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Abstract

Polycyclic aromatic hydrocarbons (PAHs) have been widely studied with respect to their

carcinogenic and mutagenic effects on animals and human cells. Phenanthrene (PHE) and

fluoranthene (FLU) effects on the needle photosynthetic traits of two-year-old Japanese red pine

(Pinus densiflora Sieb. et. Zucc) seedlings were investigated. Three months after fumigation of

foliage with solutions containing these PAHs (10 uM each), FLU had negative effects on net

photosynthesis at near-saturating irradiance, stomatal conductance, initial chlorophyll fluorescence,

and the contents of total chlorophyll, magnesium, and ribulose 1,5-bisphosphate carboxylase

(rubisco) of current-year needles. PHE had similar negative effects to FLU but in lesser magnitude.

The effects of the PAHs were mitigated by the addition of an OH-radical scavenger (mannitol) into

the PAHs solutions. PAHs deposited on the surface of pine needles may induce the generation of

reactive oxygen species in the photosynthetic apparatus, a manner closely resembling the action of

the herbicide paraquat.

Capsule:

Fluoranthene and phenanthrene caused negative effects on the needles of Japanese red pine.

Key words: PAHs fumigation, Fluoranthene, Phenanthrene, Mannitol, Pine needles.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental contaminants found in
all environmental compartments. Sources vary widely from natural to anthropogenic (Harvey,
1997). PAHs enter plants either directly via stomata or indirectly through the root system (Kuhn et
al., 2004; Rohacek and Bartak, 1999; Samsoe-Peterson et al., 2002). They may be transferred to
soil by litter fall, which indicates their adsorption on leaf and needle surfaces (Matzner, 1984), but
atmospheric deposition on leaves often greatly exceeds uptake from soil by roots as a route of
PAHs accumulation (Vaughan, 1984). Pine needles were used as passive samplers in assessing
ambient atmospheric concentrations of persistent organic contaminants, such as PAHs and
dichlorobenzene-p-dioxins on regional and global scales (Dmuchowski and Bytnerowicz, 1995;
Safe et al., 1992; Tremolada et al., 1996). Gaseous diffusion from the air to the waxy layer of plant
leaves has been shown to be a major uptake process for these lipophilic organic contaminants
(Jensen at al., 1992; Keymeulen et al., 2001; Kylin and Sjodin, 2003; Wild and Jones, 1991; Wild
et al., 2005, 2006). Though many limitations may exist, including kinetic constraints over the
pollutants uptake and analytical problems relating to matrix complexity (waxy, lipid rich plant
tissue), this approach has provided a time integral of the analytes’ airborne concentrations. Past
studies involving PAHs effects on plants have mostly used root exposure methods (Kummerova et
al., 2006a 2006b; Wild and Jones, 1992). Among the few that examined the effects of PAHs on the
foliar (above-ground) regions of terrestrial plants, for example, Edwards (1983) and Huang et al.
(1996), none considered PAHs effects on evergreen Japanese red pine. Wang et al. (2005) in their
work asserted that PAHs on surfaces of pine needles (Pinus thunbergii) applied by dry or wet
deposition would be stable and would accumulate to reach a certain concentration. Compared with
PAHs dissolved in water, it was found that PAHs sorbed on pine needles had low photolysis rates,
thus suggesting that the waxes of the pine needles can stabilize PAHs photolysis (Miller and
Olejnik, 2001; Wang et al., 2005). Phenanthrene (PHE) and fluoranthene (FLU) are among U.S
Environmental Protection Agency (USEPA’s) priority PAHs, and they are examples of low and
high molecular weight PAHs respectively (ASTDR, 1995). These two PAHs are widespread in the
environment. Plants are very sensitive and respond rapidly to their presence (Awata et al., 1998;
Huang et al., 1996; Kummerova et al., 2006a 2006b) thus justifying their choice as model
compounds. These volatile PAH compounds with a vapor phase component in the air are subject to
an air-leaf exchange process moving towards equilibrium over time (Tremolada et al., 1996; Wild
et al., 2004). They can therefore enter plant tissues primarily by gaseous diffusion via open stomata.
The main advantage of using Japanese red pine as markers of exposure to PAHs is that vegetation
acts as a natural “air sampler”, with accumulation of PAHs occurring overtime. In this study, we
fumigated the PAHs directly onto the needle surfaces of the evergreen conifer with the aim of
investigating the impacts of the PAHs on the Japanese red pine. Japanese red pine seedlings treated
with fluoranthene and phenanthrene are expected to internalize these model PAHs, and exhibit

altered physiological, morphological, and possibly growth changes. More so, because of the eco-
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toxicological effects that this might present to the plant, stress responses are expected to provide

insights into plants’ PAHs-perception and stress-signaling mechanisms.
2. Materials and Methods.
2.1.  Growth chambers

