hazards of un-
tested compounds, identification of the physical traits of chem-
icals that contribute to their biological impacts, descriptions
of the routes of chemical interaction with an organism, and
elucidation of the mechanisms of toxicity. In developing a
model, consideration of the attributes of the environmental
compartment in which the contaminant of interest resides is
essential, as this will dictate which of the contaminant’s phys-
ical properties are likely to be most influential in toxicity.
Because solar radiation is ubiquitous in the environment and
can enhance the toxicity of polycyclic aromatic hydrocarbons
(PAHs) [3-6], it represents a modifying environmental factor
that should be considered in QSAR toxicity modeling for these
chemicals.

The primary photochemical reactions of PAHs can impact
negatively on living organisms [3-7]. In the companion paper
[8], these principles were used to derive a theoretical QSAR
model for photoinduced toxicity of PAHs based on photosen-
sitization and photomodification reactions. Photosensitization
reactions usually proceed via formation of highly reactive sin-
glet-state oxygen (‘O,) [5,7]. The process begins with the sen-
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sitizing molecule absorbing a photon, which elevates it to the
excited singlet state (8,9]. From there the molecule can be
transformed by intersystem crossing to the excited triplet state,
where it can react with ground triplet-state oxygen (°0,) to
form '0,. Singlet-state oxygen formed within a biological or-
ganism is highly damaging [10,11]. Photomodification of
PAHs, which usually occurs via oxidation reactions [12,13],
generally increases the toxicity of the PAHs by formation of
new compounds with toxicologic properties distinct from the
parent PAHSs [6,13-15].

In the companion paper [8] distinct photosensitization con-
stants (PSC) and photomodification constants (PMC) were de-
rived for each PAH, to describe the contributions to toxicity
of the photosensitization reactions and the impact of the pho-
tomodified compounds. Further, the PSC and PMC were the-
oretically shown to additively contribute to toxicity. This paper
reports on the validation of the theoretical model based on
independently measured parameters for each PAH that were
suggested in the companion paper [8] to be determinants in
photoinduced toxicity. Lemna gibba L. was chosen for this
study and that in the companion paper [8] because at the level
of photosynthesis and leaf morphology it is a typical C-3 plant
[16]. However, because the leaves are in direct contact with
the aqueous medium and the plant takes up chemicals through
the underside of the leaf [16], QSAR modeling can be based
on a two-compartment system, growth medium and leaf tissue.
The parameters were the integral of the overlap between the
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Table 1. Physical constants and toxicity data used for the calculation of photosensitization factors (PSFs) and photomodification factors (PMFs).

Toxicity is inhibition of growth of Lemna gibba by the intact polycyclic aromatic hydrocarbons (PAHs) * standard deviation, n = 9. [C,], in

wmol/g fresh weight, is plant uptake of PAH. ¢ is the quantum yield for triplet-state formation [20-23]. J represents absorption of simulated

solar radiation (SSR) by the PAH [8]. The PSF is the product of [C.]%, ¢", and J" (the superscript n denotes that the respective values were

normalized). ¢,,, is the half-life in h of the PAH in SSR, and k,, (h™') is the exponential decay rate constant based on t,,, [8]. T}, is the normalized
value of the toxicity (inhibition of growth) of the fully photomodified PAHs to L. gibba. The PMF is the product of &3, and T},

