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Introduction

When subjected to stress, plants invest their energy into
combating stress rather than growth [1]. The effect of stress
depends on various factors such as plants ability to tolerate/
resist it, duration of stress, time of stress (developmental phase
of plant) and the intensity of stress. Plants show alarm phase
initially when plants see shock in the form of stress and if the
stress is too severe, permanent damage may occur. Later resis-
tance/adaptation phase sets in when adaptation processes take
place in plants and then exhaustion phase begins wherein adap-
tive capacity of plants is overwhelmed and permanent damage
to plants occur.

i
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Abstract

Urban plants have an important role in the maintenance
and sustainability of urban ecosystem. They provide CO, se-
questration, air pollution reduction, cooling effect through
shading and evapotranspiration, prevention of water runoff
and soil erosion, and aesthetic values. Urban plants are ex-
posed to various abiotic stresses such as drought, flooding,
low/high temperature/light, dust, salinity, heavy metal tox-
icity, nutritional deficiency, pollution, proximity to concrete/
metal structures, vandalism and root obstructions with
underground structures. Plant’s development, growth and
yield are severely affected due to these stresses.

This review explores mechanistic and molecular aspects
(especially photosynthesis) of environmental perturbations
i.e. dust, drought, heat, high CO, and toxic gas SO, that Ur-
ban plants are frequently subjected to, in terms of photo-
synthetic electron transfer and ATP synthesis, dissociation
of oxygen evolving complexes, cleavage of the reaction
center protein D1/D2, and any resultant alterations to pho-
tochemical reactions, fixation of CO, as well as assimilation
of carbohydrates. Current knowledge on physiological and
biochemical changes in trees/plants at the cellular level that
are associated with various stresses including osmolyte pro-
duction, inhibited metabolism, light and dark reactions of
photosynthesis, antioxidant responses and protein aggrega-
tion are discussed.

Continuous increase in the global temperature will lead to
frequent occurrences of drought worldwide. According the
World Economic Forum, global land area and number of people
facing extreme droughts could go from 3% during 1976-2005
to 7%-8% in recent future, i.e. approximately doubling. Plants
have also shown adaptive responses in terms of reduced water
loss, osmotic adjustment and tolerance to dessication [2].

Growth and development of plants is severely affected by
these stresses. As a result the yield of urban plants is drasti-
cally reduced. One of the first responses of the plants to stress
is to stop the growth so as to conserve the energy. Second and
equally fast response of plants is closure of stomata. Due to

Cite this article: Dalal VK. Impact of Urban Ecology and Related Stresses on Photosynthetic Activities of Plants. J Plant




MedDocs Publishers

stomatal closure, the CO, cannnot diffuse into the leaf meso-
phyll and thus not fixed. Concomitantly there is over-reduction
of photosynthetic electron transport and leakage of electrons
at various places to oxygen/nitrogen and other species to form
Reactive Oxygen/Nitrogen Species. Thus the light become ex-
cess which results in the irreversible photo inhibition of reac-
tion centers, therefore triggering the adaptation mechanisms
in plants. Thus generally, under stress conditions, plants need
to protect themselves from light instead of striving to gain light.

Photosystem in plants is comprised of PSI and PSIl complex-
es and the connecting CYt b6/f. PSII complex is composed of
around 25 subunits. PSIl reaction center consists of two hydro-
phobic core proteins D1 and D2 which are conserved in higher
plants. Core is surrounded by minor antenna complxes CP43
and CP47. LHCII trimers of major antenna complexes, com-
posed of Lhcb1, Lhcb2 and Lhcb3 further surround these core
complexes [3]. Antennae absorb the energy and transfer it to
the reaction centers that is utilized to break the water molecule
and remove the electron from the reaction center Chl a mole-
cule. On the luminal side, PSIl is surrounded by oxygen evolving
complexes PSB16, PSB23 and PSB33 as well as other complexes
PSBR, PSBK, PSBN and PSBS as shown in Fig 1.

