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Abstract: Environmental pollution is an important issue in metropolitan areas, and roadside trees
are directly affected by various sources of pollution to which they exhibit numerous responses. The
aim of the present study was to identify morpho-physio-biochemical attributes of maidenhair tree
(Ginkgo biloba L.) and American sycamore (Platanus occidentalis L.) growing under two different air
quality conditions (roadside with high air pollution, RH and roadside with low air pollution, RL) and
to assess the possibility of using their physiological and biochemical parameters as biomonitoring
tools in urban areas. The results showed that the photosynthetic rate, photosynthetic nitrogen-use
efficiencies, and photochromic contents were generally low in RH in both G. biloba and P. occidentalis.
However, water-use efficiency and leaf temperature showed high values in RH trees. Among
biochemical parameters, in G. biloba, the lipid peroxide content was higher in RH than in RL trees, but
in P. occidentalis, this content was lower in RH than in RL trees. In both species, physiological activities
were low in trees planted in areas with high levels of air pollution, whereas their biochemical and
morphological variables showed different responses to air pollution. Thus, we concluded that it
is possible to determine species-specific physiological variables affected by regional differences
of air pollution in urban areas, and these findings may be helpful for monitoring air quality and
environmental health using trees.

Keywords: biomonitoring; morpho-physio-biochemical attributes; photosynthetic nitrogen use
efficiency; roadside trees; urban air pollution

1. Introduction

Environmental pollution, especially the rapid decline in air quality generated by an-
thropogenic activities, has become an important problem in urban areas. Until World War
II, the most hazardous chemicals were sulfur dioxide (SO2) and soot [1]. However, emis-
sions of pollutants such as carbon monoxide (CO), nitrogen dioxide (NO2), ozone (O3), and
especially the emission of particulate matter (PM2.5 and PM10) are threatening environmen-
tal sustainability and functionality and pose potential threats in urban areas [2,3]. Major
sources of these pollutants are incomplete combustion of fossil fuels and road transport.
Air pollution affects both plant and human health, inducing physiological and biochemical
responses. The World Health Organization (WHO) reported that air pollution can con-
tribute to about four million deaths annually worldwide [4]. Therefore, the prediction of
air conditions and reduction in pollutants in urban areas are urgently needed. As urban
forests can improve environmental conditions, including air quality [5], tree health is one
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of the most important factors in urban ecosystems. Nowak et al. [6] reported that urban
trees can absorb PM2.5 and PM10 from the atmosphere, and Yu et al. [7] reported that
forests play an important role in carbon storage and sequestration. However, under field
conditions, long-term exposure to air pollution triggers a decline in urban trees and forests.
First, air pollution inhibits photosynthesis, resulting in a decrease in plant growth [8,9].
According to White et al. (1974) [10], diverse pollutant mixtures have synergistic effects
on tree photosynthesis. Chlorophyll, an important pigment for light-harvesting, can be
degraded under the oxidative stress condition and H2O2 interferes in the Calvin cycle
by oxidizing one of the enzyme-catalyzing carbon fixation processes [11]. Moreover, the
potential induction of chlorophyll or D1 protein breakdown can act as functionally second
messenger signaling molecules in almost every aspect of plant growth and development
processes [11]. Numerous studies have shown that air pollutants, such as SO2, NO2, and
O3, are major causes of chlorophyll degradation [12–16]. Chlorophyll content is related
both to photosynthesis and leaf nitrogen content, as nitrogen is one of the key components
of chlorophyll [17]. Furthermore, air pollutants such as SO2, NOx, and O3 can lead to
oxidative stress in plants [18]. Oxidative stress in plants can damage their cell membranes,
resulting in ion leakage as a consequence of changes in cell permeability [19]. Leaf morpho-
logical traits such as wax, cuticle, and stomata are also affected by air pollution because
plant leaves take in atmospheric pollutants directly. Particulate pollutants are a major
factor affecting plant foliar surface structure transformations [20]. Compared to humans
and other animals, plants are more sensitive to environmental stress and have stronger
physiological, biological, and morphological responses. Therefore, understanding the
physiological link between tree parameters and environmental stress can be important for
gaining insights into urban forest health and functioning [21]. To date, many studies on the
effects of air pollutants and oxidative stress on plants have been conducted in the artificial
conditions at high-level pollution [8–10,15,18]. However, information about the effects of
multiple contaminators on trees in the field is still lacking. Therefore, in the present study,
we carried out a field experiment with the aim to (1) understand the effects of urban air
pollution of two roadside tree species, maidenhair tree (Ginkgo biloba L.) and American
sycamore (Platanus occidentalis L.), at two sites with different air pollution levels and (2)
assess the potential of using certain leaf physiological and morphological characteristics as
biomonitoring tools of urban air quality in Seoul metropolitan area.