The growth chambers used in this work were designed as described previously by Kobayashi et
al. (2002) and Nakatani et al. (2007). The chambers were covered with transparent ethylene—
tetrafluoroethylene copolymer film (ETFE) made by F-CLEAN®, Asahi Glass Green-Tech Co. Ltd.,
Japan. F-CLEAN® has high sunshine transparency of over 95% and allows maximum ultraviolet
light transmission. The maximum photosynthetic photon flux density (PPFD), (LI-190SA Quantum
Sensor, Licor, USA) incident on the foliage of the pine seedlings was approximately 1450 pmol m’
25! at noon on a summer day (August 2006). A charcoal filter removed excess O3 and SO, and
maintained their concentration below 10 and 4 ppb, respectively (as measured on 18 July 2006).
The mean air temperature and relative air humidity in the chamber from 1 August to 15 November,
2006 were 25.6 °C and 79.5% respectively. Even at midday on a clear day in mid-summer, air

temperature in the chamber was only 2 to 3 °C greater than ambient.
2.2.  Plant and soil materials

Two-year-old Japanese red pine (P. densiflora) seedlings grown in Fukuoka prefecture were
purchased and transplanted into 0.35 m x 0.3 m deep pots (1 seedling/pot) on 6 March 2006. They
were left in the open for one month before being transferred into the growth chambers. Pots were
filled with 21 L of a soil mixture consisting of yellow sandy soil (weathered granite), perlite (white
loam 4-20 mm, Toho-Leo Co.), isolite (CG2, Isolite Insulating Products Co.) and humus soil
(Midori-Sangyo Inc.) at 11:2:2:4 volumetric ratios, respectively. Neat litter (mainly pine needles) of
healthy pine woodland from the university campus was collected and spread over the soil surface in
the pots (50 g/pot). The soil contained free water (above -0.01 MPa), as it was supplied with water
at least once daily by an automatic irrigation system (Kobayashi et al., 2001). Soil water potential
was monitored using a soil tension meter (DM-8, Takemura denki seisakusho, Tokyo) installed
inside one pot in each chamber. Three months after the transplant of pine seedlings into pots,
nutrient solution (N:P:K = 6:10:5; Hyponex, Murakami Bussan, Tokyo, Japan) was added monthly
at the rate of 1 mL of concentrated nutrient solution in 500 mL of MilliQ water per pot. Pine
seedlings were rotated bi-monthly within chambers to nullify any bias due to the relative position
of the chambers to one another. New needles were fully expanded by the end of July. On July 8,
2006 (almost one month before fumigation), the seedlings were 609 + 78 mm in height and had
stem basal diameters of 11.8 + 1.7 mm. On August 1, 2006 (a day before fumigation), the seedlings
were 634 = 80mm in height and 12.3 1.9 mm in stem basal diameter (mean =+ standard deviation, n
= 48) at heights of approximately 20 cm from the chamber floor. Stock solutions (1 mM) of
fluoranthene (FLU) (Sigma-Aldrich, USA) and phenanthrene (PHE) (Nacalai, Kyoto, Japan) were

4
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prepared in 50% acetone (Wako Pure Chem. Ind., Japan) and MilliQ water (Millipore Co., Japan),
respectively. Each stock solution was diluted to a final concentration of 10 uM with MilliQ water
bringing the final concentration of acetone in the solution to 0.5%. This final concentration of FLU
is comparable to the minimal concentration used elsewhere (Huang et al, 1996, Kummerova and
Kmentova, 2004). When this concentration of acetone was used in a preliminary study, there was
no effect on any of the eco-physiological parameters considered in the present study. Mannitol
(MANN) (Nacalai, Kyoto, Japan) (1 mM) was used as an OH radical scavenger because reactive
oxygen species are thought to play an active role in the photolysis of the PAHs adsorped on the
surface of pine needles (Wang et al., 2005). Mannitol is produced in some plants and has long been
recognized as a potent ROS quencher, it was used to scavenge hydroxyl radicals (OH) generated by
cell-free oxidant systems (Upham and Jahnke, 1986), mannitol (ImM) could not cause osmotic
stress to the Japanese red pine. Past studies that reported osmotic stress in plant used mannitol in
the concentration range above 90 mM. For example, 92-276 mM of mannitol solution was used by
Lin and Kao (2002) and a 750 mM mannitol was used by Gill et al. (2002). The five types of
solutions used as treatments were; control (MANN), FLU, FLU + MANN, PHE and PHE + MANN.
The solutions were applied to the foliage of pine seedlings using an electronic spray machine with a
nozzle (BS-4000, Fujiwara Sangyo, Miki, Japan) in the early morning (6:00-8:00 AM), four
alternate days weekly for three and half months. On the average each plant received 50 mL of the
fumigant per one spraying period. The soil surface was covered with a waterproof sheet during

