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Abstract

Essential macro- and microelements availability strictly influences photosynthetic process as well as the overall plant
status. Besides essential macro- and micronutrients, a group of other elements described as ‘beneficial’ has been
proposed to ameliorate plant performances under optimal and/or stressful conditions. The first explanation of the term
‘essential’, as suggested by Arnon and Stout in 1939, defined beneficial elements as not essential since they are not
necessary for plants to complete their life cycle. However, at low amounts, they can exert promoting effects on plant
performances, including photosynthesis. In this review, we summarize the positive effect of seven beneficial elements
(Se, Si, Na, I, Ti, Ce, and La) on plant photosynthetic processes to depict a clear picture of the influences of these

beneficial elements on photosynthesis.
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Introduction

The term ‘essential element’ for plant nutrition was
proposed by Arnon and Stout (1939), and successively
modified by Epstein (1965), as an element necessary to
complete the plant life cycle. However, to date, essential
elements are still an open question remaining an intricate
and dynamic research topic (Marschner 2012). If macro-
elements (Ca, K, Mg, N, S, and P) are well defined, being
usually present in plant tissues at concentrations > 1,000
mg kg !(dry mass, DM), in contrast, micronutrients remain
an open topic, due to their lower concentrations in tissues
[usually < 100 mg kg '(DM)]. There is a fine line between
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the microelements and ‘beneficial’ elements. The latter are
not necessary to a plant life cycle but they can improve
plant performances under optimal or stressful conditions
(Vatansever ef al. 2017). This has led several authors to
consider some microelements as essential or beneficial
(Broadley et al. 2012, Vatansever et al. 2017). So, no
wonder that some controversial element will be included/
excluded in the list of essential plant microelements in the
future through further molecular and physiological studies.

Photosynthesis is the process that fuels our biosphere
and some microelements, such as Cu, Fe, and Mn, are
necessary for the correct functioning of photosynthetic
process as they are constituents or cofactors of many
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e Beneficial elements (BE) have been proposed to ameliorate plant

performances

e Se, Si, Na, I, Ti, Ce, and La were reported to improve photosynthetic traits
e Bases of photosynthesis improvement by BE are far from being fully

elucidated
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proteins and enzymes (Aggarwal et al. 2012). However,
also elements called ‘beneficial’, administered at low doses
in plants, can effectively stimulate the photosynthetic
activity, probably due to nonspecific reactions in plants
leading to the eustress phenomenon (Nyitrai et al. 2003).
Moreover, beneficial elements, such as Se, Si, Na, I, Ti, Ce,
and La, can additionally exert peculiar features, becoming
constituents of cellular structures and proteins involved in
photosynthesis or having photo-electromagnetic effects
on photosynthesis (Brownell and Bielig 1996, Hong ef al.
2002, Yamamoto et al. 2012, Andrade et al. 2018, Kiferle
et al. 2021).

Previous literature surveys described the role of these
beneficial elements in planta (Pilon-Smits et al. 2009,
Broadley et al. 2012, Vatansever et al. 2017, Lyu et al.
2017, Gomez-Merino and Trejo-Téllez 2018) while this
review aims to describe the specific effects of Se, Si, Na,
I, Ti, Ce, and La on plant photosynthetic traits under both
optimal and stressful conditions. However, we are aware
that from the works presented in this review, the influence
of a specific beneficial element on photosynthesis could
both be ascribable to the ion form and also to the plant
species. In addition, for certain particular plant taxa, some
ofthese elements are essential (e.g., sodium for halophytes),
which, conversely, might become beneficial for plants
belonging to most of the other taxa. This review attempts
to provide a starting point to stimulate further molecular
and physiological studies to clarify the promoting effects
of these beneficial elements to the photosynthetic process.

Selenium

Selenium is one of the most studied beneficial elements in
plants and often used in plant biofortification programs,
due to its positive effects on the human health (Malagoli
et al. 2015). Selenate and selenite are the two major
chemical forms of Se bioavailable in the soil. Selenate is
transported in plants through sulphate transporters since
both ions showed molecular similarity, while selenite is
taken up by phosphate transporters (White 2018, Trippe
and Pilon-Smits 2021).

In plants, Se plays a positive role in photosynthesis,
chloroplast and cell membrane development, and it is
also involved in antioxidant and ROS regulation (Pilon-
Smits 2015). Indeed, Se can improve the growth and plant
performance at lower concentrations reducing the possible
detrimental effects of abiotic stressors (Amirabad ef al.
2020).