The cyt b f complex is the best characterized and simplest of
the multisubunit complexes that catalyses the light reaction of
photosynthesis. It mediates the transfer of electrons from plas-
toquinone to plastocyanin, and is involved in noncyclic electron

flow from PSlII to PSI [4] as well as in cyclic electron flow around
PSI [5].

PSI complex consists of at least 13 different polypeptides in
higher plants [6]. It uses light energy to catalyze the photo oxi-
dation of plastocyanin, a copper protein present in the lumen
of thylakoid membrane and the photo reduction of ferrodoxin
(Fd), an [2Fe-2S] protein present in chloroplast stroma. As with
PSII, all PSI proteins are also believed to be present as one copy
per P700 Reaction Center. The co-factors of PSI are bound to
the PsaA, PsaB, and PsaC proteins [6]. The photochemical reac-
tion that generates redox potential to oxidize plastocyanin and
reduce Fd occurs in PSI Reaction Center.

Discussion

Urban plants, also known urban vegetation, urban green
infrastructure and urban green etc. that include urban forests,
parks, allotments, street trees, and green roofs [7], play an im-
portant role in providing Urban ecosystem services (UES) [8].
Urban plants provide CO, sequestration, air pollution reduction,
cooling effect through shading and evapo-transpiration, pre-
vention of soil water runoff and erosion, and aesthetic values.
Urban plants, compared to plants present in rural or scarce-
human population areas, are subjected more to stresses like
drought, temperature, nutrition, dust and pollution. The effect
of these stresses on photosynthetic machinery are depicted in
Figure 1 and discussed in detail below:
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Figure 1: Schematic representation of photosynthetic electron transport chain and Calvin-Benson cycle, as affected by various stresses.
Rubisco-Ribulose 1,5-bisphosphate Carboxylase/ Oxygenase, PGK: Phosphoglycerate Kinase; TPI: Triose Phosphate Isomerasse; PRK: Phos-

pho Ribulokinase; S7P: Sedoheptulose, 7 bisphatase; FBA: Fructose 1,6-Bisphosphate Aldolase.
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Dust

Dust is one of the main phenomenon in some cities in de-
veloping countries to which urban plants are subjected. There
are scarce investigations on evaluation of the effect of dust on
plants. Compared to developed countries where the air is laden
with comparatively lesser dust due to cleanliness, better infra-
structure and environmental factors, in developing countries
the problem of dust in urban air is enormous. Therefore many
investigations in the recent years have focused on the effect of
dust on plants [9—-11]. Due to deposition of dust particles on the
leaf surface, photosynthesis is drastically impaired, stomata are
blocked interfering with gas exchange.

Solid particles, coming out of vehicular exhaust and dust,
generated due to plying of vehicles, are the main sources of
deposition on leaf surfaces. Plants are one of the main reser-
voirs that collect the dust from atmosphere. Dust, collected on
leaf surfaces over a long period of time, can act as an indica-
tor as well as scavenger of air pollution. Climatic factors such
as rainfall, temperature, wind speed and relative humidity in-
fluence the quality and quantity of dust stress on plants [12].
Plants have high endurance from dust. Dust particles, depos-
ited on the upper surface of plants, affect the light quantity and
quality reaching the leaf interior, e.g. less light penetrates the
leaves and some wavelengths are especially blocked and also
raise the leaf temperature [13]. Deposited dust can alter the
optical properties of leaf e.g. surface reflectance in the visible
and near-infrared range [14]. Dust particles on the leaf surface
may also lead to the blocking of stomata which interferes with
gas exchange [15]. The reduction of leaf stomatal conductance
influences plant biomass formation and yield. Dust can also in-
directly affect plants through altering the chemical characteris-
tics of soil [16].