2. Materials and Methods
2.1. Experimental Site and Plant Materials

The experiments were conducted in Seoul, the capital city of Korea. Two different
urban sites were selected based on the frequency with which the air pollution standard
was exceeded [22]: (1) roadsides with low air pollution (RL; 37◦63′ N latitude, 127◦02′ E
longitude), and (2) roadsides with high air pollution (RH; 37◦58′ N latitude, 127◦05′ E
longitude) (Figure 1).

The roadside tree species selected for the experiment were maidenhair tree (Ginkgo
biloba L.) and American sycamore (Platanus occidentalis L.), as these two species are the most
commonly planting roadside tree species in Seoul, accounting for about 42.2% and 32.8%
of roadside trees in Seoul, respectively. These two tree species were commonly selected for
morpho-physio-biochemical analyses based on their diameter at breast height. There was
no difference in the diameter at breast height of these tree species grown between different
sites (Table 1).
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Figure 1. Map showing the location of the field experimental sites in Seoul, South Korea. (a) Map 
of South Korea; (b) two different locations having different air quality in Seoul; (c) roadsides with 
low air pollution (RL), and (d) roadsides with high air pollution (RH). 

Table 1. Diameter at breast height (DBH) of two studied tree species (Ginkgo biloba and Platanus 
occidentalis) grown at different locations with different air pollution conditions. 

Site 
Ginkgo biloba  Platanus occidentalis 

June August June August 
RL 1 16.9 ± 1.5 17.1 ± 1.6 32.0 ± 1.7 32.5 ± 2.0 
RH 2 16.8 ± 1.7 17.2 ± 1.9 32.8 ± 4.3 33.2 ± 4.4 

1 RL, roadsides with low air pollution; 2 RH, roadsides with high air pollution. 

2.2. Photosynthetic Gas Exchange 
The rate of photosynthetic carbon assimilation was measured with a LI-6400 portable 

photosynthesis system (LICOR-6400, Li-Cor Inc., USA). Spot measurements were con-
ducted to compare the differences between treatments. CO2 was set at 400 μmol·mol−1, 
and the flow rate was fixed at 500 μmol·s−1. Block temperature and relative humidity of 
the cuvette were fixed at 25 °C and 50–60%, respectively. Photosynthetic photon flux den-
sity (PPFD) was set at 1500 μmol·m−2·s−1 saturation intensity. All measurements were per-
formed between 10 a.m. and 2 p.m. under sunny weather conditions. Tracking of gas ex-
change in the same tree was carried out in the vegetative growing seasons (June and Au-
gust). Leaf-level instantaneous water-use efficiency (WUE, μmol CO2 mmol H2O−1) was 
determined by calculating the ratio of leaf net CO2 assimilation rate (Pn) to transpiration 
rate (Tr), and these parameters were measured with an LI-6400 portable photosynthesis 
system (LICOR-6400, Li-Cor Inc., USA) under saturating light conditions. WUE was cal-
culated using the following an equation [23]: 

WUE = Pn/Tr, (1) 

where Pn is the leaf net CO2 assimilation rate (μmol m−2 s−1) and Tr is the transpiration rate 
(mmol H2O m−2 s−1). 

2.3. Photosynthetic Nitrogen Use Efficiency 
To calculate the photosynthetic nitrogen-use efficiency (PNUE, μmol CO2 mmol N−1), the 

total nitrogen content was determined from the leaves used for gas exchange measurements. 
The leaves were dried at room temperature for two weeks and crushed to obtain 1.5 mg sam-
ples. Bulk leaf samples were combusted using an elemental analyzer (Flash EA 1112, Thermo 
Electron Corporation, USA). After N2 was generated by the reaction between N and pure ox-
ygen, the gas was purified and separated through a column. The amount of fixed gas was 

Figure 1. Map showing the location of the field experimental sites in Seoul, South Korea. (a) Map of South Korea; (b) two
different locations having different air quality in Seoul; (c) roadsides with low air pollution (RL), and (d) roadsides with
high air pollution (RH).

Table 1. Diameter at breast height (DBH) of two studied tree species (Ginkgo biloba and Platanus
occidentalis) grown at different locations with different air pollution conditions.

