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HIGHLIGHTS

In general, toxic metals cause negative effects on plants’ physiology.

Lead reduces chlorophyll B, negatively impacting photosynthesis and the photosystem II.

Aluminum acts negatively specially in chloroplast pigments.

Fabaceae family do not present changes in physiology when exposed to those Toxic Metals.

ABSTRACT

Toxic metals have become some of the main abiotic agents that influence the stress
of organisms due to their numerous agricultural and industrial uses that result in
bioaccumulation and toxicity at different levels, depending on the type and concentration
in the environment. Aluminum and lead are present as a result of anthropogenic activities
and cause soil contamination and, consequently, pollution effects on producers such as
plants. In this review, we used meta-analysis techniques to assess the effect of aluminum
and lead on plant physiology. We calculated the overall effect size for the response variables
photosynthesis, maximum quantum efficiency of photosystem II and plastid pigments
(chlorophyll a, chlorophyll b and carotenoids). Moreover, it was possible to test the the
effect of each metal and the phylogenetic relationship for the probability of Fabaceae 
species to respond to the pollution caused by these heavy metals, due to the number of 
studies found using this family. Overall, exposure to the toxic metals at high magnitudes 
affects photosynthesis and chlorophyll b (by reducing its amount). When considering the 
effect of each metal separately, aluminum reduced the content of the chlorophyll a and 
chlorophyll b. However, lead reduced photosynthesis, maximum quantum efficiency of 
photosystem II and chlorophyll b. When considering the Fabaceae species, there was no 
reduction of the parameters analyzed under stress by toxic metals. Therefore, our results 
confirm that these toxic metals (aluminum and lead) are toxic to plant physiology, mainly 
affecting the efficiency of the photosynthetic system and the plastid content.
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INTRODUCTION 

Toxic metals are classified as chemical elements 
with a density greater than 5 g.cm-3 or an atomic number 
greater than 20 (using calcium as a reference), are 
associated with pollution problems but occur naturally 
on Earth, and are released during the process of erosion, 
volcanism and some other naturally occurring disasters 
(Ozyigit et al., 2016). Industrial and mining activities 
commonly increase the release of toxic metals through 
their effluents, which also contain chemicals and other 
pollutants. These chemicals and pollutants are usually 
treated and their final destination (e.g., landfills and places 
that treat waste and effluent) is decided by environmental 
managers (Li et al., 2018). However, untreated effluent 
is sometimes released, harming ecosystems, biodiversity 
and human health. The destruction of vegetation cover 
and the degradation of soil are consequences of the 
leaching of these metals, which is the main route of 
contamination of water sources, rivers and groundwater 
(Tozsér et al., 2017). 

As a result of industrial and agricultural expansion, 
toxic metals have become some of the main abiotic 
agents that influence the stress of organisms and their 
bioaccumulation and toxicity are found at different 
environmental levels. Even at low concentrations, toxic 
metals such as arsenic, cadmium, chromium, mercury, 
lead and aluminum are potentially toxic to organisms 
(Ozyigit et al., 2016). However, there are metals (e.g., 
copper, iron, manganese, molybdenum, nickel and zinc) 
that are essential for several biological processes but are 
harmful at high concentrations (Ozyigit et al., 2016). 

Plants sensitive to toxic metal contamination, such 
as the Myrica genus, exhibit toxicity symptoms, indicating 
the presence of these elements in the environment. 
The plasma membrane can be affected by toxic metals, 
since it is the first to establish a relationship with these 
contaminants (He et al., 2018). Photosynthesis of 
plants exposed to toxic metal contamination is also 
compromised, since these elements can reduce the levels 
of chlorophyll and carotenoids due to the inactivation of 
the enzymes responsible for the biosynthesis of these 
pigments. Harmful effects on the electron transport 
chain, inactivation of the Calvin cycle enzymes and 
reduction of stomatal conductance have also been 
reported (Marques et al., 2018). 