In a study conducted on the plane trees (Platanus orienta-
lis) in Mashhad (Iran), leaves mostly accumulated lead although
several toxic elements were enriched in air and soil [17]. More-
over, stomata were not occluded and the cuticle was thinner.
However other anatomical properties were unaffected. In a
study performed in Northwest China on cotton trees, dust de-
creased the stomatal conductance and leaf temperature [18].
Trichomes develop on leaf surfaces in some plants to prevent
the entry of dust particles in leaf stomata. In Mimusops elengi,
it was observed that the trichomes were completely absent in
the non-polluted region but in the polluted region, unicellular
trichomes developed on the abaxial leaf surface. Additionally,
the development of trichomes was maximal near stomata. Tri-
chomes help in absorption of Particulate Matter on surface of
leaves [19] and also provide plant’s protection from various
stresses such as UV light [20]. Most of the plants are tolerant
upto a dustload of 300 ug m; on the other hand, at 1500 pug
m=3, many plants show sensitivity e.g. Morus alba and Melia
azedarach showed intermediate-tolerance, however Celtis cau-
casica and Fraxinus rotundifolia showed dust sensitivity [21].

Plant’s sensitivity to pollutants in terms of greening can
be determined by Air Pollution Tolerance Index (APTI) which
is based on a combination of chlorophyll (Chl), relative water
content (RWC), ascorbic acid (AsA), and leaf pH. In a study in
Iran, the dust capturing efficiency and APTI values were found
to be in the order of Morus alba L., Celtis caucasica Willd., Fraxi-
nus rotundifolia Mill., and Melia azedarach L. In terms of APTI
values Mangifera indica, Azadirachta indica and Ficus religiosa
were found to be most tolerant species [22, 23] while Ficus
bengalensis and Alstonia scholaris were intermediately tolerant

[23] and Artocarpus sp. and Eucalyptus sp. least tolerant [22].
Although many studies have been carried out for dust response,
there is hardly any study regarding mechanistic, functional and
molecular changes e.g. transcription, translation, enzyme ac-
tivities and post-translational modification of proteins etc., in
leaves in response to dust which provides great opportunities
to work in this area.

Sulphate, nitrates and metal ions are most common stress
causing pollutants that are present in dust [24]. Being soluble
in agueous solution these ions form acidic solutions and diffuse
into the mesophyll of leaves, causing stress to them [25,26].
Photosynthesis was drastically impaired when leaf surfaces
were dusted in a study conducted by Thomson et al. [27]. Nanos
et al. [28] reported the modulation of physiological parameters
in olive subjected to dust. Highly alkaline cement dust led to
the clogging of stomata, destruction of Chl, obstruction of in-
cident light and reduced leaf area of affected plants [29]. Ash
from steel/coal industries and dust from cement kilns reduced
photosynthesis [30] e.g. by 90% in apple trees [31] and by 73%
in green beans [32] respectively. As with other stresses, dust
can also make plants more susceptible to insect attack [33].

Drought

Drought which is a combination of water deficiency, low hu-
midity and high temperature, adversely affects plant and crop
production by reducing leaf size, stem and root proliferation,
disturbing plant water and nutrient relations.

Drought is the major stress in urban trees [34]. Trees among
the pavements along roadside, decrease photosynthesis in
urban areas during drought [35]. Therefore studies should be
carried out to find drought tolerance, on a variety of plants or
different genotypes of a plant and suitable varities/genotypes
should be planted in drought prone cities. For example, a study
on Fraxinus (contains ca 65 genotypes) in UK found many geno-
types such as F. excelsior ‘Aurea Pendula’ drought tolerant and F.
americana L., F. americana ‘Autumn Purple’ and F. velutina Torr.
as drought sensitive [36].

Drought adversely affects plant and crop production by re-
ducing leaf size, stem extension and root proliferation, disturb-
ing plant water and nutrient relations, and inhibiting water-use
efficiency.

Drought affects the growth and development of plants if
imparted at an early stage. When provided at later stages, the
first response of plants to drought is closure of stomata. Physi-
ological and biochemical changes at the cellular level that are
associated with drought stress include water loss from cells
and resultant high osmotic potential, turgor loss, inhibited
metabolism, photosynthesis, cuticle permeability, and altered
membrane fluidity and composition, solute and ion concentra-
tions, protein—protein and protein—lipid interactions, antioxi-
dant responses, protein aggregation and reduction in enzyme
catalyzed reactions [37—-39] and to cell death if drought persists
[40]. Osmolytes accumulate in plants to counteract the loss in
protein conformation and activity [41]. Some common osmo-
lytes viz. carbohydrates (trehalose, sucrose, glycerol, myoino-
sitol, and sorbitol), methylamines [trimethylamine N-oxide
(TMAO), betaine, and glycerophosphoryl-cholin], amino acids
and their derivatives (proline, serine, taurine, glycine, arginine,
and Gamma amino butyric acid (GABA)) accumulate in plants
to counteract the loss in protein conformation and activity [41].
Photosynthesis [42] as well as chlorophyll biosynthesis [43] is
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decreased under drought (Figure 1).

