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Abstract: The optical properties and ecophysiological parameters of leaves of Ceratonia siliqua L. (carob),
expanded in more and less polluted habitats, were compared, in order to evaluate the effect of air quality in
leaf development. The accumulation of pigments (chlorophylls @ and b, and carotenoids) and specific leaf
area (SLA, cm?g) were seasonally determined during leaf development (i.e., in nine successively grown
leaves along shoots). Leaf transmittance (T) and reflectance (R) spectra for both adaxial and abaxial leaf
surfaces were measured between 250 and 2500 nm wavelengths, using a UV-VIS spectrophotometer and leaf
absorptance (Abs) [(Abs =100 — (R + T)] is used to assess the effect of environmental quality of more and less
polluted habitats in Athens, according to the files of the Hellenic Ministry of Environment and Energy, on
carob leaf physiology. An increase, in the studied leaf parameters, was observed, for carob trees grown in the
urban site. There was an increase in SLA from spring to late summer and a decrease in late autumn. Leaves of
the less polluted site in the bush, regardless of the developmental stage exhibited greater water absorption,
while the adaxial surface absorbed more radiation in both categories of plants. It seems likely that differences
in optical properties and pigment accumulation have important implications for model simulation purposes
and may be used for air pollution biomonitoring .

Keywords: Air pollution; biomonitoring; chlorophyll; Ceratonia siliqua; climate change; leaf optical
properties; model simulation; pigment accumulation; SLA

1. Introduction

The urban environment does not usually offer to trees ideal living conditions (ground
impermeable, less water available, lack of soil nutrients, toxic products and atmospheric pollutants).
Air pollutants lead to a variety of adverse effects and visible injury symptoms in plant leaves. Various
studies show that different plant species elicit the environmental quality in which they grow by
changing their leaf anatomical and physiological properties, and thus changes in leaf properties can
be used to provide a reasonably accurate assessment of habitat quality [1-4]. Pollution can directly
affect plants’ physiology either via leaves exposed to air-polluted conditions or indirectly via soil
acidification. Pollutants absorbed by the leaves cause changes in stomatal opening, photosynthesis
and the concentration of chlorophylls, which directly affects the plant productivity [5]. The effect of
the air pollutants on plant structure and function has been in the focus of interest for many
investigators. It is difficult to estimate the effects of air pollutants because organisms are
concomitantly exposed to a wide range of uncontrolled abiotic and biotic variables (parasites,
weather conditions and complex mixture of pollutants). On the physiological and morphological
point of view, the plants from polluted sites possess important phenotypical alterations changes
especially regarding their colors, shapes, leaf length, width, area and petiole length. As leaves
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represent the main surfaces of plant canopies where energy and gases are exchanged they are the
most sensitive parts to be affected by air pollution; therefore, at various stages of leaf development,
they may serve as sensors of air pollutants, indicating that plants do survive in polluted environments
[6-9].

Biomonitoring is useful for the assessment of environmental impacts of pollution on living
organisms including plants. The benefit of using plants as a bio-sensors is their uncomplicated
deployment in field campaigns. Moreover, monitoring based bio-sensors are cheap compared to the
costly physico-chemical monitoring [10-12].

Carob tree (Ceratonia siliqua L.) is being investigated as a potential bio-monitor plant for urban
habitats. It is a common tree, native in the Mediterranean Basin [13], appearing in urban and
suburban areas, exhibiting great morphogenetic plasticity and tolerance to drought stress conditions
[14]. It requires little if any cultivation, tolerates poor soils and is long lived [15,16]. Carob tree has a
great potential as a tree crop for restoring vegetation, reforestation and improving the productivity
of marginal drylands. It is widely planted as an ornamental tree on the streets, considering that it
reflects sunlight and reduces noise pollution. The sclerophyll carob leaves are characterized by a very
thick, unilayered adaxial epidermis, while stomata are present only on the abaxial surface [17-19].
The compound leaves of carob expand within a 3-months period; then, they cease growing, and are
exposed to the environmental conditions for approximately 20 months [20-22].

The objective of this research is to understand the effect of air pollution on the optical properties
and on the chlorophyll content of carob leaves and develop a model that classifies an area whether it
is polluted or not, by using this plant species as a bio-monitor.