In plants subjected to drought stress, it was reported
that Se, either added to the soil or sprayed on leaves,
improved the photosynthetic rate (e.g., Germ et al. 2007,
Andrade et al. 2018); however, a positive effect on gas-
exchange parameters was also observed during heat
(Haghighi ef al. 2019), salinity (Jiang et al. 2017), and Cd
stresses (Filek e al. 2010, Amirabad et al. 2020). Under
these stressful conditions, higher levels of g, £, Px, WUE,
and better maintenance of PSII performances (higher
F./F. and ®ps;) were observed with respect to control
(see references in Table 1).
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Similar effects of Se were observed in Triticum
aestivum (Nawaz et al. 2015) and Olea europaea (Proietti
et al. 2013) subjected to drought conditions. Under
salinity, Habibi (2017a) found that higher F,/F,, values in
Petroselinum crispum plants treated with Se as compared
to the controls were attributable to lower damage to PSII.

The positive impact of Se on g, E, P, and WUE could
be very useful for plants growing in arid, semiarid, or
salty areas. This protective effect of Se on photosynthetic
processes consisted in minimizing damages to the chloro-
plast structure and enhancing the electron transport rate
(Andrade et al. 2018). Indeed, Djanaguiraman et al.
(2010), reported that Se application in sorghum plants
grown under high temperature stress conditions increased
the antioxidant defence and, in this way, increased the
photosynthetic rate and grain yield. Plants cultivated
with Se have a strengthened antioxidative capacity due
to increased antioxidant enzyme activity and decreased
ROS content (Xue et al. 2001). This concept is reinforced
by Alves et al. (2020) reporting that Se can alleviate the
negative effects of Cd-stress conditions and also enhance
the tolerance of tomato plants against this trace element by
improving the nutritional status, the proline content, and
increasing the activity of antioxidant enzymes.

It is evident that low concentrations of Se (e.g., 15 uM
Na,SeO;-5H,0) can enhance the activity of some anti-
oxidant enzymes, such as ascorbate peroxidase, glutathione
reductase, dehydroascorbate reductase, and monodehydro-
ascorbate reductase in Zea mays (Yildiztugay et al.
2017), glutathione reductase and glutathione peroxidase
in T aestivum (Balakhnina and Nadezhkina 2017), and
superoxide dismutase and glutathione peroxidase in
Solanum lycopersicum (Castillo-Godina et al. 2016).
Also, under heat stress, in Sorghum bicolor plants,
Djanaguiraman ef al. (2010) demonstrated that the amelio-
rative effect of Se on photosynthesis resulted from lower
ROS accumulation in mesophyll achieved by enhancing
antioxidant enzyme activities.

In conclusion, even though the exact way by which
selenium promotes benefits in plants remains until
unknown, certainly Se can restore the photosynthetic
capacity, improve antioxidant system and enhance crop
production in plants subjected to environmental stresses
(Feng et al. 2013, Alyemeni et al. 2018).

Silicon

In the Earth's crust, Si represents the second most
abundant element; therefore, it can be present at relevant
concentrations in the rhizosphere (Broadley e al. 2012,
Vatansever et al. 2017, Sheik et al. 2018). Among Si
accumulator plants, monocotyledons (e.g., Poaceae)
usually accounted for higher Si contents than that of
dicotyledons (e.g., Cucurbitales and Urticales) (Raven
2003, Kaur et al. 2016). Silicon is transported in plants as
Si(OH)s, then converted and stored to hydrated amorphous
silica on cell walls (Vatansever et al. 2017). Silicon
enhances the strength and the rigidity of cell wall due to
a positive interaction with pectin and polyphenols (Zhang



Table 1. Effect of selenium (Se) on plant photosynthetic traits.