Site
Ginkgo biloba Platanus occidentalis

June August June August

RL 1 16.9 ± 1.5 17.1 ± 1.6 32.0 ± 1.7 32.5 ± 2.0
RH 2 16.8 ± 1.7 17.2 ± 1.9 32.8 ± 4.3 33.2 ± 4.4

1 RL, roadsides with low air pollution; 2 RH, roadsides with high air pollution.

2.2. Photosynthetic Gas Exchange

The rate of photosynthetic carbon assimilation was measured with a LI-6400 portable
photosynthesis system (LICOR-6400, Li-Cor Inc., USA). Spot measurements were con-
ducted to compare the differences between treatments. CO2 was set at 400 µmol·mol−1,
and the flow rate was fixed at 500 µmol·s−1. Block temperature and relative humidity
of the cuvette were fixed at 25 ◦C and 50–60%, respectively. Photosynthetic photon flux
density (PPFD) was set at 1500 µmol·m−2·s−1 saturation intensity. All measurements
were performed between 10 a.m. and 2 p.m. under sunny weather conditions. Track-
ing of gas exchange in the same tree was carried out in the vegetative growing seasons
(June and August). Leaf-level instantaneous water-use efficiency (WUE, µmol CO2 mmol
H2O−1) was determined by calculating the ratio of leaf net CO2 assimilation rate (Pn)
to transpiration rate (Tr), and these parameters were measured with an LI-6400 portable
photosynthesis system (LICOR-6400, Li-Cor Inc., USA) under saturating light conditions.
WUE was calculated using the following an equation [23]:

WUE = Pn/Tr, (1)

where Pn is the leaf net CO2 assimilation rate (µmol·m−2·s−1) and Tr is the transpiration
rate (mmol H2O m−2·s−1).
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2.3. Photosynthetic Nitrogen Use Efficiency

To calculate the photosynthetic nitrogen-use efficiency (PNUE, µmol CO2 mmol
N−1), the total nitrogen content was determined from the leaves used for gas exchange
measurements. The leaves were dried at room temperature for two weeks and crushed to
obtain 1.5 mg samples. Bulk leaf samples were combusted using an elemental analyzer
(Flash EA 1112, Thermo Electron Corporation, USA). After N2 was generated by the reaction
between N and pure oxygen, the gas was purified and separated through a column. The
amount of fixed gas was determined using a heat conduction detector. PNUE [24,25] was
estimated by dividing leaf net CO2 assimilation rate (Pn) by leaf total nitrogen content (N).

PNUE = Pn/N, (2)

where Pn is the leaf net CO2 assimilation rate (µmol·m−2·s−1), and N is the total leaf
nitrogen content (mmol·mg−1).

2.4. Chlorophyll and Carotenoids Contents

Chlorophyll (Chl) and carotenoids (Car) were extracted from samples of 0.1 g of leaf
fresh weight. The leaf samples were saturated in 10 mL amber glass vials filled with 80%
acetone and stored in the dark at 4 ◦C for seven days to ensure the complete extraction of
pigments. Thereafter, chlorophyll a (Chla), chlorophyll b (Chlb), total chlorophyll (ChlT),
and total carotenoid contents (CarT), as well as the ratio of Chla to Chlb (Chla/b ratio),
and the ratio of CarT to ChlT (Car/Chl ratio) were determined according to the method
described in Arnon [26]. The absorbance values were recorded at wavelengths of 663, 645,
and 470 nm using a spectrophotometer (Epoch Microplate, Bio-Tek, Winooski, VT, USA).

Chla (mg·g−1 FW) = {(12.7 × (A) − 2.69 × (B))/(D × 1000 ×W)} × V (3)

ChlT (mg·g−1 FW) = {(20.29 × (B) + 8.02 × (A))/(D × 1000 ×W)} × V (4)

Chlb (mg·g−1 FW) = {(22.9 × (B) − 4.68 × (A))/(D × 1000 ×W)} × V (5)

CarT (mg·g −1 FW) = [{(1000 × (C) − 1.82 (Chla) − 85.02 (Chlb))/198}/(D × 1000 ×W)] × V (6)

where FW is fresh weight, A is the absorbance value at 663 nm, B is the absorbance value
at 645 nm, C is the absorbance value at 470 nm, D is the distance traveled by the light path
(1 cm), W is the fresh weight of leaf samples (0.1 g), and V is the extract volume (10 mL).

2.5. Leaf Temperature

Leaf temperature was analyzed using a thermal imaging infrared camera (T440, FLIR
Systems Company, USA). Fresh leaves were cut from plants, and thermographic images
were recorded under shade to prevent exposure to direct sunlight. In the image, four
temperature points per leaf were selected and averaged using FLIR Research IR Professional
analyzing software version 3.2. We estimated leaf temperature and leaf-to-air temperature
differences (∆Tleaf-air) that could be displayed in accounting for higher leaf temperatures
by lower transpirational cooling.