PAH? Toxicity [C.] @ J [C.l o e PSF i ko ke, T,  PMF
ANT  1.000 * 0.024  0.086  0.60 369 0250 063 0119  0.019 2 0347  1.000 1.00  1.000
BAA 0.745 = 0.014 0.012 0.80 58.7 0.038 0.84 0.190 0.006 5 0.139 0.401 1.00 0.401
BBA 0259 £ 0.038  0.035 0.65 370 0109 068  0.120  0.009 27 0026 0075 097  0.073
BBF  0.354 + 0.061  0.093  0.50 465 0291 053 0.150  0.023 70 0.010 0020 066  0.019
BGP  0.139 * 0.043 0054 060 1262  0.169 0.63 0408 0044 100 0007 0020 026  0.005
BAP 0255+ 0024 0046 040 2003  0.144 042 0.647  0.039 52 0013 0038 098  0.037
BEP  0.165 = 0.057 0051  0.70 788  0.159 074 0255  0.030 75 0009 002 078  0.020
CHR 0016 = 0026 0039  0.67 348 0122 070 0.112 0010 56 0012 0035 074  0.026
COR  0.118 * 0052  0.037 0.80 1020 0.116 084 0330 0032 100 0007 0020 055 0.011
DAA 0085 = 0038 0058 050 1442  0.181 053 0466  0.044 16 0043 0.124 017  0.02]
DAP 0458 = 0.028  0.045 050 3095 0.141 053 1000 0074 40 0017 0049 0.64  0.031
FLA  0.580 = 0.061 0283  0.60 84.8 0900 063 0274  0.156 40 0017 0.049 088  0.043
FLE  0.160 = 0.071 0236  0.31 30 0738 033 0010  0.002 19 0037 0107 030  0.032
PHE  0.104 * 0.043 0320 080 89  1.000 084 0029  0.024 14 0050 0144 027  0.039
PYR  0.170 = 0.024 0251 027 727 0784 028 0235  0.052 46 0015 0043 045 0020
TRI 0.071 +'0.043  0.094  0.95 89 0294 1.00 0.029  0.008 65 0011 0032 058 0018

* Names of PAHs are given in Figure 1.

spectrum of the simulated solar radiation (SSR) source and
the absorption spectrum of the PAH (J), uptake of a given
PAH (IC.]), quantum yield for triplet-state formation (), rate
of photomodification (k,,), and toxicity of a given photomo-
dified PAH (7). The parameters were combined to provide
both predictive and explanatory QSAR models of toxicity.

MATERIALS AND METHODS

Prior to chemical treatment, L. gibba L. G-3 was cultured
axenically on half-strength Hutner’s medium under 60 pmol
m? s of continuous cool-white fluorescent light [6]. The irra-
diation source for plant growth during chemical treatment was
SSR at a total photon fluence rate of 100 pmol m? s based on
integration from 290 to 700 nm [6,8,15]. Plants were placed
on 10 ml of fresh half-strength Hutner’s medium in 5-cm petri
dishes and exposed to a given PAH at 2 mg L for both the
intact and photomodified forms as previously described [6,8].
In this set of experiments the PAHs and medium were not
replenished during the experiment to allow sufficient time for
the slowly photomodified PAHs to form large amounts of pho-
toproducts.

The primary toxicity endpoint employed was inhibition of
plant growth as determined by leaf production [16]. Plant
growth was monitored over an 8-d period by counting leaves
in 2-d intervals. Data for the number of leaves produced as a
function of time were converted to growth rates of the plants
and presented as inhibition of growth in the presence of a
PAH. Toxicity was also assessed by measuring the fresh weight
of the plants and quantifying the chlorophyll content of the
leaves [16]. All toxicity tests were performed in triplicate with
a minimum of three independent replicates per test (n = 9).

The data for the rate of PAH photomodification were taken
from the companion paper{8] and are presented here in Table
1. Uptake of intact PAHs, [C,], was estimated by measuring
the PAH concentration in the growth medium after incubation
of L. gibba in medium containing 2 mg L of the intact PAH
in darkness for 48 h. This period is sufficient for the chemicals
to come to a steady state in plant tissue [17]. The dimethyl-

sulfoxide (DMSO) delivery solvent does not change the ki-
netics of uptake [17]. Additionally, the chemicals were shown
to occur in cellular membranes, not in leaf cuticles [17]. After
incubation, the PAHs remaining in solution and adsorbed to
the petri dish were assayed spectrophotometrically following
dichloromethane extraction. The difference between the start-
ing and the final concentrations was the amount taken up by
the plant leaf, as the PAHs used are not lost by volatilization
[18]. The amount of PAH taken up, [C_], was then calculated
on a plant fresh weight basis (umol/g fresh weight; Table 1).
The data were then normalized to the PAH with the highest
tissue concentration (phenanthrene) to generate relative tissue
concentrations, [C;]* (Table 1). Although this does not provide
a bioaccumulation factor, it does allow ranking of the relative
(or normalized) uptake of each PAH by L. gibba, which was
sufficient for modeling. The tissue concentrations reported in
Table 1 were consistent with the results of a recently completed
extensive study on PAH uptake by L. gibba [17].