2. Experiments

Compound leaves of two carob trees (approximately 60-70 years old), without any watering or
fertilizing treatment, grown at two sites with different air quality (more polluted urban area
37058'17.85"'N, 23°45'28.24"'E, and less polluted suburban area 37°57'34.35"'N, 23°47'56.25' 'E) were
collected throughout a year. Concentrations of air pollutants were measured by the Hellenic Ministry
of Environment and Energy [Table 1] [23]. The accumulation of photosynthetic pigments
(chlorophylls a and b, and carotenoids) was seasonally determined during the leaf development (i.e.,
in nine successively grown leaves along shoots). Leaf area, dry weight and specific leaf area were also
estimated. Transmittance (T), reflectance (R) and absorptance (A) spectra for both the adaxial and the
abaxial leaf surfaces were measured between 250 and 2500 nm wavelength (bandwidth 2 nm), using
a UV-Vis spectrophotometer.

Table 1. Mean PMuo (particulate matter with a diameter less than 10 pm), NO, NO2z and Os (ug m™)
and CO (mg m™) values at the two experimental sites of Athens metropolitan area.

2018 Less polluted {(suburban area) More polluted (urban area)

Months | PM,, co NO N0, O PMy, | CO | NO | NO, O
Apr 27 - 2 18 106 38 05 10 41 &0
May 3 - 1 14 G6 32 04 5 28 76
Jun 20 - 1 13 101 29 03 3 25 81
Jul 18 - 1 11 101 28 0.4 4 28 80
Aug 19 - 1 & 103 26 02 1 le 85
Sep 17 - 1 14 96 5 03 4 7 g
Oct 23 - 2 13 73 31 04 9 3 63
Now 15 - 2 14 53 25 0.5 11 29 42
Dec 12 - 1 12 52 33 0.9 23 30 42
Jan 13 - 2 14 59 33 08 24 35 44
Feb 13 - 2 13 66 27 15 11 34 59
Mar 37 - 1 15 g 44 07 & 28 59

2.1. Estimating Specific Leaf Area and Chlorophyll Content



82
83
84
85
86
87
88
89
90
91
92
93

94

95
96
97
98
99
100
101

102

103

104
105
106
107
108

109
110

The 1st International Electronic Conference on Plant Science, 1-15 December 2020

Nine successively leaves grown along shoots were collected early in the morning. Following
harvest (within 1 h), the leaves were scanned in a flatbed scanner to calculate the fresh area using
Image] Pro then they dried at 60 °C for 48 h to a constant mass and weighed to the nearest 0.001g.
Specific leaf area (SLA) was calculated by the ratio of fresh leaf area per dry leaf mass (cm2g1). The
dried material was then powdered, using a MFC mill (Janke and Kunkel GMBH & Co, Germany) and
stored in tightly sealed containers, in a cool dry and dark environment. The total chlorophyll (Chl)
content was spectrophotometrically determined in leaf samples according to a modified acetone
method [24]. Chlorophyll concentration was extracted from dried, grounded leaf samples mixed and
homogenized with acetone (80% v/v) using china pestle and mortar, and filtered through Whatman
# 2 filter paper. The chlorophyll content was measured in aliquots of the leaf extracts using a
spectrophotometer (Pharmacia Biotech Novaspec II) at A663.2, A646.8, A470 and the absorbance
readings were applied to relevant equations, in order to determine the chlorophyll content [24].

2.2. In Situ Measurements of Optical Properties of Fresh Leaves

Leaf reflectance (R) and transmittance (T), for both adaxial and abaxial fresh carob leaf surfaces
was measured between 250 and 2500 nm wavelength [25] (bandwidth 2 nm), using a UV/VIS
spectrophotometer (Perkin Elmer Lambda-950), equipped with an integrating sphere and glassfibre
tubes [26]. The calculated leaf absorptance (pigments, water, dry matter) at a range of wavelengths
from 250 to 2500 nm [A =100 — (R + T)] was used to assess the effect of environmental quality of the
contrasting habitats in Athens for the carob tree. Statistical significance of the differences in optical
properties will be tested for model simulation purposes.