application to prevent solutions from entering the roots of the seedlings.
2.3.  Photosynthesis measurement and fluorescence analysis

Physiological measurements were conducted on current needles from July to November; the
first was the pre-fumigation measurements. In each pot of the six chambers and between the hours
of 6:00 AM and 10:00 AM except for November; from 9:00 AM to 1:00 PM, net photosynthesis at
near-saturating irradiance (Amax), stomata conductance (gs) and intercellular CO, concentration (C;)
were measured for six intact current-year needles (three pairs of leaves) of each seedling. The Apax,
g,, and C; were measured at near-saturating irradiance of 1500 umol m~s™ PPFD and at a needle
temperature of 27 + 2 °C except in November (23 £ 2 °C). Leaf to air vapour pressure deficit
(Vpdl) was maintained between 0.8 and 1.3 kPa. CO, concentration of the air entering the leaf
chamber was kept at 370 pmol CO, mol™ and a flow rate of 500 pmol s™ using an open-flow infra-
red gas analyzer with light and temperature control systems (LI-6400, Li-cor Inc., Lincoln, NE,
USA). After each measurement, the pine needles for measurement were harvested and their width
and length measured with a digital caliper (CD-15, Mitutoyo Co., Kanagawa, Japan). The cross-
section of the needle was approximated as a semicircle having a diameter equal to the measured
width; half of the leaf surface area of the needle was used as the effective leaf area for A, and g
determination (Kume et al., 2001). The area-based chlorophyll content is a measure of the ability of
light capture in the needles (Evans, 1998); therefore photosynthetic capacity should be directly
influenced by area-based chlorophyll content in the needles (Nakatani et al., 2004). All data of
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needle eco-physiological traits are expressed based on the effective needle area. Chlorophyll
fluorescence was measured at night (8:00-9:30 PM) with a portable chlorophyll fluorometer (MINI-
PAM, Heinz Walz GmbH, Effeltrich, Germany) with leaf-clip holder 2030B (Heinz Walz GmbH,
Germany), needles were arranged compactly in a parallel array and clamped with the holder. Initial
chlorophyll fluorescence (F,) and the photochemical efficiency of PS II in the dark (F,/Fy,; Fy is the

variable fluorescence and F,, the maximum fluorescence) were measured.
2.4.  Needle Chemical Content

For rubisco analysis, total protein was extracted as described by Makino et al. (1986); Nakaji
and Izuta (2001). Fresh needles (100 mg) were frozen in liquid nitrogen and then homogenized in 1
mL extraction buffer containing 100 mM HEPES (pH 7.5), 5 mM EDTA, 2% PVPP (w/v), 0.7%
polyethylene glycol 20000 (w/v) and 24 mM 2-mercaptoethanol. This procedure was carried out at
4 °C. The homogenate was centrifugated at 9000 g for 30 s, and the supernatant was used in the
rubisco assay. Precisely, 20 pL of the prepared samples was loaded onto a slab gel (13.7 x 12.7 x
0.1 cm) containing a 12.5% (w/v) acrylamide in the resolving gel and 3.5% (w/v) acrylamide in the
stacking gel. The Laemmli buffer system was used. Electrophoresis was carried out at 30 mA per
gel. Gels were stained in 0.25% (w/v) CBB-R250 and eluted in 1.0 mL formamide. The absorbance
of the resultant solution was read at 595 nm with a 2400-UV/VIS spectrophotometer (Shimadzu
Co., Japan). The concentrations of Chlorophyll a (Chl a), Chlorophyll b (Chl b), and Chlorophylls
a+b (Chl (4+1)) were determined by extraction of 100 mg needles (collected close to those used for
Amax and gs) with N, N-dimethylformamide (DMF). Absorption of the extract was measured at
663.8 and 646.8 nm and concentrations of Chl a, Chl b and Chl 4+, were calculated with equations
used by Porra et al. (1989). Dried current-year needles collected in November were ground into
powder using a mortar and pestle. K, Na, Ca and Mg concentrations were determined using
inductively coupled plasma atomic emission spectrometry (Perkin-Elmer, Optima 3000) following
sample digestion by conc. HNOj3 using the microwave oven system (O.I Analytical. model 9175) as
described by Nakatani et al. (2004).