Linear and log-linear least squares regressions were per-
formed to determine the quality of the correlation of a given
parameter(s) to toxic strength. The regression analyses were
performed with Sigma Plot (Jandel Scientific Software, San
Rafael, CA, USA) and SYSTAT (Version 5.05 for Windows,
Evanston, IL, USA). The strength (#?) and significance (p) of
the correlations are reported for each regression. Multiple re-
gression analysis was also performed using SYSTAT. Standard
deviations and standard errors were calculated as needed using
SYSTAT (in all cases n = 9).

RESULTS

Inhibition of plant growth in the presence of intact and
photomodified PAHs in SSR

When the intact PAHs were applied to the plants in the
presence of SSR, inhibition of growth ranged from =10%
(CHR, FLE, COR, and DAA [names of PAHS are given in
Fig. 11) to 97% (ANT) (Fig. 1 and Table 1). Growth inhibition
for each of the 16 PAHs in photomodified form was also mea-
sured (Fig. 1) and ranged from about 20% for DAA to 100%
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Fig. 1. Photoinduced toxicity of intact and photomodified polycyclic
aromatic hydrocarbons (PAHs) to Lemna gibba. Plants were grown
in simulated solar radiation with the chemicals at 2 mg/L. Growth
was monitored by counting leaves and is presented as percent inhi-
bition of growth relative to the controls. Error bars represent standard
error of the mean (» = 9). PAH abbreviations: anthracene, ANT;
benzo[alanthracene, BAA; benzo[b]anthracene, BBA; ben-
zo[b]fluorene, BBF; benzo[g, A ilperylene, BGP; benzo[alpyrene,
BAP; benzo[elpyrene, BEP; chrysene, CHR; coronene, COR; diben-
zola,i]anthracene, DAA; dibenzola h]lpyrene, DAP; fluoranthene,
FLA; fluorene, FLE; phenanthrene, PHE; pyrene, PYR; triphenylene,
TRI.

for ANT, BAA, BBA, and BAP. Relative to the intact chem-
icals, the toxicity of 14 of the 16 compounds increased dra-
matically following photomodification; the exceptions were
ANT and DAA, which showed only slight increases.

Comparison of leaf production, fresh weight accumulation
and chlorosis as measures of toxicity

Although the number of leaves produced in a given length
of time generally serves as an excellent measure of toxicity
for L. gibba [16,19], this approach was validated by comparing
leaf production to fresh weight accumulation (another measure
of growth) and chlorophyll content (a physiologic measure of
stress). For the 16 PAHs tested, the two alternate measures of
toxicity correlated strongly with inhibition of growth as mea-
sured by leaf count (r> = 0.85, p < 0.001) (Fig. 2). In both
cases, the equations comparing the data had slopes approach-
ing unity and intercepts close to the origin. For purposes of
modeling PAH toxicity, growth inhibition based on leaf count
can be concluded to be a reasonable measure of toxic impact.

Basis for the predictive model of toxicity

We demonstrated [8] that the photoinduced toxicity of
PAHs to L. gibbba can be described by the photochemical
dynamics of PAHs in a two-compartment system: aqueous
solution (growth medium containing intact and photomodified
PAHs) and tissue (L. gibba leaves containing intact and pho-
tomodified PAHs). This resulted in a theoretical model, based
on first principles of chemical dynamics, that related toxicity
to a sum of the photosensitization activity of intact PAHs and
the biological activity of photomodified PAHs. The physical
constants and toxicity data in Table 1 for the predictive model
were chosen based on the theoretical model [8]. As in the
previous model, C, and C_ are intact PAHs in the aqueous
medium and leaf tissue, respectively, and P, and P, are pho-
tomodified PAHs in the aqueous medium and leaf tissue, re-
spectively.

Photosensitization reactions initiated by PAHs proceed via

X.-D. Huang et al.
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Fig. 2. Comparison of chlorosis and fresh weight accumulation with
leaf production in Lemna gibba. Plants were grown with intact poly-
cyclic aromatic hydrocarbons as in Figure 1. After 8 d, growth in-
hibition (as in Fig. 1), fresh weight, and chlorophyll content were
determined, and tabulated as percent relative to the controls. Panel
A: fresh weight accumulation versus growth inhibition. Panel B: chlo-
rosis (diminished chlorophyll content) versus growth inhibition. Lin-
ear regressions were performed with SYSTAT; fit (r2) and significance
(p) are given. Error bars represent standard error of the mean (n =
9) as in Figure 1.