Lead (Pb) is a major pollutant because it is a 
potentially toxic metal and accumulates for many years in 
the soil. It damages the development and negatively affects 
the physiological and biochemical structures of plants, 
inhibiting photosynthesis, altering enzymatic activities, 

and causing the inhibition or reduction of germination and 
chlorosis in the leaves (Ozyigit et al., 2016). Therefore, 
Pb has the potential to modify anatomical characteristics, 
such as the number of stomas, stomatal conductance and 
the size of vascular bundles (He et al., 2018). Moreover, 
Pb can cause oxidation of the root system and change the 
water and hormonal balance. Another important plant 
response to toxic metal exposure is foliar gas exchange 
because it reflects different levels of environmental stress 
and can be directly related to photosynthesis (He et al., 
2018). According to Fu and Wang (2015), when Brassica 
chinensis was exposed to small amounts of Pb (300 mg/ 
Kg) the metal promoted an increase in photosynthetic 
capacity and carbon assimilation. However, a decline 
and inhibition of these two responses were reported 
at a concentration of 900 mg/Kg of Pb. Moreover, at 
lower concentrations, Pb does not alter the production 
of plastid pigments, maintaining the photosynthetic rate 
(Fu and Wang, 2015; Ozyigit et al., 2016). However, 
at high concentrations (i.e., 100 μmol to 400 μmol) Pb 
tends to inhibit the production of chlorophyll a and b and 
carotenoids (Ozyigit et al., 2016). 

Aluminum (Al) contamination releases nitrate 
and hydrogen, causing the pH to decrease. At low pH, 
hydrogen (H+) acts on minerals by releasing aluminum 
ions (Al3

+) that are predominantly retained by the negative 
charges of soil clay particles, in equilibrium with Al3

+ in 
solution. Thus, the amount of Al3

+ in solution increases 
with soil acidity. Consequently, this leads to a reduction 
in the availability of nutrients and Al accumulation in 
different parts of the plant, affecting cells and organelles 
at the cytogenetic, morphological and physiological 
levels. This affects plant development mainly in the root, 
which exhibits the first visible sign of toxicity (Matsumoto 
and Motoda, 2013; Zhang et al., 2018). However, Al can 
positively contribute to plant physiology and growth 
when used in hydroponic cultivation because this 
technique associates Al with the composition of nutrients 
supplied to plants, providing better phytosanitary control 
(Quian et al., 2018). Aluminum is preferentially bound 
to the cell wall components and has high affinity for 
carboxyl and phosphate groups, as well as a preference 
for oxygen donors (Zhang et al., 2018). Together with 
low pH, Al affects nutrient accumulation, leading to 
nutritional deficiencies in many species (Quian et al., 
2018). Al toxicity also causes lesions in cell structures, 
such as the nucleus, cytoskeleton, plasma membrane 
and cell wall; consequently, this impairs cell division and 
expansion, resulting in restricted growth and unhealthy 
foliage (Mendes et al., 2018).
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Photosynthesis is another process sensitive to 
environmental stress from excess Al. This leads to a 
decrease in the content of plastid pigments, causing signaling 
mechanisms that initiate appropriate changes to the 
photosynthetic apparatus at physiological and biochemical 
levels in response to environmental changes (Matsumoto and 
Motoda, 2013). In this context, Al also reduces the capacity 
of electron transport and, consequently, the assimilation of 
internal carbon, which is possibly associated with thylakoid 
damage (Zhang et al., 2018). 

Considering the data available in the literature 
and the variation of physiological responses of plants to 
exposure to toxic metals, the aim of this review was to 
identify, through the technique of meta-analysis, general 
patterns related to the effects of toxic metals (lead and 
aluminum) on plant photosynthesis. 