2.6. Malondialdehyde (MDA) and Electrolyte Leakage (EL) for Membrane Damage Estimation

Leaf oxidative damage was estimated by analyzing the concentration of malondialde-
hyde (MDA), which is a product of lipid peroxidation. MDA content was determined
using a thiobarbituric acid (TBA) reaction following the protocols described in Health and
Packer [27]. Fresh material (0.1 g) was homogenized in 0.5 mL of 0.2% trichloroacetic acid
(TCA). After centrifugation at 1500× g for 10 min at 4 ◦C, the supernatant was mixed with
the 1.5 mL reaction mixture obtained by diluting 0.5% TBA with 20% TCA. The mixture
was incubated at 95 ◦C for 20 min and promptly moved into an ice bath. Then, super-
natant absorbance was measured at 532 and 600 nm using a Micro plate reader (Epoch
Microplate, Bio-Tek, USA). The amount of MDA was calculated using an extinction coef-
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ficient ε = 155 mM−1·cm−1. To confirm cell membrane damage, membrane permeability
was measured using relative electrolyte leakage (EL). For determining relative ion leakage,
0.1 g of fresh leaves bored by a sterile cork borer (6.5 mm diameter) were soaked in 15 mL
of deionized water for 24 h to determine initial electrical conductivity (EC1), which was
measured using an electrical conductivity meter (MC226, Mettler Toledo, Columbus, OH,
USA). Then, the deionized water including the leaf samples was heated to 90 ◦C for 2 h,
and whole electrical conductivity (EC2) was determined. The relative electrolyte leakage
was calculated as EC1/EC2 × 100 [28].

2.7. Ascorbate (AsA), Dehydroascorbate (DHA), and AsA Redox State

Ascorbic acid (AsA, also referred to as ascorbate and vitamin C) is one of the most
important antioxidants that can prevent oxidative damage in plants, thereby contributing
significantly to the scavenging of reactive oxygen species (ROS) [29]. To measure AsA
content, a frozen leaf sample of 0.1 g was homogenized with 1 mL of 5% metaphosphoric
acid and centrifuged at 15,000× g for 15 min at 4 ◦C. The supernatant was mixed with
10 mM dithiothreitol (DTT) and 0.2 M sodium phosphate buffer (pH7.4) and incubated
at 42 ◦C for 15 min. After incubation, 0.5% N-ethylmaleimide (NEM) was added to the
mixture, followed by the addition of 10% TCA, 42% H3PO4, 4% 2,2′-dipyridyl, and 3%
FeCl3. Then, the sample was incubated at 42 ◦C for 40 min, and each absorbance was read
at 525 nm [29] with a spectrophotometer (Epoch Microplate, Bio-Tek, Winooski, VT, USA).
The content of dehydroascorbate (DHA) was calculated by subtracting AsA values from
total ascorbate. For the analysis of reduced forms of ascorbate, 10 mM DTT and 0.5% NEM
were excluded from the reaction mixture. The assay of AsA redox state was calculated
on the basis of the oxidation of ASA into DHA in leaves (AsA/AsA + DHA). To further
confirm the differences in leaf antioxidant capacity between RL and RH, we examined the
total ascorbate content in leaves collected in June and August in the growing season.

2.8. Stomata Characteristics

Leaf microstructures on adaxial and abaxial epidermal surfaces (surface roughness
and stomata) were determined by focused ion beam-field emission scanning electron
microscopy (FIB-FESEM) (Auriga; Carl Zeiss, Oberkochen, Germany) according to the
methods described in Kwak et al. [30]. FIB-FESEM images were used to investigate stomatal
characteristics. Dried leaf samples were sliced into small strips, which were mounted on
metal stubs for gold–palladium coating using a sputter-coater under vacuum conditions
(JFC-1100E, JEOL, Japan). The coated leaf samples were observed by FIB-FESEM. The
stomatal density (No. mm−2) was estimated by counting the number of stomata per
unit leaf area on SEM images. The stomatal guard cell length (µm) was computed using
ImageJ software.

2.9. Statistical Analysis

Statistical analysis of the data was performed using Statistical Package for Social
Science, SPSS 21.0 (SPSS, Chicago, IL, USA). Data normality was tested using Kolmogorov–
Smirnov tests. Significant differences between the RL and the RH within each tree species
were determined by independent samples t-tests (p < 0.05).

3. Results
3.1. Air Conditions at Different Experimental Sites

The concentration of air pollutants (NO2 and PM10) was higher at RH (roadside with
high air pollution) than at RL (roadside with low air pollution), except for O3 (data not
shown). The emissions of air pollutants such as NO2, PM10, and especially the emission
of O3 exceeded the national baseline more frequently in RH than in RL (Table 2). Based
on the results of this analysis, two different urban sites were classified into two general
atmosphere pollution classes, namely: RL for roadside with low air pollution and RH for
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roadside with high air pollution. The frequency of air pollutant warning alarms, such as
NO2, PM10, and O3, was higher at RH than at RL (Table 2).