Stomata close as soon as plants perceive drought as a result
of endogenous ABA synthesis. In Arabidopsis, ABA production
is triggered by a repid upregulation of 9-cisepoxycarotenoid
dioxygenase 3 (NCED3) gene expression by drought stress in a
vascular tissue-specific manner [44]. Photosynthesis may de-
cline due to restricted diffusion of CO, into mesophyll and in
turn to rubisco carboxylation-site and can be recovered fully
if CO, concentration is increased [39]. Mesophyll conductance
may be due to reduced levels of aquaporins that carry CO, to
the site of carboxylation in rubisco [45]. However some stud-
ies stressed on the biochemical and physiological limitations in
photosynthesis process i.e. reduced RuBP regeneration due to
low ATP availability/generation [37, 46] or from damage in PSII
oxygen-evolving complexes [47].

Light reaction: Electron transport is reported to be de-
creased in mature rice plants due to water stress [48]. D1 pro-
tein of PSII reaction center was decreased in apple, wheat and
two cultivars of Vigna radiata [49-51]. Chlorophyll b rich, light-
harvesting complexes (LHC-1I/1) are highly abundant proteins in
thylakoid membranes and contain approximately half of chlo-
roplastic chlorophyll [52]. LHC-Il were reduced in rice seedling
in response to water-stress [42, 43]. Furthermore, water-stress
damaged the reaction centers of PSIl and PSI and oxygen-evolv-
ing complexes of PSIl [42,47,53-55]. Closure of stomata (de-
creased stomatal conductance) under water-limitation leads to
decreased availability of CO, for reduction, resulting into over-
reduction of photosynthetic electron transport chain and gen-
eration of ROS (O,) at PS 1 [56, 57]. Under such conditions, sin-
glet oxygen (*0,) formation from excited triplet state of Chl also
takes place that damages the thylakoid membrane [58]. Steady-
state levels of the core antenna polypeptides of PS Il (CP47 and
CP43) that connect LHC Il and Reaction Centre PS I, decreased
in drought resistant durum wheat cultivar Barakatli 95, and re-
mained almost same in drought sensitive Garagylchyg 2 [59].
Similar results were obtained previously for other plants [47,
60, 61]. Yardonov et al [62] reported the damage to PSII reac-
tion centers as a result of drought. As a result of damage to the
PSII capacity or due to damage to the thylakoid membranes or
subunits of ATP synthase, pH gradient is not sufficiently main-
tained across the chloroplast inner membrane, in turn ATP syn-
thesizing capacity of chloroplasts is compromised. As a result
of drought, y-subunit of ATP synthase in tomato [63] and a and
B-subunits of ATP synthase were reduced in soyabean and Vitis
[64,65].

Dark reaction: Many enzymes of dark reaction of photo-
synthesis e.g. large and small subunits of rubisco, sedoheptu-
lose-1,7-bisphosphatase, Fructose 1, 6-bisphosphate aldolase,
Phosphoglycerate kinase and Triose phosphate isomerase
are reduced in abundance as well as activity under drought
[64,66,67]. Phosphoglycerate kinase and Triose phosphate
isomerase were also reported to be reduced in maize [70] and
tomato [63] cultivars upon water stress treatment. Similarly
protein abundance of sedoheputlose 1, 7 bisphosphatase and
carbonic anhydrase have also been reported to be increased
in Poa pratensis [68] and Malus domestica [69]. The active site
of rubisco is inhibited by various phosphate inhibitors, their re-
moval is facilitated by rubiscoactivase, an enzyme that requires
ATP to carry out this reaction [71]. Abundance of rubiscoacti-
vase was also found to be decreased in drought [64, 67, 72].
Fragmentation of rubisco have also been widely reported [73,

74] e.g. in the leaf proteome of wheat [75] and in susceptible
wheat lines [76].