2.5.  Statistical analysis

For statistical evaluation of the results, the program SPSS 12 (SPSS, USA) was used. The
results are averages of values from five pine seedlings in each treatment group. The significance of
the differences of the average values among the treatments was evaluated by analysis of variance of
simple classification after preceding verification of normality and homogeneity of the variance
(one-way ANOVA p < 0.05). The comparison of means was based on the method of Tukey
contrast test, except for November (Fisher’s least significant difference ‘LSD’ test). Pearson’s
correlation coefficient (r, p < 0.05) was used to test the correlation among the needle eco-

physiological traits.
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3. Results

The analytical values of current-year pine needles after the three months fumigation are
presented in Table 1. Relating the eco-physiological parameters in this study with Ay, our results
indicated that FLU had negative effects on the photosynthetic pigments of the pine needles.
September is the likely peak of photosynthesis in pine seedlings. Apnax values for the month of
October (90 days fumigation) until the end of fumigation in November (105 days) showed
consistently decreased values (Fig. 1). FLU treatment greatly diminished Aj.x values in seedlings
in October and November, and a similar pattern was observed in PHE-treated seedlings. Stomatal
conductance to water vapour appeared to vary with treatment types. A regular pattern of decrease in
stomatal conductance, similar to A values of the FLU and PHE treatments, was obtained at the
end of the exposure experiment. These values were significantly different to those of the control
treatment. C; showed no clear decrease pattern in all treatments. Treatments containing equal
concentrations of PAHs in addition to mannitol did not show any significant decrease in Ay.x and
gs values, and were not significantly different from the control treatment. Generally, F, of pine
needles showed no significant difference within the treatments until September (Fig. 1). However,
for FLU treatments an increment in the F, values started at the end of the 30-day measurement and
increased constantly till the 90" day (Fig. 1). Even though the increment in October was not
significantly different (p < 0.05), after a fumigation period of 105 days the F, of the FLU treatment
was significantly higher than that of the control treatment (Table 1). However, the F, of the FLU +
MANN treatment was lower than that of the FLU treatment. This implies that F, value decreased in
the presence of mannitol. Photochemical efficiency of PSII in the dark (F,/F,) indicated a
decreasing trend for FLU and PHE treatments as shown in Fig. 1. After the 105-day measurement,
F\/F, values were not significantly different from other treatments or from the control. A positive
correlation coefficient (r = 0.61, p < 0.01; Table 2) was found between A,.x and photochemical
efficiency of PS II (F,/F,) even though F, is significantly negatively correlated with Apax.
Chlorophyll contents of P. densiflora current-year needles at the end of 105 days fumigation are
shown in Table 1. There was a significant decrease in chlorophyll contents of seedlings in FLU and
PHE treatments. However, Chl a/Chl b ratios were unaffected by treatments with the PAHs, as their
values were not significantly different compared with the control treatments. Fig. 2a shows the
relationship between An.x and chlorophyll content of pine needles (r = 0.76, p < 0.01). Plate 1
shows the photos of potted pine seedlings for control treatments and treated pine seedlings before
and after fumigation exposure. FLU-treated plants had the lowest amount of rubisco as shown in
Table 1. Fig. 2b shows the correlation between A, and rubisco content of the pine needles (r =
0.44, p < 0.05). A positive relationship existed between the chlorophyll content of current-year pine
needles and rubisco content (r = 0.65, p < 0.01; Fig 2c). Even though Na and Ca content of dried
pine needles were not statistically different between PAHs and control treatments, the K content of

seedlings in the PHE treatment was statistically different from that of the other treatments and the
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control. In addition, Mg contents of seedlings in the FLU treatment showed significant differences