Table 2. Frequency of pollutant concentrations above the national baseline at RL and RH during the
experimental period.

Site

NO2 O3 PM10

0.1 ppm/1 h 0.06 ppm/24
h 0.1 ppm/1 h 0.06 ppm/8 h 100 µg/m3/24 h

RL 1 0 3 1 39 3
RH 2 20 15 22 50 8

1 RL, roadsides with low air pollution; 2 RH, roadsides with high air pollution.

3.2. Photosynthetic Rates

The photosynthetic rates (Pn) of Ginkgo biloba and Platanus occidentalis growing in
RH were significantly lower by 56% and 41%, respectively, than those of plants growing
in RL (Figure 2a). The stomatal conductance (gs) of G. biloba was significantly lower
by 48% in trees growing in RH than in those growing in RL. However, there were no
statistically significant differences in gs of P. occidentalis between RL and RH (Figure 2c).
In G. biloba, there was a significant decline of 21% and 49% in WUE and PNUE values,
respectively, in RH compared to those in RL (Figure 2b,d). In P. occidentalis, the WUE
showed similar outcome measures with those of G. biloba (Figure 2b), but there was no
statistically significant difference on PNUE (Figure 2d).
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3.3. Chlorophyll and Carotenoid Contents

Plant growth was associated with a considerable decrease in chlorophyll and carotenoid
contents as well as the Chl a/b ratio of fully expanded leaves of G. biloba leaves in RH
compared to those in RL (Table 3). The chlorophyll and carotenoid contents of G. biloba in
RH were significantly lower (70% and 39%, respectively) than those in RL. In particular, the
Chla/b ratio showed a reduction of 22% in RH compared to that in RL. RH had a stronger
effect on chlorophyll content than on carotenoid content, which is why the Car/Chl ratio
was 2.1-fold higher in RH than in RH (Table 3). In contrast, the photosynthetic pigments
(chlorophyll and carotenoids) of P. occidentalis were not significantly different between
plants grown in RL and those grown in RH.

Table 3. Chlorophyll and carotenoid contents and Chla/b and Car/Chl ratios in Ginkgo biloba and
Platanus occidentalis in two different air pollution conditions.

Species Site Chlorophyll
(mg·g−1 FW)

Carotenoid
(mg·g−1 FW) Chla/b Ratio Car/Chl

Ratio

Ginkgo biloba RL 1 0.68 0.12 2.86 0.18
RH 2 0.20 *** 0.07 * 2.25 ** 0.37 *

Platanus
occidentalis

RL 1.22 0.16 2.33 0.13
RH 1.08 0.12 2.04 0.11

1 RL, roadsides with low air pollution; 2 RH, roadsides with high air pollution. Data were analyzed by independent
samples t-tests between the two air pollution conditions. Asterisks indicate statistically significant differences
according to independent samples t-tests between RL and RH within each tree species (* p < 0.05; ** p < 0.01;
*** p < 0.001).

3.4. Leaf Temperature

The leaf temperatures and leaf-to-air temperature differences (∆Tleaf-air) had no sig-
nificant difference between RH and RL in June regardless of the species (Supplementary
Figure S1a,c). In August, G. biloba showed a smaller ∆Tleaf-air variation than P. occidentalis
between RL and RH (Supplementary Figure S1b). There was a statistically significant
difference in leaf temperatures between RL and Rh, accounting for about 1 ◦C and 2 ◦C
rises in leaf temperatures of G. biloba and P. occidentalis, respectively, in RH than in RL
(Supplementary Figure S1d).

3.5. Ascorbate (AsA), AsA Redox State, Malondialdehyde (MDA), and Relative Ion Leakage

As shown in Figure 3, the total ascorbate content of G. biloba did not show a significant
difference between RL and RH. In P. occidentalis, the total ascorbic acid content decreased
significantly across RH compared with that across RL (Figure 3a). In both species, the
AsA redox state declined significantly in the RH compared to that in RL (Figure 3b). DHA
content was 2.0- and 1.5-fold higher in G. biloba and P. occidentalis in RH than in RL (data
not shown). In June, the total ascorbate contents decreased by 22% and 58% in G. biloba and
P. occidentalis, respectively, in RH compared with RL (data not shown). In particular, the
phytotoxicity of RL and RH air environments was quantified by evaluating the formation
of MDA content in leaves (as this compound is generally known to be an indicator of
lipid peroxidation) (Figure 3d). G. biloba showed an enhanced great increase in electrolyte
leakage in RH compared to that in RL, but there was no statistically significant difference
in MDA content, inducing peroxidation, between RH and RL (Figure 3c). In P. occidentalis,
electrolyte leakage and MDA showed a reduction of 3% and 20%, respectively, in RH
compared with RL, but there were no statistically significant differences in the degree of
change between RL and RH.
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Figure 3. (a) Total ascorbate contents; (b) ascorbate (AsA) redox state; (c) electrolyte leakage (EL, %); and (d) malondi-
aldehyde (MDA, nmol·g−1 FW) in Ginkgo biloba and Platanus occidentalis growing in roadsides with low air pollution
(RL) and roadsides with high air pollution (RH). Bars in each graphic represent the means of five replicates. Yellow and
green bars denote Ginkgo biloba and Platanus occidentalis, respectively. Asterisks indicate statistically significant differences
according to independent samples t-tests between RL and RH within each tree species (* p < 0.05; ** p < 0.01; *** p < 0.001;
ns: not significant).