BENEFICIAL ELEMENTS IN PLANTS

Beneficial Administra- Chemical form and Species Stress type Observation Concentration in ~ Reference
clement  tion method concentration plant tissues
Selenium  Leaf 1 g(Na,SeO,) m>  Fagopyrum UV-B Higher ®pgyy - Breznik et al.
esculentum (2005)
(Moench) cv. Darja
and Fagopyrum
tataricum (L.)
Gaertn.
Leaf 10 mg(Na,SeO,) L' Solanum Drought  Higher ®psp 258-730 ng Germ et al.
tuberosum L. g '(leafDM) (2007)
Leaf 1 g(Na;SeOs) m>  Fagopyrum Drought  Higher giand - Tadina et al.
esculentum Moench. Dpsyy (2007)
Leaf 75 mg(Na,SeO,) L' Sorghum Heat Higher Py, g, 20-30 pg Djanaguiraman
bicolor (L.) Moench and £ g '(leaf DM) et al. (2010)
Nutrient 2 uM Na,SeOq Brassica Cadmium Higher F./F,, - Filek et al.
solution napus L. Dpgpr, and qp (2010)
Leaf 30 g(Na,SeO,) ha!  Hordeum Drought  Higher F./F,, - Habibi
vulgare L. and g, (2013)
Leaf 50-150 Olea Drought  Higher £, P, 2636 ng Proietti et al.
mg(Na,SeO4) L europaea L. and g g '(leaf FM) (2013)
Substrate 10, 20, 50 Oryza No stress  Higher Py, C,,  0.9-5.5 mg Zhang et al.
g(Na,Se0;) ha™! sativa L. E,F,, Fn, FJ/Fn, kg'!(shoot DM), (2014)
and F./F, 0.2-1.2 mg
kg!(root DM),
40-70 pg
kg '(grain DM)
Leaf 0.017 g(Se) L! Pyrus x No stress  Higher Py, g5,  0.0041 pug g'(FM) Feng et al.
bretschneideri E, and C; in pear, (2015)
Rehder, Vitis 0.0092 pg g '(FM)
vinifera L., and in grape,
Prunus persica (L.) 0.0038 ug g '(FM)
Batsch in peach
Substrate  3-24 mg(Na,SeOs) Nicotiana No stress ~ Higher Py, g,  4.13-31.36 mg Jiang et al.
kg! tabacum L. and G kg '(root DM), (2015)
0.53-3.66 mg
kg !(stem DM),
1.17-7.52 mg
kg !'(leaf DM)
Leaf 40 mg(Na,SeOy) L™ Triticum Drought  Higher E, Px,  2-6 pg g'(shoot) Nawaz ef al.
aestivum L. and g, (2015)
Substrate 20, 40, 80 uM Brassica Epibrassi- Higher Py, g, - Naz et al.
Na,SeO, Juncea L. nolide C, WUE (2015)
Nutrient 0.1-0.3 mg(Na,SeO; Helianthus No stress  Higher Py, E, - Garousi et al.
solution or Na,SeO,) L' annuus L. F./Fn, and F,/F, (2016)
Leaf 10, 50 and 100 Brassica No stress  Higher F,, 0.28-1.41 mg Ghasemi et al.
png(Na,;SeOs) ml™!  oleracea L. kg '(leaf DM) (2016)
Substrate 5 mg(Na,SeOq) kg!  Helianthus Salt Higher F,/F, 2.40-2.58 mg Habibi
annuus L. kg '(DM) in (2017a)
shoots and roots,
respectively
Nutrient 1 mg(Na,SeO,) L' Petroselinum Salt Higher F\/F,, - Habibi
solution crispum L. (2017b)
Nutrient 1 uM Na,SeO; Zea mays L. Salt Higher Py, g5, - Jiang et al.
solution and £ (2017)
Nutrient 1.5, 6 uM Na,SeO; VFicia Lead Higher Chl 4.69-4.67 mg Mroczek-
solution faba L. kg!(shoot DM)  Zdyrska et al.
(2017)
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Substrate 0.5, 1, and 2 mg(Se) Oryza
kg™! sativa L.
Leaf 40 mg(Na;SeO;) L Oryza
sativa L.
Leaf 20, 40 mg(Na,SeO,) Zea mays L.
L
Nutrient 10 uM Solanum
solution Na,SeOs5-5H,0 lycopersicum L.
Nutrient 5 ppm Na,SeO, Allium
solution sativum L.
Nutrient 4, 6, 8 mg(SeCly) L Caspicum
solution annum L.
Leaf 10, 20, 30,40, and  Oryza
50 uM Na,SeO, sativa L.
Substrate 2, 4, 6 uM(Na,SeO.) Brassica
kg Juncea L.
Nutrient 2,4,8 Raphanus
solution mg(Na,SeOs-5H,0) sativus L.
L*l
Nutrient 1 uM Na,SeO; or  Solanum
solution Na,SeO4 lycopersicum L.