when compared with that of the control and other PAHs treatments.
3 Discussion

Previous eco-physiological studies on Japanese red pine describe the actions of SO,, NO,, O;
and hydroxyl (OH) radicals (Chiwa et al., 2005; Izuta et al., 2001; Kobayashi et al., 2002; Kohno,
2001; Kume et al., 2001; Naemura et al., 2000; Nakaji and Izuta, 2001). Reduction in A,.x and g
of Japanese red pine needles by the two PAHs in the current study are similar to results obtained by
Kobayashi et al. (2002) and Yoon et al. (2006), who fumigated with OH radical-generating
solutions (photo-Fenton reagent) and mist onto Japanese red pine needles and Japanese apricot
(Prunus mume) leaves, respectively. Nakatani (2004) showed that negative effects of OH radical-
generating solutions on Japanese red pine needles were diminished by adding mannitol to the
solutions. In a different study conducted using Os, it was found that the net photosynthesis rate of P.
densiflora was reduced by O3 (Nakaji and Izuta, 2001). There is therefore a similarity in results
obtained by fumigation with the OH radical, O; and PAHs. This suggests that like the OH radical
and O;, which were shown to damage or inhibit the photosynthetic process (Farage et al., 1991;
Nakatani, 2004), PAHs, may affect the pine seedlings in a similar way. The restriction of any step
within the photosynthetic apparatus will decrease the ability of the photosynthetic membrane to
utilize the light energy that it intercepts. This increases the potential for formation of reactive
oxygen species within the chloroplast, causing photoinhibition and photooxidation. In addition, the
decreased effect of g in this present study might also cause the decreased A, values. Stomatal
resistance, like resistance of boundary layers, is directly linked to the diffusion of the pollutant
through the stomata. This stomatal limitation was absent in plants fumigated with O3 (Farage et al.,
1991). Our results on C; mimic the earlier work carried out on P. densiflora using OH radical-
generating solutions (Kobayashi et al., 2002; Kume et al., 2001). C; represents a balance of CO,
influx through the needles via the stomata aperture (gs). In P. mume, the effect of OH radical-
generating mists on Ci was masked as in P. densiflora (Yoon et al., 2006). The PAHs fumigated
onto the pine seedlings took approximately three months to produce any significant effect on the
photosynthetic rate and the stomatal conductance, however the previous research quoted above
indicated significant results much earlier. The slow process of the rate-limiting step for the needle
contamination process by PAH (Wenzel et al., 1997) may explain this disparity. The F, value,
which corresponds to the state when all reaction centers of PSII are open, showed a slight increase
in seedlings treated with PAHs. This result contradicts that obtained by Kobayashi et al., (2002)
where different sources of OH radicals were used as fumigants on pine seedlings. Their results
suggested that the light harvesting and utilization system was not involved directly in the variation
in Apa. In the present study, the negative effect of PAHs treatment on the F, value of pine
seedlings could be connected to the destruction of molecules of photosynthetic pigments. The
effects of FLU in thylakoid membrane might have caused reversible inactivation of PSII which
resulted in F, increase (Huang et al., 1997; Mallakin et al., 2002). Our result for FLU-treated pine
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seedlings agree with previous works using lichens Lasallia pustulata and Umbilicaria hirsuta by
Kummerova et al. (2006a), Pea Pisum sativum by Kummerova et al. (2006b), Duckweed Lemna
gibba L G-3 by Mallakin et al. (2002) and Canola Brassica napus by Huang et al. (1996) . These
researchers recorded an increase in F, values as well as decreased F,/Fy, values with exposure time.
Even though the results were obtained from root exposure experiments in most cases, they are only
slightly different from those reported from Kume et al. (2001) and Yoon et al. (2006) who carried
out foliar-exposure experiments. The observed symptoms in our experiment may be due to the OH
radicals formed during the transformation of the PAHs. Our result on decreased chlorophyll content
in pine needles fumigated with FLU is consistent with that reported by Kummerova et al. (2006b)
on their experiments using pea plants. A similar decrease in chlorophyll content was reported in a
different work (Sakugawa and Cape, 2007) using N (III) in the form of HONO gas fumigated onto
Scot pine (Pinus sylvestris). In the latter, the OH radical was generated in four-year-old Scot pine.
The reactive oxygen species generated by the photolysis of HONO gas caused the observed
negative effects. Likewise, in the present study, OH radical production may be the cause of the
negative effects of these PAHs on P. densiflora needles. Total rubisco protein content of current-
year pine needles showed a positive correlation with both Ay, and total chlorophyll content of the
pine needles (Table 2). The overall effects of reduction in chlorophyll content must have affected
the rubisco content. It is also probable that PAHs have significant reduction effects on the synthesis
of enzymes in the C; pathway, including rubisco, in fumigated plants. They may also cause a
decrease of the rubisco level that existed in pine seedlings at the start of fumigation. OH radical
production within the chloroplast may damage rubisco, thereby increasing photo-oxidative damage
leading to widespread changes within the chloroplast. With lowered levels of rubisco, utilization of
photochemically produced energy might have been limited or other components of the
photosynthetic apparatus made unstable. This is a possible cause of the major reduction in the
photosynthetic rate of the current pine needles in FLU and PHE-treated plants after 105 days of
fumigation. Previous works by Nakatani et al. (2004) showed that the area-based Mg content of
pine needles has a direct influence on their net photosynthetic capacity. The reduction was due to
limitation or suppression of the nutrient absorption from roots, thereby also causing a reduction in
the root biomass (Nakatani et al., 2007). Mg content of FLU treated pine seedlings in this study was
highly decreased by FLU fumigation. We have not considered root biomass; however, the visible
foliar damage observed in this study is a strong indication of foliar disorder (Plate 1). These
symptoms are similar but less severe compared with the acute foliar SO, injury symptoms to white
pine (Pinus strobus) and Scot pine (P. sylvestris) described by Legge et al. (1998). Conifers are
considered to be less susceptible to foliar injury than broad-leaved species (Percy, 1991). The
symptoms illustrated in Plate 1 clearly show that needles of the pine seedlings exposed to FLU and
PHE have a high degree of chlorosis and reddish-brown necrosis compared with the control
treatment. These supplement the evidence of injury infliction on the Japanese red pine needles. A
possible mechanism for the observed PAHs effect in our work is comparable with an earlier
description by Mallakin et al. (2002). Some PAHs being good photosensitizers (Greenberg et al.,
1993), their mechanism of toxic action might have started with inhibition of photosystem I (PSI) or