3.6. Leaf Roughness and Stomata Aperture

On a microscale, the adaxial leaf surfaces of G. biloba in RL were homogeneously
covered by a dense layer of epicuticular wax tubules, as shown in Figure 4b. The adaxial
leaf surfaces of P. occidentalis in RH were dusty and had greater shrinking (Figure 4h),
whereas these surfaces of P. occidentalis growing in RL were clean and had less shrinking
(Figure 4d). Compared with that in RL, we observed a higher adsorption of particulate
matter on leaf adaxial surfaces in RH in both G. biloba and P. occidentalis (Figure 4e,h).

There were slight differences in the stomatal characteristics between G. biloba and
P. occidentalis. In G. biloba, stomatal density was lower in RH than in RL (Table 4). Moreover,
compared to those in RL areas, the stomata of G. biloba were surrounded by small wax
layers and buried deeper in highly polluted RH areas (Figure 5b). However, there were
slight differences in the stomatal densities of P. occidentalis between RL and RH, but these
differences were not statistically significant. In addition to stomatal density on the abaxial
leaf surfaces, there were few structural differences in the stomatal guard cell length of
P. occidentalis between the different sites (Table 4). Interestingly, P. occidentalis in RH had
more occluded pores and showed many degraded stomata compared with those in RL
(Figure 5g).
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Figure 4. Scanning electron microscope (SEM) images showing roughness on adaxial leaf surfaces of (a,b,e,f) Ginkgo biloba
and (c,d,g,h) Platanus occidentalis in (a–d) roadsides with low air pollution (RL) and (e–h) roadsides with high air pollution
(RH). Note: Yellow dotted circles in (e,h) images denote different PM particle fractions captured inside the spacing between
grooves on adaxial surfaces in highly polluted areas. Magnification: (a,c,e,g) 3000×; (b,d,f,h) 30,000×. Scale bars: (a,c,e,g)
100 µm; (b,d,f,h) 10 µm.

Table 4. Stomatal density and stomatal guard cell length in two different air pollution conditions.

Species Treatment Stomatal Density
(No. mm−2)

Guard Cell Length
(µm)

Ginkgo biloba RL 1 69.3 ± 2.3 16.6 ± 3.0
RH 2 38.7 ± 2.3 * 16.0 ± 2.6

Platanus occidentalis
RL 246.7 ± 34.9 18.4 ± 2.1
RH 170.7 ± 37.2 20.1 ± 3.3

1 RL, roadsides with low air pollution; 2 RH, roadsides with high air pollution. Data were analyzed by independent
samples t-tests between the two air pollution conditions. Asterisks indicate statistically significant differences
according to independent samples t-tests between RL and RH within each tree species (* p < 0.05).
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4. Discussion

Photosynthesis mainly occurs in mesophyll cells, and pollutants diffuse into these cells
through intercellular spaces [31,32]. Therefore, photosynthesis is one of the most important
parameters when assessing plant physiological activity. Generally, photosynthetic activity
decreases under polluted air conditions. At concentrations over 500 ppb, NO2 has a
negative impact on plant photosynthesis. Moreover, when a plant is affected by more
than one pollutant, the inhibition of photosynthetic activity intensifies [18]. Jensen [33]
reported that the photosynthetic rate of Populus deltoides × trichocarpa decreased by about
50% under 150 ppb of O3 compared with that in the control. According to Nouchi [34],
the combination of NO2 (100 ppb) and O3 (100 ppb) led to a decrease in photosynthesis in
sunflowers. Yan et al. [15] showed that prolonged O3 fumigation induced a decrease in the
photosynthetic rate of Quercus mongolica, which consequently accelerated leaf senescence.
In this regard, our results showed that plants in highly polluted urban areas had lower
photosynthetic rates than plants in low-polluted urban areas, and this was observed in
both plant species during the experimental period (Figure 2a). The stomatal conductance
of G. biloba in RH significantly decreased by 48% compared to that in RL. The stomatal
conductance of P. occidentalis showed no statistically significant difference between RL
and RH, which can be because it managed to maintain normal stomatal opening and
maintenance (Figure 2c).