Heat

Heat stress is also an important factor regulating growth
and development in Urban trees. Heat stress usually comes in
combination with drought in tropical countries. However, it may
be a per se stress in areas where water resources are available.

Air in Urban areas has high temperature (known as Urban
heat island effect), high pollution, low humidity and less speed
[77, 78]. The climate which is already bad in urban areas is ex-
pected to be worse in future [79, 80] as around 68% of world
population is expected to live in cities by 2050 (www.un.org). It
is normally accepted that the vegetation improves the Urban
air/climate by lowering air pollution and reducing the heat is-
land effect [77,78,81]. Urban greens therefore remain the most
important strategy to improve quality of life in Urban areas.

The Urban Heat Island effect happens due to i) Absorption
of sunlight by air pollution and re-emission in long wavelength
Infra Red heat radiations, ii) trapping of short radiation by mul-
tiple reflections among buildings and streets, and low albedo
surfaces, iii) Obstruction of re-emission loss to atmosphere, of
long wavelength radiations by building and other structures, iv)
Contribution from anthropogenic heat, v) Increased heat stor-
age by large surface areas in cities and quality of material used
in buildings, vi) reduced evaporative areas and trees compared
to rural areas, vii) energy conversion into sensible heat is more,
conversely latent heat is less and vii) reduction in the wind
speed and its obstruction by buildings cause lesser distribution
and loss of heat to surroundings [78,82].

The Urban Heat Island effect can be mitigated with increas-
ing trees at pavements, along roadsides and creating more
parks or urban forests. The average return per dollar invested
on trees was found to be $1.37 to $3.09 in five US cities in a
study conducted by McPherson et al [83]. Trees save an enor-
mous amount of energy through their cooling effect. Evapo-
transpiration from a single tree is equivalent to more than 10
air-conditioning units i.e. equal to 20-30 kW power [80, 84].
Urban forests or parks create a cooling effect known as Park
Cool Island (PCl). A park of a bigger area or forest can have even
higher cooling effect. A study in Goteborg (Germany) showed
that a park of 156 hectares could decrease (maximally) the air
temperature by 5.9 °C in summer season [85]. Even a very small
park of 0.15 hectare area could decrease the average daily tem-
perature by 1.5 °C in a study at Tel Aviv (Israel). The cooling ef-
fect reached upto 3 °C at noon [86].

Heat Stress (HS) is also an important factor regulating growth
and development of trees in cities. Urban heat island effect and
its consequences in plants are studied by many [80,82,87].
Thermal stress causes morphological changes e.g. cessation
of plant growth, chlorosis, necrosis, wilting, decrease in pho-
tosynthetic capacity, and in turn reduced yield [88-93]. Physi-
ological and biochemical changes in trees/plants at the cellular
level that are associated with heat stress include osmolyte pro-
duction, inhibited metabolism, altered light and dark reactions
of photosynthesis, and antioxidant responses, loss in enzyme
activities, protein aggregation [92]. Photosynthetic processes
perturbed at molecular level are photosynthetic electron trans-
fer and ATP synthesis [92,94,95], dissociation of oxygen evolv-
ing complexes and inhibition of electron transport from OEC
to donor side of PSII [88,95-97] and cleavage of the reaction
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center protein D1. Alterations to photochemical reactions that
is a result of decreased variable to maximum fluorescence of
PSII [88, 98], fixation of CO, as well as assimilation, transport
and interconversion of carbohydrates [89,98] is also observed.
Although rubisco is highly resistant to heat stress, ribulose-1,5-
bisphosphate (RuBP) regeneration and rubiscoactivase are sen-
sitive [99-101], as is the case with drought. Contrarily reduced
amount of rubisco might also be responsible for heat sensitivity
[98]. Similarly to drought, HS also leads to destacking and dis-
ruption of thylakoid membranes [88,102]. In pea plants, heat
stress was found to reduce the protein import into the chloro-
plast [103]. ROS are among the most important stress indicators
that are produced as a result of HS as well as other stresses and
cause damage to membranes and organelles [104, 105].