9



© 00 N o 0o b~ W N P

e o =
A W N B O

15

16
17
18
19
20
21
22
23
24
25
26
27
28
29

the cytochrome-b6/f complex, followed by photo-oxidative damage to photosystem II (PSII). For
example, Kummerova et al. (2006b) reported that FLU had negative effect on the activity of the
water oxidizing complex (Oxygen evolving center, OEC). It was assumed that FLU could injure the
primary electron donor Tyr Z. Probably, FLU might have intercepted electrons from the bond
ferrodoxin acceptors and NADP and reduce O, to Oy" . The super oxide ion in reacting with H,O
caused the formation of OH radical (Miller and Olejnik, 2001). The highly reactive O,” and OH
radicals attack unsaturated membrane fatty acids, rapidly opening up and disintegrating the cell
membranes and tissues. Babbs et al. (1989) observed a similar process with paraquat (N,N'-
Dimethyl-4,4'-bipyridinium dichloride), a ‘viologen’. This compound is one of the most widely
used herbicides in the world. It is fast acting, non-selective, and kills green plant tissue on contact
(Tomlin, 1994). From experiments where exogenous scavengers of the hydroxyl radical (OH),
superoxide radical (O,7) and singlet oxygen ('O,) were applied to leaf discs, it appears that O, and
OH radicals are the main O, species which contribute to chlorophyll destruction by paraquat
(Babbs et al., 1989; Cakmak and Marschner, 1992).

5. Conclusion

The symptoms of ecological and physiological properties found in the current-year needles of
pine seedlings fumigated with FLU and PHE in our work show similar trends when compared with
past studies involving OH radical and OH radical-generating mists or solutions. The extent of
impacts of the two PAHs varied slightly. The difference in the observed negative effects of FLU
and PHE may be attributed to their different lipophilicity (in terms of log K,y) and availability.
These two factors control the bioavailability of the PAHs in inner needle compartments and
influence the uptake efficiency of PAHs into plants (Wenzel et al., 1997). Our work strongly
suggests that the OH radical production is an important process involved in as a mechanism by
which PAHs impact negative effects on pine trees and consequently on vegetation. Mannitol has
been shown to mitigate the negative effects of the PAHs on pine trees. More so, FLU and PHE may
be categorized as inducers of plant stress. Most of the eco-physiological symptoms displayed by
plants fumigated with these PAHs (particularly FLU) were similar to those that would be obtained
using a broad-spectrum herbicide. Further works to investigate the eco-toxicological impact of