Leaf nitrogen content is one of the most important elements for sustaining plant
physiological processes. Photosynthetic nitrogen-use efficiency (PNUE) can demonstrate
how efficiently nitrogen is being used by plants for carbon assimilation [35]. In particular,
photosynthesis can be closely related to plant PNUE [35], because nitrogen is an important
component for chlorophyll, which is an essential pigment for photosynthesis. In addition,
a large amount of nitrogen is needed to support the activity of rubisco. Field et al. [36]
implied that nitrogenous compounds that limited the photosynthetic capacity could be
reflected in leaf nitrogen content. However, in this study, the main factor affecting PNUE
in G. biloba might be the different photosynthetic rate between trees in RH and RL rather
than the difference in leaf nitrogen. Based on the chlorophyll contents and ion leakage
data (Table 3, Figure 3c), different photosynthetic rates could be caused by oxidative stress
interrupting chlorophyll biosynthesis in G. biloba.

The Chla/b ratio is an important parameter for assessing plant stress levels [17]. In
RH, both tree species showed a significantly low Chla/b ratio in both seasons. Chlorophyll
(especially chlorophyll a) is the main pigment for harvesting light energy in photosynthetic
antenna systems [37,38]. During metabolic processes such as photosynthesis, reactive
oxygen species (ROS) are produced as a by-product. In addition, when excited-state Chl
cannot appropriately transmit solar energy through photochemical and non-photochemical
quenching, singlet oxygen (1O2) is generated in a reaction between excited energy and
oxygen molecules [39,40]. Therefore, chlorophyll content can be an important indicator
for diagnosing plant physiological activity [41]. Carotenoids play a secondary role in light
harvesting; if excessive solar energy cannot be exhausted by chlorophyll alone, carotenoids
can help harvest solar energy and prevent the production of ROS. Therefore, carotenoids
can control the production of ROS, which have toxic effects on plants [42]. In our study,
the effect of air pollution on chlorophyll and carotenoid contents was species-specific. G.
biloba showed a significant decrease in photosynthetic pigments, possibly resulting from
oxidative stress caused by air pollution. However, there were no significant differences
in photosynthetic pigments of P. occidentalis under different air quality. This result can
indicate that different species have a unique response to oxidative stress caused by air
pollution (Table 3).

Leaf temperature can indicate the outcome of the plant energy balance at the leaf
level [43]. Changes in leaf temperature are caused by plant transpiration. When transpi-
ration proceeds smoothly, the leaf temperature is lower than the ambient temperature. If
the plant physiological activity sensor is in an abnormal state under a stress conditions,
transpiration cannot work properly. Therefore, leaf temperature might be an indirect indi-



Land 2021, 10, 236 11 of 15

cator of plant physiological activity. Leuzinger et al. [44] reported that the leaf temperature
of urban trees varied among species and was correlated with the tree location, leaf size,
stomatal conductance, and other traits.

Plant cell membranes support numerous physiological and biological reactions and are
major targets of environmental stresses [45,46]. The cell membrane is selectively permeable
to ions and organic molecules. If the lipid bilayer is damaged by oxidative stress, ions leak
from the cytoplasm into the extracellular matrix. Therefore, the degree of cell membrane
injury can be estimated by assessing the amount of electrolyte leakage [47]. In our study,
significant ion leakage was found in G. biloba in RH, which suggests that the trees were
suffering from oxidative stress. Recent research suggests that ROS are a stress factor that
induces electrolyte leakage. This phenomenon is widely used as a sign of stress-induced
damage to plant tissues and is mainly related to K+ efflux from plant cells [47,48]. Garcia-
Mata et al. [49] also reported that a K+ efflux channel might be sensitive to ROS, especially
to H2O2. Ascorbate is a major antioxidant in plant cells, and it also acts as a substrate
for numerous antioxidant enzymes. When plants face oxidative stress under polluted
environmental conditions, ascorbate can control the redox state to prevent cell oxidative
damage [50]. Nakano and Asada [51] reported that ascorbate protects chloroplasts by
donating an electron to scavenge the ROS production induced by air pollutants. ROS are
mainly involved in MDA generation because they degrade polyunsaturated lipids. MDA
is a direct product of lipid peroxidation of polyunsaturated fatty acids; it is used to assess
the degree of cell membrane lipid damage by ROS level in plants. Therefore, MDA is a
potential indicator of certain health-related acute responses indicating oxidative stress. In
this study, we did not find significant differences in MDA contents between the trees at RH
and RL. However, the MDA content in both species was two times higher than the MDA
content found in Pinus armandii fumigated with O3 for 120 days (Figure 3d) [46]. Moreover,
according to AsA results (Figure 3b), P. occidentalis represented a great ability to manage
oxidative stress by operating the AsA redox state. This strategy seems to be effective in
preventing further damage to the cell membrane (Figure 3b,c).