3. Results

3.1. Chlorophyll Content

An increase, in the studied leaf parameters, was observed, for carob trees grown in the urban
site. Leaf chlorophyll content was found much higher at the more polluted site [Figure 1,2] in
comparison with that of the less polluted area; in young leaves a relatively high carotenoid content
was estimated. Leaf chlorophyll a+b concentration increased up to the 6th leaf (counting from the top
of the shoot) for both habitats and then remained constant [Figure 1].

5 Ceratoniasiliqualess polluted . Ceratonia siligua more polluted

Chlorophyll a+b (mg * g-1)
Chlorophyll a+b (mg * g-1)

1| @ 7=-0,014x2+0,2221x+1,3582 1 U .
[ ] R2=0,9923 . ° y=-0,0284x+0,443x+ 1,575
L [ R2=0,991
0 0
i 2 3 4 5 6 7 § 9 1 2 3 4 5 6 7 8 9
Leaf position on the stem Leaf position on the stem
(a) (b)

Figure 1. Chlorophyll content in relation to the leaf position on the stem (nine successively growing
leaves, counting from the top of the shoot) during a twelve-month period: (a) less polluted site; (b)
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more polluted site. The red dots refer to the mean value throughout a year. The equation of the
polynomial regression line and its coefficient (R%-value) are given in the figure.

A significant increase of the concentration of chlorophyll a + b, was observed during June-July
in leaves grown in the suburban site in the bush, whereas in leaves grown in the urban site the
maxima were obtained during August-September [Figure 2].

Ceratonia siliqualess polluted Ceratonia siligua more polluted
5 5

T4 5 2 :
an o [ (] ™
0 g ¢
£ g o\ o o * 4
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= . £ 5 ¢ = /P . $§ ¢ ¢ ¢ e
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£ /8 ¢ N AT L, . £ * o
(o 2 3 . ~ . b4 ] ] ] % 2 [ ] ° ]
2 i—2 ° * '] g o o s ' ' 8 L]
L . S
£ <= [
9} 1 [ ] ] i @

]

. L

0 0
Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar
(@) (b)

Figure 2. Chlorophyll content throughout a year: (a) less polluted area; (b) more polluted area. The
red dots refer to the mean value of nine successively growing leaves, counting from the top of the
shoot.

3.2. Specific Leaf Area (SLA) (Leaf Area/Dry Weight cm?g)

The specific leaf area (SLA) was measured throughout the year. The SLA values varied with leaf
position on stem and in their responsiveness to environmental stimuli. Younger leaves exhibit lower
values of SLA due to smaller leaf area and decreased dry weight. Significant difference was observed
between the two research sites; suburban carob leaves possessed lower SLA in comparison with
leaves growing in the urban area. There was an increase in SLA from spring to late summer and a
decrease in late autumn. Additionally, a decrease of SLA was observed in mature leaves from both
urdan and sub-urban sites [Figure 3]. A high SLA indicates a low dry matter investment per unit of
leaf area.
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70
Ceratonia siligua urban-suburban area

60
more polluted area

y=-0,3928x2+ 3,4501x+ 43,632
R2=0,6894

50

0 | g

SLA(cm?*g)

30

L)

less polluted area
20
y=-0,3227x%+3,6076x+23,158

R2=0,7019
10

Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar

Figure 3. SLA values for two carob trees growing in different habitats throughout a year. The red
dotsrefer to the mean value of nine successively growing leaves, counting from the top of the shoot.
The equation of the polynomial regression line and its coefficient of determination (R>-value) are
given in the figure.