MATERIAL AND METHODS 

We reviewed the studies through a systematic literature 
search, of the “Web of Science” and “Periódicos Capes” 
databases, using the following topics as keywords: “toxic metal” 
and “lead and photosynthesis,” “aluminum and photosynthesis,” 
“lead and chloroplast pigments” and “aluminum and chloroplast 
pigments,”; in addition, we also selected dissertations and theses 
(complementary material 1). 

We selected studies that reported values of 
average and standard deviation of the following response 
variables: photosynthesis, efficiency of photosystem II (Fv/ 
Fm), chlorophyll a, chlorophyll b and carotenoids under 
different experimental concentrations of Pb and Al. We 
excluded articles that did not study Pb and Al and those 
that did not include the standard deviation. The data were 
recorded, including the family of each species studied. 

The effect size was calculated for each studied case 
as the standardized mean difference (d) obtained from 
the equation, where X1 is the mean of the control, X2 is 
the average of the treatment and Swithin is the standard 
deviation parameter that considers the standard deviation 
and the sample size both of the control and the treatment.

[1]

The variance (Vd) of d was calculated as, Where n1 
is the error of the control, n2 is the error of the treatment. 

[2]

The negative value of d means that Al or Pb 
promoted an increase in the activity of the parameter 
analyzed in relation to the control and positive values mean 
that the metal analyzed reduced the activity in relation to 
the control. 

The overall effect size was calculated using random 
effects models for each response variable. These models 
were used because they attribute the effect size distribution 
to the actual differences among the cases and do not assume 
that the sampling error is the only source of differences 
among them. A Z test was performed with a 95% 
confidence interval and the maximum and minimum values 
were calculated to determine if the effect size differed from 
a normal distribution (Tozsér et al., 2017; Gurevitch et al., 
2018). Moreover, the heterogeneity was assessed in order to 
identify moderators that would explain potential differences 
among the cases. Model assumptions and the publication 
bias were verified using a variety of methods (normal QQ, 
influence graph, funnel graph, symmetry test and fail-safe 
number) and the metafor package in the R environment (R 
Development Core Team 2012). 

RESULTS 

A total of 124 scientific articles published from 
2005 to 2016 were reviewed which 166 case studies 
were extracted using the inclusion and exclusion criteria 
(complementary material 1). The overall effect size 
indicated that the metals acted negatively on photosynthesis 
(4.25) and chlorophyll b (0.71), while for the response 
variables Fv/Fm, chlorophyll a and carotenoids, the metals 
did not show an effect on plant physiology. 

When analyzing the effect by each toxic metal 
(Figure 1), Pb negatively affected photosynthesis (25.16), Fv/
Fm (1.76) and chlorophyll b (2.52), while chlorophyll a and 
carotenoids were not significant for Pb. However, Al had a 
negative effect on chlorophyll a (8.65) and b (6.45) (Figure 1). 
The other response variables had less than 10 cases, making 
it not possible to consider Al as a moderator in the analysis. 

Considering the plant families as moderators, only 
Fabaceae (Figure 2) presented enough case numbers 
to be analyzed. The response variables related to the 
plastid pigments and Fv/Fm did not have significant values, 
indicating that the metals did not interfere with the 
production of these pigments and in the reaction centers 
of photosystem II by the Fabaceae species.

FIGURE 1 Effect size of aluminum and lead on chlorophyll a, 
chlorophyll b, carotenoids, photosynthesis and Fv/Fm..
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FIGURE 2 Effect size of toxic metals on chlorophyll a, chlorophyll 
b, carotenoids and Fv/Fm of Fabaceae species..

DISCUSSION 

In this meta-analysis, we showed that toxic 
metals (Pb and Al) affect plant physiology by reducing 
photosynthetic activity. Although photosynthesis is 
important to determine plant vigor, it is very vulnerable 
to stress by toxic metals (He et al., 2018). Due to the 
toxicity of the metals, the photosynthetic apparatus is 
impaired, altering stomatal conduction, transpiration rate 
and the gas exchange associated with internal carbon. 
This may also influence the amount of plastid pigments, 
thus compromising photosynthesis (Fu and Wang, 2015). 
Metals prevent chlorophyll b from donating electrons to 
chlorophyll a by disrupting the acyclic photophosphorylation 
process that, consequently, prevents the absorption of 
light by damaging photosynthesis (Fu and Wang, 2015; He 
et al., 2018). 