Many studies have reported that air pollution negatively affects leaf morphological
structures, including stomatal density and stomatal length [52–55]. Furthermore, plants
close their stomata in response to stress conditions, such as air pollution. Stomatal responses
to major air pollution sources entering the leaf stomata are complex and vary widely among
individual species and depend on other environmental factors [18,56,57]. Traffic-derived
air pollutants can induce changes in stomatal features and may lead to a decrease in
plant physiological activities such as transpiration and photosynthesis [58]. Chaturvedi
et al. [59] also reported that the chemical composition of road dust particles around urban
areas had a toxic effect on plant growth, thus affecting the physiological, biochemical, and
morphological responses of plants.

In the present study, G. biloba located in highly air polluted areas exhibited yellowing
of the leaf edges. Symptoms of tip dieback are the characteristic of conifer needles. Thus,
our results suggested that G. biloba grown in highly air polluted areas exhibited a significant
inhibitory effect on the regulation of photosynthetic capacity due to chlorophyll damage,
resulting in compromised growth performance [17,37,38]. In a highly polluted environ-
ment, P. occidentalis exhibited necrotic flecks or spots on the leaf surfaces; however, these
symptoms were not remarkable and frequent. In particular, the white spots of P. occidentalis
can be induced not only by environmental stress but also by the invasive insect species
Corythucha ciliata, which might disturb the physiological activity of P. occidentalis. Therefore,
the decreased photosynthetic rates of P. occidentalis may have resulted from leaf-feeding
damage caused by C. ciliata [60].

Finally, our findings emphasized the importance of simultaneously determining
species-specific parameters in studies assessing the sensitivity and tolerance of plant species
to environmental air pollution. However, the responses and defense mechanisms under
stressful conditions caused by degraded air quality can vary by plant species. Moreover,
other potential stress factors such as soil compaction, low nutrient availability, and biotic
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stresses, etc. should carefully be considered in understanding the tree responses. In
addition, there are some other symbiotic organisms that can be used as bioindicators for
air pollution. However, they are not frequently found in urban areas because of their
high sensitivity to environmental pollution [12]. Therefore, plant physiological reactions
can be an alternative bio-indicator [61] due to their relative tolerance to air pollution and
distinctive physiological and biochemical responses.

5. Conclusions

Monitoring the environmental conditions around human habitats is important for
maintaining human life quality. Roadside trees are planted near human habitats and can be
used to study the effects of air pollution. Biomonitoring of air quality and environmental
health in urban areas is defined as the response measurements of living organisms to envi-
ronmental conditions and may offer a practical and cost-efficient biomarker for air quality
and environmental health. Compared to physiological reactions of humans and other
animals, plant physiological reactions show higher sensitivity to air pollutants; therefore,
they have potential uses as bio-indicators. However, plant responses to single air pollutant
or their combinations can be distinguished from one another at the same site. We found that
physiological activities were inhibited in high-polluted sites in both tree species, but the de-
gree of physiological and biochemical damages was different. Moreover, some parameters
such as cell membrane damages and stomata apertures showed species-specific responses.
In Ginkgo biloba, oxidative stress could be a major cause of the low content of chlorophyll,
which in turn results in a decline of photosynthesis. However, the AsA redox state might
be a relatively effective defense mechanism for oxidative stress in Platanus occidentalis.
Therefore, further studies should be conducted to discover distinct stress responses for
diverse roadside tree species. Altogether, this study suggests optimizing the selection for
species-specific parameters of road-side trees to improve the effectiveness of biomonitoring
using trees and to provide supporting information about environmental quality.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-445
X/10/3/236/s1, Figure S1: Leaf temperature and leaf-to-air temperature differences (∆Tleaf-air) in
Ginkgo biloba and Platanus occidentalis growing in roadsides with low air pollution (RL) and roadsides
with high air pollution (RH). (a,b) leaf temperature in June and August; (c,d) ∆Tleaf-air in June and
August. Bars in each graphic represent the means of five replicates. Yellow and green bars denote
Ginkgo biloba and Platanus occidentalis, respectively. Asterisks indicate statistically significant
differences according to independent samples t-tests between RL and RH within each tree species
(* p < 0.05; ** p < 0.01; *** p < 0.001; ns: not significant).
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