these groups of compounds on the biosphere should be encouraged.
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Table 1. Physiological parameters of current-year pine needles in November after 105" day

fumigation.
Parameter MANN
[Treatment* (CONTROL) FLU FLU+MANN PHE PHE+MANN
Amax (umol CO,m?s™), 10+ 1° 5+1° 9+ 1% 7+2% 11 +2°
g(mmol O m?s?)  0.19+0.03*  0.12£0.02°  0.16+0.03" 0.15+0.03®  0.20+0.02°
Fo 212+ 7° 247+ 4° 238 + 7% 220+ 7 224 + 5%
Fy/Fn 0.85+0.01°  0.82+0.01°  0.84+0.01° 0.80 + 0.01° 0.84 +0.01°
Chl a (umol m™) 237 £ 16" 99 + 15° 277+ 16" 146 + 21% 214 + 46™
Chl b (umolm™) 62 + 4% 26 +4° 71+3° 37 + 4% 56 + 2%
Chl (444) (umol m™) 299 20 126 + 19° 348 + 19° 183 25" 270 + 57
Chl a/Chl b 3.9+0.2° 3.8+0.1° 3.9+0.1° 3.9+0.2° 3.8+0.1°
Rubisco (g m?) 0.7 £0.2° 0.1+0.0° 03+0.1% 0.2+0.1% 0.4+0.1%
Na (g m?) 0.041£0.001* 0.008 +0.001*° ND 0.015+0.001° ND
K (g m?) 24+09° 13+0.3" 1.3+0.4® 1.1+£0.3° 12+0.3"
Ca (g m?) 1.0 £ 0.4 0.5+0.1° 0.9+0.1° 0.7 +0.2° 1.3+0.5°
Mg (g m?) 03+0.1° 02+0.0° 0.3+0.0" 02+0.1" 03+0.1"
5
6  ND: Not detected or below detection limit.

10

11

12

13

Each value in the table represents a mean of determinations from five pine seedlings + standard

errors (S.E.).

Identical superscript letters indicate the same homogenous groups; different letters indicate

significant difference at p < 0.05 (Fisher’s least significant difference ‘LSD”).
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Table 2. Correlation coefficients (I) among the eco-physiological traits of Japanese red pine needles
after 105™ day fumigation (n = 25).

Anax s F, F./Fn Chl. ) Rubisco Mg
Amax -
o 0.803** -
F, -0.404*  -0.221 -
Fy/Fm 0.606**  0.374 -0.478%*
Chl (a+p) 0.763**  0.562** -0.312 0.578** -
Rubisco  0.443*  0.297 -0.129 0.313 0.652** -
Mg 0.421*  0.242 -0.289 0.296 0.526**  0.551**

** Significant at 0.01 level, * Significant at 0.05 level.
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Figure Captions

Figure 1. Net photosynthetic rate at near-saturating irradiance (Amax), needle stomatal conductance
(gs), initial fluorescence values (F,), photochemical efficiency of PSII in the dark (F./Fp,) of pine
current year needles of Japanese red pine (P. densiflora) after 90" day fumigation. Data are means
of determinations from five pine seedlings, error bars are + standard error (S.E.). Identical
superscript letters indicate the same homogenous groups; different letters indicate significant

difference between values at p < 0.05.

Figure 2. (a) Relationship between photosynthesis rate (Ama.x) and rubisco content (Rubisco) (b)
relationship between photosynthesis rate and chlorophyll a and b content (Chl (,+1,)) (c) relationship
between chlorophylls a and b content (Chl (4+)) and rubisco content (Rubisco) of current-year
needles of Japanese red pine (P. densiflora) after 105" day fumigation (November). Data are means

of determinations from five pine seedlings; error bars are + S.E. Pearson’s correlation coefficient (r,

p<0.05,0.01). ® is MANN; O is FLU+MANN; O is FLU;

X is PHE+MANN and A is PHE.

Plate caption

Plate 1. Photos of pine seedlings before and after fumigation treatments. (a) Pine seedling before
fumigation. (b, ¢ and d) Pine seedlings after three months fumigations with FLU, control and PHE

respectively.
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Plate 1.