Chlorophyll a is the main pigment responsible for 
capturing light. When toxic metals substitute elements of 
its chain it restricts the capacity to capture energy and the 
possibility of producing organic matter. Chlorophyll b is 
also reduced when the plant is exposed to toxic metals, 
since the metals damage the thylakoid membranes and 
substitute compounds of the chlorophyll metabolic 
pathway (Fu and Wang 2015; Marques et al. 2018). Toxic 
metals may interfere with chlorophyll biosynthesis by 
inhibiting the formation of α-aminolevulinic acid (ALA), 
as well as protochlorophyllide reductase, the key enzyme 
of phototransformation. However, the stabilization 
of carotenoid content in plants is generally related to 
increased tolerance to oxidative stress by toxic metals 
(Leal-Alvarado et al., 2016). 

Pb negatively affected photosynthesis and Fv/ 
Fm. Although a higher proportion of Pb remains in the 
roots, this metal can directly or indirectly cause damage 
to shoots, mainly by affecting the performance of the 
photosynthetic apparatus (Leal-Alvarado et al., 2016, He et 
al., 2018). Pb inhibits the entire process of photosynthesis 
by reducing the photosynthetic rate, since it affects both 
photochemical and carboxylation reactions, causing 

changes in the organization of the chloroplast, modifying 
antioxidant enzymes that have the function of protecting 
plants, and changing photochemical reactions and carbon 
chains (He et al., 2018). 

When plants are exposed to Pb, the photosynthetic 
rate is reduced because the chloroplast organization 
breaks, inhibiting the synthesis of plastoquinone and 
chlorophyll. This toxic metal also reduces chlorophyll 
content by inhibiting the synthesis and activity of 
enzymes. The substitution of central magnesium in the 
chlorophyll molecule by Pb is another explanation for 
the decline in the plastid pigment content. Lead can also 
prevent the capture of photosynthetic light in chlorophyll 
molecules affected by the substitution of metallic ions 
(He et al., 2018). 

The reduction of chlorophyll b by Pb is a 
defense mechanism in order to preserve the content of 
chlorophyll a, which is the most abundant pigment and 
plays a fundamental role in photosynthesis. It is known 
that Pb causes chlorosis and foliar atrophy, decreasing 
light absorption. Thus, the plant compensates for this 
damage using chlorophyll b as an electron donor for 
chlorophyll a, which explains the reduction in chlorophyll 
b since this pigment is not replaced. However, chlorophyll 
b is a pigment that assists in the uptake of light and is 
an accessory pigment with a photoprotective effect; it 
reduces the harmful effects of light in the photosynthetic 
apparatus, avoiding damage to photosynthetic 
membranes (He et al., 2018; Marques et al., 2018). 
The Fv/Fm decline reflects the structural damage to 
photosystem II and an increase in the dissipation of non-
photochemical energy as heat. Thus, the reduction of the 
quantum efficiency of photosystem II could be explained 
as a diminished ability of the plants to assimilate CO2 or 
as a result of oxidative phosphorylation (He et al., 2018). 
In addition to the above facts, Pb is also responsible 
for oxidation that causes damage to the photosystem 
II reaction centers when they are overexcited. In 
photosystem II, loss of the Dl protein involved in electron 
transfer between the reaction center of photosystem II 
and plastoquinone occurs (He et al., 2018). 