Drought  Higher Py 0.5-2.25 mg pot! Andrade ef al.
and F in aerial part (2018)
No stress  Higher g; - Gao et al.
and £ (2018)
Salt Higher Chl - Ashraf et al.
(2018)
Cadmium Higher Chl, 0.15-0.49 pmol  Alyemeni et al.
Car, Py, g, E, g '(shoot DM), (2018)
Fy/Fm, @psi, 0.14-0.30 pmol
and qp g '(root DM), and
1.12-2.41 pmol
g '(leaf DM)
Cadmium Higher Py, E, - Sepehri and
and g; Gharehbaghli
(2019)
Heat Higher F\/F,, 1.78-3.51 mg Haghighi et al.
E, g, and C; kg '(leaf DM), (2019)
0.98-1.18 mg
kg '(root DM),
0.15-1.85 mg
kg !(fruit DM)
No stress  Higher Py 20-50 ng Luo et al.
and g, g '(grain DM), (2019)
20-70 ng
g'(leaf DM),
12 ng g''(stem DM)
Chromium Higher Chl, Car, - Handa ef al.
Py, g, G E (2019)
Cadmium Higher ®pgy 49.3-124.5 mg Amirabad et al.
and Fu/Fp, g '(root DM), (2020)
127.83-443.93 mg
g '(leaf DM)
Cadmium Higher £, g, - Alves et al.
and Py (2020)

et al. 2015, Hussain et al. 2021). Table 2 shows that one
of the most frequent consequence induced by foliar and
substrate treatments with Si is the improvement of g
with the parallel enhancement of Py in both optimal and
stressful conditions.

Hussain et al. (2021) found that Si, even in low amounts,
increased Py, g, and E in Glycine max subjected to low
light conditions, reducing C; and increasing chlorophyll
(Chl) content. These effects of Si are reported in plants
grown in shade conditions and the authors related the
enhanced photosynthetic rate to the reduction in the leaf
area, the increase in fresh mass (FM) and leaf thickness.
Similar ameliorative effects on photosynthesis were
observed by Tripathi ez al. (2021) in G. max. However, in
this case, the increase in photosynthetic rate was related
to an improved root system suggesting that Si enhanced
water and mineral uptake from the soil. Furthermore, in
Si hyperaccumulators, such as Oryza sativa, some authors
found that Si had a positive effect on photosynthesis by
enhancing the g, (Detmann ez al. 2012, Pereira et al. 2020).
The g reflects the entire diffusive CO, pathway in the
leaf, from the substomatal air spaces to the carboxylation
sites localised in the chloroplast stroma. Obviously, from
stomata to chloroplast, CO, crosses different biophysical
barriers such as intercellular air spaces and cell wall
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(Gago et al. 2020). Although there is evidence that Si
might modify the cell wall thickening (Yamamoto et al.
2012), how Si contributes to both anatomical and
biochemical components of g, remains far to be clear.
Future studies related to this aspect might help understand
Si—photosynthesis interactions.

Sodium

As it emerges from the literature, Na can be beneficial
or even essential mainly for C4/CAM, halophyte, and
natrophilic species (Pilon-Smits et al. 2009, Broadley
et al. 2012, Maathuis 2014, Kaur et al. 2016). Martinez
et al. (2005) reported higher values in Py and increase in
WUE levels in Na-treated plants (with respect to controls)
of Atriplex halimus (Cs xerohalophyte species) under
water stress (Table 3). Moreover, in Panicum antidotale,
Hussain et al. (2020) observed an alleviation of the negative
impact of drought on gas-exchange parameters in Na
plants (100 mM NaCl) by maintaining higher values in Py,
s, E, Vemax, and Jiax with respect to drought Na-untreated
plants. These beneficial effects are related to a positive
impact of the low Na concentration on photochemical
reactions and, in particular, stimulating photosynthetic
pigments and photochemical PSII efficiency. This could



Table 2. Effect of silicon (Si) on plant photosynthetic traits.