High temperatures of 35-45 °C resulted in the induction of
cyclic electrons transport and leakage of electrons from thyla-
koid membrane [89]. However under mild heat treatment, epox-
idised xanthophylls could protect the thylakoid in potato [106].

In heat and drought prone cities, the plants should be cho-
sen based on their cooling potential which is dependent on
area, density as well as evapotranspiration of leaves, to mitigate
the effect of stress. In a study conducted by Gillner et al. [79],
Corylus colurna and Tilia cordata ‘Greenspire’ trees were found
to possess high and the Ulmus x hollandica ‘Lobel’ low cooling
potential.

High / low irradiance and chilling

High/low irradiance and chilling stress are other limiting fac-
tor for Urban plants that inhibit their photosynthetic activities
and other metabolic functions [107,108]. Chilling stress disrupts
photosynthetic components including stomatal conductance,
transpiration rate, carbon reduction cycle, and thylakoid elec-
tron transport [109]. Low light causes decrease in photosynthe-
sis, carboxilation capacity, reduced electron transport, and re-
duced carbon and nitrogen metabolism [110,111]. Under high
irradiance (1000 umol m?s?) also, degradation of D1 protein
has been commonly reported e.g. in barley leaves [108]. Under
this intense light Dunalliella salina also showed photodamage
[112]. Low temperature may lead to stomatal closure, in turn,
reducing the photosynthesis via CO, depletion at rubisco car-
boxylation site [107].

High €O,

During all of the cycles between ice ages and warm periods
over the past million years, atmospheric carbon dioxide never
increased beyond 300 ppm, however the current concentration
is 410 ppm. CO, is increasing at a regular pace due to natural
causes and anthropogenic activities. It is predicted to reach
upto 550 ppm by the middle of the 21st century. Due to vehicu-
lar exhaust, wood and coal burning and industrial processes,
CO, concentration has increased gradually in urban areas. High
CO, in general causes an increase in photosynthesis. In several
C, plants i.e. brassica, wheat, rice, soybean etc., when grown in
a FACE facility, elevated CO, increased photosynthesis rate [113,
114], leaf area index and yield [114-116]. In some plants, the
PS 1, PSII, whole chain photosynthetic electron transport rates,
increased in eCO, [114]. High starch accumulation in leaves as
a result of eCO, was observed in many plants [117-119]. The
specific responses of each crop may be different [115,120] and
many differences are even observed among the different variet-
ies/cultivars of the same species [119,120].

Usually increased photosynthesis is sustained over long

periods i.e. there is no decrease in photosynthesis and yield
[114,118,121,122]. Maintenance of photosynthesis with no
decrease in yield over long periods have been observed in fast
growing trees [121], and in soybean and poplar [116, 118, 123].
In deciduous forest trees photosynthesis increased consistently
for 8 consecutive years in eCO, [122] Changes in protein expres-
sion is one of the responses to elevated CO,.

However contrasting reports of decrease of photosynthesis
and yield to previous levels, after a few generations, have also
been reported [117,119,124] and is equally important. This pro-
cess is called photosynthetic acclimation [116,124]. Photosyn-
thetic acclimation happens due to decrease in abundance, car-
boxylation capacity (Vmax)/efficiency, activation state [117,119]
and total activity of rubisco. A lesser than normal concentration
of CO, at rubisco active site as a result of lower stomatal and
mesophyll conductance may also lead to decreased CO, fixa-
tion [125]. The stomatal conductance (gs) is generally reduced
in elevated CO, and is also subject to feedback regulation [126].
Reduced gs in response to elevated CO, may be due to altered
stomatal density [127] and stomatal development by down-
regulation of genes [127-129]. The mitochondrial respiration is
usually increased in eCO, and is attributed to increased mito-
chondria and abundance of mitochondrial proteins [118,130].
Sugar accumulation in an elevated CO, environment is known to
cause modulation of transcription of chloroplast proteins [131]
leading to the speculation for acclimation.