Aluminum, when absorbed and accumulated in 
different parts of the plant, affects cells and their organelles 
at morphological, cytogenetic and physiological levels, 
impairing the functioning of the photosynthetic system 
and degrading the plastid pigments. Aluminum may also 
reduce the photochemical activity of the chloroplast, 
resulting in a decrease in the effective absorption of light 
energy and photosynthetic efficiency, and consequently 
changes the levels of chloroplast pigments (Rampim and 
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Lana, 2013). Aluminum also causes oxidative damage by 
inhibiting aminolaevulinic acid, which plays an important 
role in the synthesis of chlorophyll (Mendes et al., 2018). 

High concentrations of Al are detrimental to 
chlorophyll synthesis and result in the degradation of 
chlorophyll. Reduction in fresh and dry weights are directly 
linked to the reduction in the synthesis of plastid pigments due 
to the impediment of energy allocation between vegetative 
organs (Quian et al., 2018). Aluminum causes oxidation 
in the reaction centers and this process is irreversible and 
directly involves the light-receiving pigments, which are very 
excited and interact with O2 producing free radicals, such 
as superoxide (O2-), which can destroy plastid pigments 
(Rampim and Lana, 2013). 

The abundance of chlorophyll a associated with 
the high mobility of Al in the plant causes the replacement 
of magnesium (Mg) in the chain of chlorophyll by Al. This 
reduces the light absorbing capacity and, consequently, 
the photosynthetic capacity, and explains why the 
content of the pigment is reduced by the metal. The 
substitution of Mg by Al results in the blockade of normal 
activity and promotes changes in how the Calvin cycle 
functions, inhibiting photosynthetic electron transport 
(Rampim and Lana, 2013; Quian et al., 2018). 

Aluminum causes oxidation in carotenoid 
molecules, which have unsaturated and conjugated 
structures, resulting in complex products of their 
degradation. The intense oxidation results in the 
breakdown of the pigment, discoloration and loss of 
biological activity (Rampim and Lana, 2013). 

One of the largest botanical families is Fabaceae, 
which has a wide geographical distribution and is the third 
largest family of terrestrial plants in number of species. 
It is the second largest economically important family of 
angiosperms and includes many plants of food importance. 
Also, it has many taxa of great ornamental potential, is 
commonly planted in urban areas and, for this reason, 
suffers from contamination by toxic metals (Marques et 
al., 2018). Pereira et al. (2012), when studying the use 
of this family in the reforestation of contaminated areas, 
concluded that metals in the soil were at concentrations 
above the safe values established by legislation and that the 
plants established in the contaminated site were tolerant. 

Even the metals did not interfere in the parameters 
analyzed in this family, the simple presence of lead or 
aluminum could reduce the maximum quantum efficiency 
of photosystem II due to the loss of complex proteins, 
closed reaction centers and the lack of the ability to transfer 
electrons, which reduces photochemical quenching. 
The presence of toxic metals reduces the absorption of 
light, which consequently reduces the excitation of the 
reaction centers. As a consequence, the plants absorb 

more water to perform photolysis, compensating for the 
loss of electrons. The metals also damage the cytochrome 
b6f complex, which is responsible for the connection 
between the photosystems, thus reducing the amount of 
H+ protons and consequently reducing the formation of 
ATP (Elkhouni et al., 2018). 

CONCLUSION 

Our meta-analysis revealed that the toxic 
metals have negative effects on plant physiology, when 
considering photosynthesis and the plastid pigments. 
However, each toxic metal (Pb and Al) has different 
effects when analyzed separately. Pb, besides reducing 
chlorophyll b, also impairs photosynthesis and the 
maximum quantum efficiency of photosystem II, while 
aluminum is more harmful to plastid pigments. For 
Fabaceae species stressed by toxic metals, there is no 
change in the photosynthetic, plastid pigment content 
and the maximum quantum efficiency of photosystem 
II. The possible negative effects that toxic metals cause 
to the photosynthetic apparatus of plants are already 
known and there are few results in the literature that 
describe a beneficial effect of exposure to these metals. 
However, it was possible to verify through the cases that 
depending on the metal and parameter evaluated there 
can be no toxic effect or damage to the plant. 
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