3.3. Leaf Optical Properties

The leaf absorptance (A) was calculated [A =100 — (R + T)] by measuring Transmitance (T) and
Reflectance (R) using a UV/VIS spectrophotometer (Perkin Elmer Lambda-950), in the range between
300 nm and 2500 nm assessing pigments concentration, water content, dry matter etc. The absorption
of light by photosynthetic pigments dominates the optical properties of green leaves in the visible
spectrum (400-700 nm). Chlorophyll a (the most abundant plant pigment) absorbs light with
wavelengths of 430 nm (blue) and 662 nm (red), chlorophyll b (increases the range of light) absorbs
light of 453 nm and 642 nm, and carotenoids (accessory pigment) absorb light maximally between
460 nm and 550 nm. A great amount of phenolic compounds were found in the plant tissue that
absorb in the UV region (260-350 nm). Anthocyanins (flavonoid pigments not associated with
photosynthesis) strongly absorb light between 450 nm and 550 nm (blue and green light), with a peak
at about 520 nm [Table 2]. However, foliar reflection in the near-infrared plateau (NIR, 700 nm-1100
nm) is affected by multiple scattering of photons within the leaf, and it is related to the internal
structure, fraction of air spaces, and air-water interfaces that refract light within leaves.

Water is almost transparent to visible light, whereas in the shortwave-infrared one observes two
major water absorption peaks centered near 1470 nm and 1900 nm, and two minor absorption peaks
centered near 970 nm and 1200 nm.

The organic compounds (e.g., cellulose, hemicellulose, lignin, structural proteins) that comprise the
dry matter of plant cell walls form complex assemblages, that actually strongly absorb radiation in
the UV (A <0.4 um) and in the middle-infrared (A 2 2.5 pm) region [25].

Table 2. Peak absorption of the most common plant pigments, biochemical compounds, water.

Compound Absorption Peaks, Wavelengths (nm)
Phenolic compounds 260-370
Chlorophyll a 430 and 662
Chlorophyll b 453 and 642
Carotenoids 460-550
Anthocyanins 450-550 (maximum at 520)
Water 970 nm, 1200 nm, 1470 nm and 1900 nm (maximum)

5
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Cellulose - Lignin

1400-2000 and 2000-2500 (maximum)

Protein - Starch - Sugar

1400 and 2000-2500 (maximum)

Leaf chlorophyll contents were found higher at the more polluted site, in comparison with that
of the less polluted area [Figure 6]. Absorptance spectra showed higher reflectance efficiency in
mature leaves than in young leaves and was significantly higher in more polluted sites compared to
less polluted. In addition, the abaxial surfaces reflected more than the adaxial surfaces in the visible
portion of the spectrum and absorb less light in both plants [Figure 4,5].

A stronger absorptance is noticed at the near infrared and shortwave infrared spectra (water
absorptance) for young and mature carob leaves of the urban site. The spectral response is highest in
shortwave infrared near 1950 nm [Figure 6]. Leaves of the less polluted site, regardless of the
development stage, exhibit greater water absorption, while the adaxial surface absorbes more

radiation in both categories of plants [Figure 6].

Absorptance of the adaxial surface of 5 less polluted successiveleaves

Absorptanceof the abaxial surface of 5 less polluted successive leaves

Visible Nearinfrared Shortwaveinfrared Visible Nearinfrared Shortwaveinfrared
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Figure 4. Absorptance spectrum of 5 fresh leaves [the number (No) refers to leaf position on the stem
counting from the top] collected from a less polluted site: (a) the adaxial leaf surface; (b) the abaxial
leaf surface.

Absorptance of the abaxial surface of 5 more polluted successive leaves
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Figure 5. Absorptance spectrum of 5 fresh leaves [(the number (No)refers to leaf position on the stem
counting from the top] collected from a more polluted site: (a) the adaxial leaf surface; (b) the abaxial
leaf surface.

Absorptance of leaf No3 of different habitats (adaxial) Absorptanceof leaf No7 of different habitats (adaxial)
Visible Nearinfrared Shortwaveinfrared Visible Nearinfrared Shortwaveinfrared
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Figure 6. Absorptance profile for adaxial leaves with different stem position growing in a suburban
and urban site: (a) absorptance of the 3rd leaf (No3); (b) absorptance of the 7th leaf (No7), counting
from the top of the stem.