BENEFICIAL ELEMENTS IN PLANTS

Beneficial Administra- Chemical form and Species Stress type Observation Concentration  Reference
clement tion method concentration in plant tissues
Silicon Nutrient 2 mM Si Oryza No stress  Higher Py 47-51¢g Detmann et al.
solution sativa L. and gn kg'(leaf DM) (2012)
Nutrient 1.5 mM added as Oryza Zinc Increase of - Song et al.
solution KSiO; sativa L. expression of (2014)
genes associated
with photosyn-
thesis
Leaf 6 mM Na,SiO, Triticum Drought  Higher Py - Maghsoudi et al.
aestivum L. and g, (2016)
Substrate 100-500 mg(Ca0O-Si0,) Saccharum Drought  Higher Py 1-4 mg Verma et al.
L officinarum L. and g g'(leaf DM)  (2020)
Substrate 2 mM Si added as SiO,  Sorghum Drought  Higher Py, g, 382417mg  Avilaet al
bicolor (L.) and Pn/Ci kg '(leaf DM)  (2020)
Moench
Nutrient 2 mM Si Oryza Biotic Higher Py 1820 g Pereira et al.
solution sativa L. and gn kg '(leaf DM)  (2020)
Substrate 1g(Ca0-Si0,) kg '(soil) Piper Biotic Higher Py, g, - D'Addazio et al.
nigrum L. and WUE (2020)
Substrate Substrate: 0.08 kg m?  Glycine No stress  Higher Py - Tripathi et al.
and leaf of fertilizer with 25% max (L.) Merr. and g (2021)
of SiO,
Leaf: 2 mM Na,SiO;
Leaf 200 mg(Na,SiOs) kg! Glycine Low light Higher Py 0.17 mg Hussain et al.
max (L.) Merr. and g g'(stem FM)  (2021)
Table 3. Effect of sodium (Na) on plant photosynthetic traits.
Beneficial Administra- Chemical form and Species Stress type Observation Concentration Reference
element tion method concentration in tissues
Sodium Nutrient 50 mM NaCl Atriplex Drought  Higher Py 400-800 umol Martinez et al.
solution halimus L. g'(leaf DM)  (2005)
Nutrient 510 mM NaCl Arthrocnemum No stress  Higher Py, gs, 0.1-9 mmol Redondo-Gomez
solution macrostachyum and midday F,/F,, g'(root DM), et al (2010)
(Moric) C. Koch 0.5-5 mmol
g'(shoot DM)
Leaf 50 mM NacCl Zygophyllum Drought  Higher Chl, Py,  2.13 mmol Ma et al.
xanthoxylum g, WUE, and ®@ps;; g''(leaf DM)  (2012)
(Bunge) Engl.
Nutrient 100 mM NacCl Panicum Drought  Higher Py, g, Ci, - Hussain et al.
solution antidotale Retz. E, Vemax, and Jiax (2020)
Nutrient 100200 mM NaCl Beta vulgaris No stress  Higher Py 190400 mM  Rasouli et al.
solution subsp. maritima L. in leaves (2021)

be explained by the fact that, in C, plants, Na acts as
an essential element for the conversion of pyruvate to
phosphoenolpyruvate in mesophyll cells, and it is also
involved in the transport of pyruvate into mesophyll cell
chloroplasts by sodium-dependent pyruvate transporters
(Furumoto et al. 2011). Indeed, Furumoto et al. (2011)
proposed that sodium-dependent pyruvate transport in
some C, species is regulated by a two-translocator system
as follows. Pyruvate enters the chloroplast with Na by a
sodium/pyruvate cotransporter (BASS2). On the other
hand, a sodium/H" antiporter (NHD1) exchanges protons

(required for the conversion of phosphoenolpyruvate) with
sodium cations. Pyruvate is an essential molecule for many
plastid-localized metabolic pathways of plants, including
the Cs photosynthetic CO,-concentrating mechanism
(Ohnishi et al. 1990, Furumoto et al. 2011). Sodium,
maintaining the granal stacking, also provides a suitable
environment for the energy transfer between PSII and PSI
(Brownell and Bielig 1996); however, further studies need
to be conducted to elucidate the effects of low salinity on
photochemical reactions.

Similar ameliorative effects of Na supplementation
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under drought stress were also observed in Zygophyllum
xanthoxylum, a succulent xerophyte woody C; species (Ma
et al.2012). The authors suggested that this species showed
similar properties to salt-accumulating halophytes as the
increase in Py values was strongly related to g;, probably
enhanced through Na-mediated osmotic adjustments
(Redondo-Gomez et al. 2010, Hedrich and Shabala 2018).