excited singlet-state oxygen ('O,), the formation of which de-
pends on the concentration of excited triplet-state PAHs in the
leaf (°C,). Formation of 3C; is dependent on the concentration
of the intact PAH in the leaf, [C,], the integral (J) of the overlap
between the spectrum of the SSR source and the absorption
spectrum of the PAH, and the quantum yield (¢) of excited
triplet-state formation on following absorbance of a photon
[20-23]. A photosensitization factor (PSF) can be described
as

PSF = f{[C_], ¢, J} (1)

where [C, ] is the extent of uptake for each PAH in intact form
(i.e., the extent of uptake in the absence of photomodification).
If uptake data were unavailable, the log of the octanol/water
partition coefficient K, could be submitted [3]. The PSF rep-
resents the probability of L. gibba assimilating a given intact
PAH, the probability of that PAH absorbing a photon generated
by the SSR source, and the probability of PAH triplet-state
formation after photonic excitation. The probability of ab-
sorbing a photon incorporates the singlet-state energy of a
PAH, as the absorption spectrum summarizes the excited sin-
glet-state energies of a PAH. The PSF does not, however,
include triplet-state energy or the triplet-state lifetime, because
all PAH excited triplet states have sufficient energy to excite
ground-state 30, to '0, and the triplet-state lifetimes of PAHs
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Fig. 3. Photoinduced toxicity of intact polycyclic aromatic hydro-
carbons (PAHs) to Lemna gibba versus the photosensitization factor
{PSF). Toxicity data for intact PAHs from Figure 1 (normalized from
0 1o 1) were plotted against the PSF (from Table 1). When all values
arc included in the analysis no significant correlatjon (o loxicity was
obscrved (panel A). When two PAHs (ANT and BAA, open squares)
were excluded, two independent log-lincar regressions could be drawn
using SYSTAT (closed circles. open circles, panel B} Error bars
represent standard error of the mean (n = 9). PAH abbreviations as
in Higure 1.

are sufficiently long that the formation of 'O, is highly efficient
[8].

Photomodified PAHs are generated with pseudo-first-order
kinetics [6,12]. The rate constants for photomodification, k,,
can be derived from the half-life (¢,,) of each chemical in SSR
using an exponential decay function [8]. The photomodified
PAHs will be taken up by L. gibba to bioconcentrations of
[P ], which react at a rate ky with plant biomolecules (G)
required for growth [8]. Thus, the effects of the photomodified
PAHs on L. gibba can be described by a photomodification
factor (PMF) that is a function of &, [P.], and &,

PMF = f{k,, [P_], k,} €3

Based on the theoretical model [8] and experimental obser-
vations [17], uptake of photoproducts is much faster than the
rate of photomodification of C,. Furthermore, in the theoretical
modet [8], the PMCs were found to only vary over about one
order of magnitude, implying that the photoproducts of the
PAHs tested have similar uptake potential. Hence, photomod-
ification in the aqueous medium is the rate-limiting step for
generation of P| and [P.] can be excluded from the equation.
In addition, k, will be proportional to the toxicity of the pho-
tomodified PAHs, T,,,. The PMF can then be expressed by

PMF = flky, Tl 3

Because the PMF and PSF are predicted to additively con-

Environ. Toxicol. Chem, 16, 1997 2299

1.0 rz=049 p=0.003 ]
3\ L ]
8
2 i
Q
ot v
® 05| 5
2 @
k3 -
=
: ¢
o

L
. *&
0.0 L . 9 L : I PR
0.01 0.1 1

Photomodification Rate, ki,

Fig. 4, Photoinduced toxicity of intact polycyclic aromatic hydro-
carbons to Lemna gibha versus normalized rate of photomodification,
The normalized toxicity data (as in Fig. 3) were plotted against the
nernmalized rate constant for photomodification, &% (normalized, Table
1}. Error bars represent standard error of the mean (n = 9). Log-linear
regression was performed with SYSTAT.

tribute to toxicity, the QSAR will be proportional to the sum
of the two functions for these Factors:

toxicity = f{PSF + PMF}
= f{ [CL]a & ’7} + f{k(m Tpm} (4]

Although the theoretical QSAR model was based on the sum
of a PSC and a PMC for each PAH [8&], either the PSF or the
PMF or the rate of photomodification alone possibly will be
sufficient to predict toxicity. Also, that the sum of the PSF
and the rate of photomodification possibly will be sufficient
without the need for the full PMFE Because the PMF contains
an empirical measure of toxicity (7,,), use of only &, in our
model would be desirable as this would make the model pre-
dictive rather than explanatory.