4. Discussion

Over the past few decades industrialization and anthropogenic activities affect the increasing
concentrations of atmospheric pollutants, especially atmospheric COz and tropospheric Os, which
play significant roles in the functioning of ecosystems. Air pollution problems are primarily gathered
near urban and industrial areas and mostly have a negative impact on plants as foliar surface
undergoes different structural and functional changes. Leaf construction involves a stoichiometric
balance among biophysically and environmentally dependent metabolites (chlorophyll, nitrogen,
water) and SLA (specific leaf area) and varies according to the environmental conditions [25].
Although high stress inhibits the synthesis and accumulation of chlorophylls, pigments seem to be
stimulated by low-level stress. Increased chlorophyll concentration in response to low-level stress
may equip the leaf-system with an enhanced capacity for defense against high-level (health-
threatening) challenges (pigment hormesis) [27].

In this study, we assess the potential of carob tree (Ceratonia siliqua L.) as a bioindicator and/or a
biosensor for monitoring air pollution as it is a commonly distributed species, it can be samples easily
and shows a physiological response to differences in habitat quality. The accumulation of pigments
and specific leaf area, which were seasonally determined during leaf development for carob trees of
two different habitats (urban, suburban) as well as leaf specular behavior, indicate a significant
increase, in the studied leaf parameters for carob trees grown in the urban site. It seems likely that
differences in optical properties and pigment accumulation have important implications for model
simulation purposes and may be used for air pollution biomonitoring.

Acknowledgments: The authors would like to thank the staff in the Institute of Electronic Structure and Laser
at FORTH for advice and help during this work.

Author Contributions: S.P., S.R. and M.S.M.C. conceived and designed the experiments; S.P. performed the
experiments; S.P. analyzed the data; S.R., M.SM.C. and E.S. contributed reagents and analysis tools; S.P.,
M.S.M.C. and S.R. wrote the paper.



198

199

200
201

202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248

The 1st International Electronic Conference on Plant Science, 1-15 December 2020
Conflicts of Interest: The authors declare no conflict of interest.

5. References

10.

11.

Falla J.; Laval-Gilly P.; Henryon M.; Morlot D.; Ferard J.F. Biological air quality monitoring: a review.
Environmental Monitoring and Assessment 2000, 64(3), 627-644.

Meletiou-Christou M.S.; Nassios K.; Rhizopoulou S. A study on the growth rate of Mediterranean plants
exposed to the air pollution of the city of Athens. In: SBOMED. The Mediterranean city facing climate change
2008, Proceedings CD pp. 1-10.

Honour S.L.; Bell ].N.B.; Ashenden T.W.; Cape ]J.N.; Power S.A. Responses of herbaceous plants to urban
air pollution: effects on growth, phenology and leaf surface characteristics. Environmental pollution 2009,
157(4), 1279-1286.

Molnér V.E.; Téthmérész B.; Szabé S.; Simon E. Urban tree leaves’ chlorophyll-a content as a proxy of
urbanization. Air Quality, Atmosphere & Health 2018, 11(6), 665-671.

Khalid N.; Masood A.; Noman A.; Ageel M.; Qasim M. Study of the responses of two biomonitor plant
species (Datura alba & Ricinus communis) to roadside air pollution. Chemosphere 2019, 235, 832-841.
Meletiou-Christou M.S.; Rhizopoulou S. Constraints of photosynthetic performance and water status of
four evergreen species co-occurring under field conditions. Botanical Studies 2012, 53(3), 325-334.

Leghari S.K.; Zaidi M. Effect of air pollution on the leaf morphology of common plant species of Quetta
city. Pakistan Journal of Botany 2013, 5(S1), 447-454.

Meletiou-Christou M.S.; Rhizopoulou S. Leaf functional traits of four evergreen species growing in
Mediterranean environmental conditions. Acta Physiologiae Plantarum 2017, 39(1), 34; doi:10.1007/s11738-
016-2330-4.

Bharti S.K.; Trivedi A.; Kumar N. Air pollution tolerance index of plants growing near an industrial site.
Urban Climate 2018, 24, 820-829.

Falla J.; Laval-Gilly P.; Henryon M.; Morlot D.; Ferard J.F. Biological air quality monitoring: a review.
Environmental Monitoring and Assessment 2000, 64(3), 627-644.