In conclusion, Na is not only beneficial but essential
for some C, or CAM species but it is beneficial even for
some halophytic species that accumulate this element in
the salt-resistance mechanism and in natrophilic species or
in drought conditions.

Todine

Although I biofortification in plants was deeply investi-
gated (Cheng 1981, Blasco et al. 2011, Kiferle et al. 2021,
Izydorczyk et al. 2021), there is a lack of information
about the ameliorative effects on photosynthesis related
to I if compared to other elements used in plant bioforti-
fication such as Se (Table 4). This was probably due to
the high I toxicity for plants and to the difficulty to find
the concentration at which this element can be useful
for plant growth. Once inside the plant, I is transported
predominantly through the xylem; however, a transport
through phloem was also reported suggesting that I is
relatively mobile to sink organs (Herrett er al. 1962,
Landini et al. 2011, Smolen et al. 2014).

In an experiment conducted by Blasco ef al. (2011), by
using low (20 and 40 uM) and high doses (80 uM) of T as KI
(I) or KIO; (I057), it was observed that the administration
of very low doses of I" or 105~ promoted g; and E, that, in
turn, enhanced Py in lettuce plants. However, only plants
treated with 105~ (at 80 uM) maintained an elevated Py
in respect to controls, whereas I induced a decrease in
gas-exchange parameters, highlighting the phytotoxic
effect of high doses of this I form (Blasco ez al. 2011).

To date, a detailed report of Kiferle e al. (2021) using
Arabidopsis plants, revealed the existence of several
iodinated proteins involved in photosynthesis, such as
constituents of PSII (PsbA, PsbB, PsbC, and PsbD), OEC
(PsbO, PsbP, PsbQ, and PsbR), LHCII (CAB3, LHCB2.1,
LHCBI1B1, LHCB3, LHCBS), PSI (PsaB, PsaE, PsaF,
and PsaH), Cyt be¢/f (PetA and PetC), plastocyanin

Table 4. Effect of iodine (I) on plant photosynthetic traits.

electron carrier (PETE2), and ferredoxin-NADP(+)-
oxidoreductase (FNR1). Moreover, other iodinated pro-
teins were involved in the development/maintenance of
both photosystems (Psb27, Psb29, Psb31, and Psb33), in
PSII photoprotection (MPH1) or in the degradation of
the photodamaged D1 reaction centre. Since I can be a
structural component of several different proteins involved
in photosynthesis, the authors proposed that I could have a
potential nutritional role in plants. However, the capability
to generate iodinated proteins represents one of the main
reasons of the high toxicity exerted by this element and
explain why the range of concentrations between positive
and negative effects in plants is extremely narrow.

Titanium

Ti, after Fe, is the most abundant transition metal, and its
abundance on Earth's crust is about five times lower than
that of Fe and 100 times greater than that of Cu. Ti, usually
administrated on leaves as ionic Ti or TiO, nanoparticles
(NPs), was successfully used as beneficial element to
improve crop production (Ercoli er al. 2008, Lyu et al.
2017).

In plants, there is a lack of knowledge about the
transport of Ti and TiO, NPs; it is conceivable that they
can be absorbed by roots or leaf stomata and actively/
passively transported through plant tissues following
a similar transport of Fe (Lyu et al. 2017).

About the beneficial effects of this element in the
photosynthetic process, it was observed that Ti application
stimulated the Chl content in Vigna radiata (Raliya et al.
2015), Fragaria x ananassa (Choi et al. 2015), Cucumis
sativus (Servin et al. 2013), G. max (Hussain et al.
2019a), and Dracocephalum moldavica (Gohari et al.
2020) (Table 5). However, the way in which Ti induces an
accumulation in Chl is still an open question. Nonetheless,
Ze et al. (2011) observed an increase in PSII LHCII-b
gene expression resulting in an enhancement of the energy
transport between Chl b and carotenoid and in this way
promoting the distribution of light energy from PSI to PSII
by increasing LHCII in Arabidopsis plants treated with a
solution of 0.25% Ti NPs.

It was observed that Ti and TiO, NPs promoted Py and
g, under nonlimiting or stressful conditions (Gao et al.