Relationship of toxicity to the PSF

The PSF was calculated as a product of three independent
parameters, [C, ], ¢, and J, which were normalized (normalized
value = data point + highest value) and multiplied together
to give the PSF (Table 1). A plot of growth inhibition versus
PSF on a log-linear scale (Fig. 3A) did not reveal an obvious
relationship. However, if two of the PAHs (ANT and BAA)
were excluded, two independent log-linear regressions were
found through two distinct clusters of PAHs (Fig. 3B). Note,
ANT and BAA were excluded because they are highly toxic
in photomodified form and their photomodification is rapid.
Also, we attribute no real meaning to the two groupings of
chemicals in the regressions (Fig. 3B) other than to show that
relationships between toxicity and the PSF can be observed.

Relationship of toxicity to the rate of PAH
photomodification

As outlined above, theoretical basis exists for the depen-
dence of toxicity on the rate of PAH photomodification in SSR,
represented as k., an exponential decay rate constant. The
values of k, were normalized to unity and plotted against
toxicity of the intact chemicals. A weak relationship of limited
predictive capacity was apparent (Fig. 4; r2 = 0.49, p = 0.003).
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Fig. 5. Photoinduced toxicity of intact polycyclic aromatic hydro-
carbons (PAHs) to Lemna gibba versus the sum of the photosensi-
tization factor (PSF) and the normalized photomodification rate con-
stant, k3. The normalized toxicity data were used as in Figure 3. The
normalized values of k,, and PSFs (Table 1) were summed and plotted
against the normalized growth inhibition data. The log-linear regres-
sion performed with SYSTAT in panel A includes all data points. The
log-linear regression in panel B excluded three PAHs (DAA, PHE,
and BBF). Error bars represent standard error of the mean (n = 9).
PAH abbreviations as in Figure 1.

Relationship of toxicity to the PSF and the rate of
photomodification

The normalized values for &, and the PSF were summed
and plotted against toxicity to determine their predictive ca-
pacity. A good correlation between toxicity and the combined
factors was obtained when all the PAHs were used in the
regression (Fig. 5A; 2 = 0.69, p < 0.001). Three outlying
PAHs (DAA, PHE, and BBF) occurred, which, when removed
from the regression analysis, dramatically improved the fit of
the regression (Fig. 5B; r> = 0.94, p < 0.001). Hence, this
model has excellent predictive capacity for 13 of the 16 PAHs
investigated. For PHE and DAA, the model over-estimated
toxicity, and for BBF toxicity was underestimated.

Relationship of toxicity to the PMF and the PSF

Because the relationship in Figure 5 has three outliers, a
factor is probably missing from the QSAR based on the sum
of the &, and the PSE Indeed, the photomodification rate does
not represent a complete PMF; the relative toxicity of the
photomodified PAHs should be a important factor. For a com-
plete QSAR of photoinduced toxicity where toxicity = f{PSF
+ PMF} = f{[C.], @, J} + f{ ky, T, }, the operator T, must
be used. In this model, T, is the toxicity of the photomodified
PAHs and its analog in the theoretical model is the rate con-
stant, k,, for reaction of photomodified PAHs with G [8].

The PMF was generated by multiplying the normalized

X.-D. Huang et al.
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Fig. 6. Photoinduced toxicity of intact polycyclic aromatic hydro-
carbons (PAHs) versus the photomodification factor (PMF). Normal-
ized data for inhibition of growth were used as in Figure 3. The PMF
was generated by multiplying the normalized values for the normal-
ized rate constant for photomodification, k., by the normalized values
for the toxicity of a photomodified PAH, T, Log-linear regression
analysis was performed with SYSTAT. Error bars represent standard
error of the mean (n = 9).

values of k, and T,, for each PAH (Table 1), and plotted
against toxicity (Fig. 6). This manipulation slightly improved
the correlation over using normalized ., alone (compare Figs.
4 and 6), but not enough to fully explain toxicity. Therefore,
the PSF and the PMF for each PAH were summed and plotted
against toxicity (Fig. 7), resulting in a relationship with a
correlation of high significance (r2 = 0.88; p < 0.001). How-
ever, the QSAR model becomes explanatory with addition of
T, as empirical values for toxicity of photomodified PAHs
were used to generate the model.