Balasooriya B.L.W.K_; Samson R.; Mbikwa F.; Boeckx P.; Van Meirvenne M. Biomonitoring of urban habitat
quality by anatomical and chemical leaf characteristics. Environmental and Experimental Botany 2009, 65(2-
3), 386-394

Cotrozzi L.; Townsend P.A.; Pellegrini E.; Nali C.; Couture ].J. Reflectance spectroscopy: A novel approach
to better understand and monitor the impact of air pollution on Mediterranean plants. Environmental Science
and Pollution Research 2018, 25(9), 8249-8267.

Ramon-Laca L.; Mabberley D.J. The ecological status of the carob-tree (Ceratonia siliqua, Leguminosae) in the
Mediterranean. Botanical Journal of the Linnean Society 2004, 144(4), 431-436.

Pratikakis E.; Rhizopoulou S.; Psaras G.K. A phi layer in roots of Ceratonia siliqgua L. Botanica Acta 1998,
111(2), 93-98.

Rhizopoulou S.; Nunes M.A. Some adaptative photosynthetic characteristics of a sun plant (Ceratonia
siliqua) and a shade plant (Coffea arabica). In Components of productivity of Mediterranean-climate regions. Basic
and applied aspects, Margaris N.S., Mooney H.A., Eds.; Dr W. Junk Publishers Hague, The Nethelands,1981;
pp- 85-89

Chimona C.; Rhizopoulou S. Water economy through matching plant root elongation to Mediterranean
landscapes. World Journal of Research and Review 2017, 5(2), 22-24; doi:10.31871/WJRR.5.2.32.
Christodoulakis N.S. Structural diversity and adaptations in some Mediterranean evergreen sclerophyllous
species. Environmental and Experimental Botany 1992, 32(3), 295-305.

Nunes M.A.; Linskens H.F. Some aspects of the structure and regulation of Ceratonia siliqua L. stomata.
Portugaline Acta Biologica 1980, 16(1/4), 165-174.

Shahzad A.; Akhtar R.; Bukhari N.A.; Perveen K. High incidence regeneration system in Ceratonia siliqua L.
articulated with SEM and biochemical analysis during developmental stages. Trees 2017, 31(4), 1149-1163.
Diamantoglou S, Mitrakos K. 1981. Leaf longevity in Mediterranean evergreen sclerophylls. In Components
of productivity of Mediterranean-climate regions. Basic and applied aspects, Margaris N.S., Mooney H.A., Eds.;
Dr W. Junk Publishers Hague, The Nethelands,1981; pp. 17-19.



249
250
251
252
253
254
255
256
257
258
259
260
261
262

The 1st International Electronic Conference on Plant Science, 1-15 December 2020

21.

22.

23.

24.

25.

26.

27.

Rhizopoulou S.; Davies W.]. Influence of soil drying on root development, water relations and leaf growth
of Ceratonia siligua L. Oecologia 1991, 88(1), 41-47.

Rhizopoulou S.; Mitrakos K. Water relations of evergreen sclerophylls. I. Seasonal changes in the water
relations of eleven species from the same environment. Annals of Botany 1990, 65(2), 171-178.

Hellenic Ministry of Environment and Energy 2018. https://ypen.gov.gr/wp-
content/uploads/legacy/Files/Perivallon/Poiotita%20Atmosfairas/Ektheseis/Ekthesi2018.pdf

Lichtenthaler H.K. Chlorophylls and carotenoids: pigments of photosynthetic biomembranes. Methods in
Enzymology 1987, 148, 350-382.

Jacquemoud S.; Ustin S. Spectroscopy of Leaf Molecules. Leaf Optical Properties (pp. 48-73). Cambridge:
Cambridge University Press, 2019, doi:10.1017/9781108686457.003.

Stratakis E.; Zorba V.; Barberoglou M.; Fotakis C.; Shafeev G.A. Laser writing of nanostructures on bulk Al
via its ablation in liquids. Nanotechnology 2009, 20,105303; doi: 10.1088/0957-4484/20/10/105303.
Agathokleous E.; Feng Z.; Pefiuelas J. Chlorophyll hormesis: Are chlorophylls major components of stress
biology in higher plants?. Science of The Total Environment 2020, 138637.

@ - © 2020 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
‘ @ article distributed under the terms and conditions of the Creative Commons by Attribution

(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).