Beneficial Administra- Chemical form Species Stress type Observation Concentration Reference

element  tion method and concentration in plant tissues

Todine Nutrient 20, 40 umol(KI) L', and  Lactuca No stress  Higher Py, gs, E - Blasco et al.
solution 20, 40, 80 umol(KIO;) L' sativa L. (2011)
Nutrient 0.20 or 10 pM KIOs Arabidopsis  No stress  Presence of 31 - Kiferle ez al.
solution thaliana (L.) iodinated proteins (2021)

Heynh. involved in
photosynthesis

(constituents of PSII,
PSI, OEC, LHCII,
Cyt bg/f)
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Table 5. Effect of titanium (Ti) on plant photosynthetic traits.

BENEFICIAL ELEMENTS IN PLANTS

Beneficial Administra- Chemical form and Species Stress type Observation Concentration ~ Reference
element  tion method concentration in plant tissues
Titanium Nutrient Solution with 0.03%  Spinacia No stress  Higher Py, - Gao et al.
solution TiO, NPs oleracea L. higher Rubisco (2008)
Leaf carboxylase and
activase activity
Leaf Solution with 0.25%  Arabidopsis No stress  Increase of LHCIL b - Zeetal.
TiO, NPs thaliana (L.) gene expression (2011)
Heynh. and LHCII content
Leaf 720 ppm TiO, NPs Cucumis No stress  Increase in Chl - Servin et al.
sativus L. index (SPAD) (2013)
Leaf 50-100 mg(TiO,) kg!  Fragaria x No stress  Increase in Chl - Choi et al.
ananassa Duch. content (2015)
Leaf 10 mg(TiO, NPs) L' Vigna No stress  Increase in Chl - Raliya et al.
radiata L. content (2015)
Leaf 12.5-25 mg(ionic Ti)  Glycine Low light  Higher Chl, ®pgy, 2540 mg Hussain et al.
L max (L.) Merr. qr, Px, g5, and E kg'(leaf DM), (2019a)
12.5-35 mg
kg !(stem DM),
12.5-150 mg
kg!(root DM)
Leaf 2.5 mg(ionic Ti) Glycine Low light Higher ETR, 35-100 mg Hussain et al.
plant™ max (L.) Merr. F./F., Chl, kg '(root DM), (2019b)
Rubisco activase 2-12 mg
activity kg !(stem DM),
and 20-80 mg
kg'(leaf DM)
Nutrient 50-100 mg(TiO, NPs) Dracocephalum No stress ~ Higher Chl, F,/F,, - Gohari et al.
solution L moldavica L. and Opgpy (2020)
Leaf 10-1500 mg(TiO, Raphanus No stress  Transient increase ~ 10-80 mg Tighe-Neira
NPs and pPs) L' sativus L. of Py and g, kg '(DM) in et al. (2020)
leaves treated
with NPs and
10-225 mg
kg'(DM) in
leaves treated
with pPs

2008, Hussain et al. 2019a, Tighe-Neira et al. 2020).
In addition, other positive effects of Ti or TiO, NPs on
photosynthetic traits, such as a higher F,/F,, ®ps;, ETR,
and qp, have been reported in Dracocephalum moldavica
and G. max (Hussain et al. 2019a,b; Gohari et al. 2020).
The increase of photosynthetic rate is likely linked to
the capability of Ti-treated plants to increase the rate of
Rubisco activase and the carboxylation activity of Rubisco
(Gao et al. 2008, Hussain et al. 2019b). The promising
beneficial roles exerted by Ti on leaf photosynthesis could
open up new research lines in plant nutrition, fertilization,
and biofortification.

Cerium and lanthanum

Cerium and lanthanum belong to the group of rare earth
elements and possess unique photo-electromagnetic
effects on photosynthesis (Liu ez al. 2009). Ce NPs can be
absorbed by the leaves through stomatal apertures or by

roots but are difficult to be translocated within the plant
(Birbaum et al. 2010, Zhang et al. 2011). Nonetheless,
Ma et al. (2015) demonstrated Ce NPs were translocated
to aerial parts in the form of CeOs (~ 30%) or combined
with carboxyl group (~ 70%). Once transported into the
mesophyll cell, Ce enters the chloroplast via nonendocytic
pathways, influenced by the electrochemical gradient of
the plasma membrane potential (Wu ez al. 2017). Ma et al.
(2015) also observed that, in plant roots, about 80%
of La NPs were transformed into La carboxylates and
phosphates, and only these two forms were found in leaves
at similar abundances. In general, the supply of Ce or La
to plants, grown with or without stress, improves the Py
values, in some cases due to an increase in g, as it was
reported in La-treated plants of Amorphophallus sinensis
(Li et al. 2020), Ce-treated plants of Phaseolus vulgaris
and S. bicolor (Djanaguiraman et al. 2018, Salgado et al.
2020), or in La-treated Z. mays plants (Cui et al. 2019)
(Table 6). Moreover, Wu et al. (2017) reported that
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Table 6. Effect of lanthanum (La) and cerium (Ce) on plant photosynthetic traits.