In the above model, the PSF and PMF were treated as equal

1.0 - r¥=0.88 p<0.001

2
8
b
X -
k= °
S osh A
® ¢
[}
(14 /'/
0.1 . 1

Photomodification Factor
+ Photosensitization Factor

Fig. 7. Photoinduced toxicity of intact polycyclic aromatic hydro-
carbons versus the sum of the photomodification factor (PMF) and
photosensitization factor (PSF). Normalized toxicity data were used
as in Figure 3. The PSF and the PMF (Table 1) were summed and
then plotted against growth inhibition. Log-linear regression was per-
formed with SYSTAT. Error bars represent standard error of the mean
(n = 9).
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contributors to toxicity. However, to understand how each fac-
tor independently contributes to toxicity, multiple regression
analysis was performed. A strong correlation (r> = 0.85) was
obtained and described by

toxicity = 1.30 + 0.09 log(PSF) + 0.20 log(PMF)  (5)

The regression depends significantly on both the PSF (p =
0.017) and the PMF (p = 0.001). This indicates that both
processes play key roles in photoinduced toxicity.

DISCUSSION

Predictive and explanatory models for the photoinduced
toxicity of PAHs were generated based on the theory described
in the companion paper [8]. The attempt to formulate a purely
predictive model of toxicity based solely on photophysical
descriptors (k,, + PSF) was modestly successful; the toxicity
of 13 out of 16 PAHs was accurately predicted. The photo-
physical descriptors are all measurable physical properties of
the chemicals that do not require toxicity testing for deter-
mination. These include the rates of photomodification and
uptake of the chemicals, the triplet-state quantum yields, and
the absorbance spectra. To improve the model, toxicity of the
photomodified PAHs, T,,, was added. This, takes away the
predictivity of the model, making it explanatory. Multiple re-
gression analysis of the explanatory model (PSF + PMF) re-
vealed that both photosensitization and photomodification play
significant roles in toxicity. This implies that intact PAHs are
active photosensitizers, until photomodified, at which point
the photoproducts exert a negative biological impact along
with the remaining intact PAHs. )

It may be possible to find a substitute for T, in the PMF
and make the full model predictive, that is, use a factor de-
scribing the constant k, as presented in the theoretical model
[8]. T,, might be replaced by determining which species in

the mixture of photomodification products contribute the most

to toxicity. Alternatively, the general reactivity of the mixtures
of the photomodified chemicals with isolated membranes or
the uptake potential of the mixtures might be used in place of
toxicity of the photomodified PAHs. Finally, we are currently
developing computer modeling techniques describing reactiv-
ity based on chemical structure and this might provide relative
values for k, [24].

Many studies on photoinduced PAH toxicity have only ex-
amined effects of the intact PAHs. These studies have shown
that photosensitization reactions are an important aspect of
photoactivity [3,25-27]. Although a significant relationship
between toxicity and the PSF for the 16 PAHs tested was not
evident (Fig. 3), when ANT and BAA were excluded from the
regression, two independent regressions were observed for the
14 remaining PAHs. This suggests that photosensitization
plays a major role in toxicity, but alone it is not predictive of
toxic strength. Importantly, the high phototoxicity of ANT and
BAA cannot be addressed by photosensitization. The photo-
modification products of ANT and BAA are highly toxic (Fig.
1), and ANT and BAA are photomodified rapidly in SSR (z,,,
= 2 and 5 h, respectively). Reflecting this, both the theoretical
and explanatory models gave ANT and BAA the highest PMCs
and PMFs, as well as low PSCs and PSFs.

The results of our recent studies [6,13,28] and the work
reported here show that photomodified PAHs are biologically
active. Interestingly, the order of toxic strength for intact PAHs
exhibited a weak correlation to their rates of photomodification
(Fig. 4). For All 16 PAHs tested, the mixtures of photoproducts
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derived from extensive photomodification of a given PAH were
more toxic than the intact PAHs in SSR. This is reminiscent
of the increase in PAH toxicity and mutagenicity resulting from
cytochrome P450-mediated oxidation in animals [29-31].