Nitrogen supply and the form of Nitrogen available in soil
also influence the growth and yield of plants in presence of
eCO,. Carbon and nitrogen assimilation are co-regulated. Under
nitrogen (N) limiting conditions, elevated CO, failed to increase
biomass and economic yield of Arabidopsis, wheat and rice
plants [132-134].

Sulphur dioxide

SO, is an important gas that is produced as a result of heat-
ing system and burning of fuel in greenhouses in winter season
in colder countries. SO, can enter the plant tissues either from
soil via the roots or from the atmosphere via the leaves. Pho-
tosynthesis is one of the first processes affected by SO, [135].
SO, response on physiological activities is mediated through
the stomatal conductance [136]. At low concentrations, SO, is
oxidized and used to synthesize proteins [137]. Therefore plants
had shown initial increase in photosynthesis and increase in
respiration in response to low SO, [138]. However, at high con-
centrations, SO, cause leaf injury, disrupts the functioning of
thylakoid membranes and electron transport chain [139,140],
reduce photosynthetic activity, destroy pigments, cause stoma-
tal damage, interfere with membrane permeability, and reduce
plant growth and yield [141]. Interestingly, compared to young-
est and oldest leaves, mature leaves are more susceptible to
SO, injury [142]. In Glycine max photosynthesis decreased with
increasing concentrations of SO, [143]. In Vicia faba, photo-
synthesis reduced in proportion to the SO, concentration. Sto-
matal resistance was regulated through the feedback loop be-
tween photosynthesis and internal CO, [144]. In the succulent
plant Augea capensis, photosynthesis was inhibited only when
SO, fumigation (with 1.3 and 0.6 ppm) was performed in the
dark [145]. Here carboxylation efficiency inhibited by 38% and
CO, saturated rates of photosynthesis by 62%. However, this
inhibition was fully reversible, indicating no permanent meta-
bolic damage [145]. Elevated CO, was reported to reduce the in-
hibitory effect of SO, on photosynthesis by reducing SO, injury
and SO, absorption via inducing stomatal closure [143]. Upon
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treatment with different gases including SO,, strawberry plants
showed closure of stomata, reduced photosynthesis and accu-
mulation of ROS (singlet oxygen and hydrogen peroxide) [146].

Conclusion and future perspectives

The green spaces in urban environments especially mega cit-
ies have a tremendous importance in terms of cleaning the air,
reducing the temperature, mitigating pollutant effects, decreas-
ing localized CO, concentrations as well as providing aesthetic
values. Therefore preserving such areas should be of utmost
importance to the public as well as policymakers. Although,
exulted cost of the land discourages the allocation for green
spaces, the future scenario of climate change make it impera-
tive to reconsider green space allocation in cities. Second equal-
ly important aspect is to plants trees that are able to perform
better under urban environments in terms of stress tolerance
and are able to provide maximum above-mentioned benefits.

The plants in urban environments are subjected to various
stresses. Photosynthesis is a highly sensitive process and is af-
fected by most of these stresses. To make the photosynthesis
process active in plants, chlorophyll, carotenoids and xantho-
phyll pigments need to be synthesized, and assembled with
proteins to make functional electron transport chain complex-
es. The plants have to deal with lesser or excess light and al-
tered diurnal rhythms through manipulation of leaf orientation,
reflectance, xanthphyll cycle changes (increased non photo-
chemical quenching) and photoinhibition. The stomata need to
be tightly adjusted in response to the external environment and
the CO, after being diffused or actively transported to rubisco is
fixed. The fixed CO, has to be removed from the site of produc-
tion and transported to sink in temporal and spatial separation.
All these processes may be affected by various stresses. Plants
respond to stresses by adjustments of metabolic processese.g.
osmolytes accumulation [147,148], membrane permeability,
antioxidant synthesis and chaperon synthesis etc. [37,39,116].
Therefore understanding these processes at molecular level
and in terms of responsible QTLs and adopting breeding strate-
gies to transfer the respective QTLs to the novel varieties and
transgenic approaches may help in application of the generated
knowledge.
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