Beneficial Administra- Chemical form Species Stress type Observation Concentrations Reference
element tion method and concentration in plant tissues
Lanthanum Nutrient 500 umol(CeCl;) L' Spinacia No stress  Promotes the - Liu et al.
solution oleracea L. energy transfer (2007b)
Leaf from LHCII to
PSII and
accelerates water
photolysis and O,
evolution
Leaf 100 mg(La) L! Pseudostellaria No stress  Higher Py, g, - Ma et al.
heterophylla F./F.,, and ®pgy (2017)
(Miquel) Pax
Nutrient 400-800 umol(LaCls) Zea mays L. No stress  Higher Chl, Car, - Cui et al.
solution L! Py, gs, Fu/Fy, and (2019)
®PSII
Leaf 160 mg(LaCl;) L Amorphophallus No stress Higher Chl, Car, - Liet al.
sinensis Belval Py, and g (2020)
Cerium Nutrient 20 umol(CeCls) L' Spinacia No stress  Promotes the - Liu et al.
solution oleracea L. energy transfer (2007b)
Leaf from LHCII to
PSII and
accelerates water
photolysis and O,
evolution
Nutrient 20 umol(CeCl;) L! Arabidopsis No stress  Higher Chl, - Liu et al.
solution thaliana (L.) increase of (2009)
Leaf Heynh. LHCII b gene
expression and
LHCII content
Leaf CeO, NPs with low Arabidopsis Heat Higher P, Vemaxs Wu et al.
Ce**/Ce* ratio thaliana (L.) High light F./F,, and ®@psy (2017)
Heynh. Chilling
Leaf 10 mg(CeO, NPs) L Sorghum Drought  Higher Chl index 5.1-10 mg Djanaguiraman
bicolor (L.) (SPAD), Py, g, kg'(root FM) et al. (2018)
Moench and F./F, and 4-4.5 mg
kg !(shoot FM)
Nutrient 0.1 pmol(Ce(NOs);6H,0) Phaseolus Drought  Higher Chl, Py, - Salgado et al.
solution L vulgaris L. and g (2020)

in Arabidopsis plants treated with a low Ce*/Ce**
ratio photosynthetic performance improved under stress
conditions (excess light, continuous excess light, heat, and
dark chilling). The authors also observed that the lower
Ce**/Ce*" ratio was able to scavenge ROS, including
hydrogen peroxide, superoxide anion, and hydroxyl radi-
cals. The capability of Ce to reduce oxidative stress was also
suggested in plants subjected to drought (Djanaguiraman
et al. 2018, Salgado et al. 2020).

Besides their capability to increase the Chl content
improving the light-harvesting complex (Liu et al
2007a, Liu et al. 2009, Li et al. 2020), Ce increases light
absorption as well as the energy transfer within LHCII
and from tyrosine residues on the oxidizing side of PSII
II to Chl a in the PSII reaction centres (Liu ez al. 2007b).
This is probably explained by the results of Hong et al.
(2002) in Spinacia oleracea, where they found that La or
Ce can replace Mg in the Chl assembling and promote the
formation of PSII more significantly than that of PSI.
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Conclusion: More attention was focused on the toxic
effects of some elements whereas it is evident that some
elements are beneficial in plant photosynthetic process
(Fig. 1). As previously reported, the mechanisms through
which these beneficial elements exert their promoting
effects on leaf photosynthesis are far to be fully elucidated.
Moreover, in some works, there are no explanations of the
physiological/biochemical mechanisms underlying these
ameliorative effects.

The regulatory mechanisms in which those elements
are involved need to be clarified in condition of plant stress,
too; this, in order to establish their possible ameliorative
role under abiotic stresses. Only further investigations
focused on the physiological and biochemical mechanisms
of action of beneficial elements will make possible to fully
exploit those elements to promote plant growth, resilience,
and productivity.
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