Even though the photomodification rates only correlated
weakly with toxicity, comparison of photoinduced toxicity
with the photomodification rate for a few specific PAHs is
worthwhile. The photomodification rate of FLA is about the
same as that of BAP (r,,, = 40 and 52 h, respectively), whereas
the toxicity of intact FLA is greater than that of intact BAP
(50 and 20% growth inhibition, respectively). In this case, the
similar rates of photomodification cannot fully explain the
greater toxicity of FLA, especially because photomodified
FLA and photomodified BAP have similar toxicities. Com-
paring FLLA with PHE, we find that photomodification of FLA
is slower than that of PHE (z,,, = 40 and 14 h, respectively),
whereas the toxicity of intact FLA is significantly greater than
the toxicity of intact PHE (50 and 15%, respectively). Again,
the rate of photomodification alone cannot fully explain pho-
toinduced toxicity. Fluoranthene has been regarded as an ex-
cellent example of a PAH that exerts toxicity via photosen-
sitized production of 'O, [3,25,32]. Fluoranthene has a higher
quantum yield for triplet-state formation than either BAP or
PHE (Table 1), which means FLA has a greater probability of
generating 10, via a type II photosensitization reaction [1,8].
This fact is reflected in both the theoretical and explanatory
models where FLA had the highest PSC [8] and PSF (Table
1).

An indication of the importance of both the PSF and PMF
In toxicity is the relative strength of the two factors. In both
this model and the theoretical model [8] about half the PAHs
have a PSF (or PSC) greater than the PMF (or PMC). Addi-
tionally, for 10 of the 16 PAHs the same factor dominates in
both the theoretical and explanatory models. Although obvi-
ously not a perfect fit, both models show similar trends. Im-
portantly, they both demonstrate that photosensitization and
photomodification must be combined additively to explain
photoinduced toxicity of PAHs.

The discrepancies of the theoretical [8] and explanatory
models might be explained by a number of factors. First, each
empirical measurement made (toxicity, uptake, and photo-
modification rate) has at least a 5 to 10% experimental error.
Additionally, for each PAH 20 to 30 photoproducts can be
generated [13], the toxicity of which will vary depending on
the mixture of photoproducts present at any moment during a
toxicity test. For some PAHs the photoproducts are highly
toxic (ANT and BAA), for others the photoproducts have rel-
atively low impacts (BGP and DAA). Moreover, as discussed
in the companion paper [8], due to PAH uptake, the rates of
photomodification could be different in the presence of plant
tissue than as measured in aqueous medium without plants.
Secondly, the data for the triple-state quantum yield of PAHs,
which came from the literature, were collected under low tem-
perature (77 K) in organic solvents [20-23]. Finally, other
unidentified parameters contributing to toxicity could exist that
were not used in our modeling.

Based on this modeling work, an important consideration
is the effects of photomodified PAHs on target organisms other
than plants. Recently, we found that phenanthrenquinone, the
primary photoproduct of PHE, is toxic to Photobacterium
phosphurium [13] and to Daphna magna (unpublished ob-
servations). However, the L. gibba model presented here may
not extend to animals and bacteria; they have different met-
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abolic systems and likely the mechanisms of toxicity of pho-
tomodified PAHs will be different. Importantly, in animal tox-
icity testing the chemical to tissue ratio is usually lower than
with plants. This is because depletion of chemicals from the
medium by plant uptake becomes a significant factor in the
toxicity assay. Thus, the concentrations of PAHs used in this
study are higher than those used in analogous animal studies
[3,6,25,26,32] and this QSAR model might require modifi-
cation before application to animal systems.

Because the interactions of environmental contaminants
with biological organisms are very complicated, attempts at
modeling relationships between chemical structure and toxicity
without considering internal and external factors will fail to
fully explain the impacts. Understanding the reaction mech-
anisms is key to predicting toxicity of contaminants in the
environment. These mechanisms are the basis for elucidating
which interactions between a given chemical and the environ-
mental surroundings have the greatest impact on the hazards
of the chemical. These interactions include modification of the
contaminant in the environment. If these relationships between
the chemical and the environment are understood, toxicity of
contaminants in the environment can, to a greater degree, be
predicted based on the chemical and biological properties of
these reactions. It is clear from the research presented here
that describing the interactions of modifying factors in the
environment, such as sunlight, is one of the keys for modeling
toxicity and evaluating the risks of environmental contami-
nants.
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