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Abstract: Rare earth elements (REEs) have been intentionally used in Chinese agriculture since the
1980s to improve crop yields. Around the world, REEs are also involuntarily applied to soils through
phosphate fertilizers. These elements are known to alleviate damage in plants under abiotic stresses,
yet there is no information on how these elements act in the physiology of plants. The REE mode of
action falls within the scope of the hormesis effect, with low-dose stimulation and high-dose adverse
reactions. This study aimed to verify how REEs affect rice plants’ physiology to test the threshold
dose at which REEs could act as biostimulants in these plants. In experiment 1, 0.411 kg ha~! (foliar
application) of a mixture of REE (containing 41.38% Ce, 23.95% La, 13.58% Pr, and 4.32% Nd) was
applied, as well as two products containing 41.38% Ce and 23.95% La separately. The characteristics of
chlorophyll a fluorescence, gas exchanges, SPAD index, and biomass (pot conditions) were evaluated.
For experiment 2, increasing rates of the REE mix (0, 0.1, 0.225, 0.5, and 1 kg ha~1) (field conditions)
were used to study their effect on rice grain yield and nutrient concentration of rice leaves. Adding
REEs to plants increased biomass production (23% with Ce, 31% with La, and 63% with REE Mix
application) due to improved photosynthetic rate (8% with Ce, 15% with La, and 27% with REE mix),
favored by the higher electronic flow (photosynthetic electron transport chain) (increase of 17%) and
by the higher Fy /Fp (increase of 14%) and quantum yield of photosystem II (increase of 20% with Ce
and La, and 29% with REE Mix), as well as by increased stomatal conductance (increase of 36%) and
SPAD index (increase of 10% with Ce, 12% with La, and 15% with REE mix). Moreover, adding REEs
potentiated the photosynthetic process by increasing rice leaves’ N, Mg, K, and Mn concentrations
(24-46%). The dose for the higher rice grain yield (an increase of 113%) was estimated for the REE
mix at 0.72 kg ha™!.

Keywords: REE mix; photosynthetic performance; photochemical phase; chlorophyll a; photosynthetic
rate; nutrient content; biostimulant dose

1. Introduction

The rare earth elements (REEs) are a group of 15 elements belonging to the lan-
thanides with atomic numbers between Z =57 and Z = 71 (i.e., lanthanum—TLa, cerium—Ce,
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praseodymium—Pr, neodymium—Nd, promethium—Pm, samarium—Sm, europium—Eu,
gadolinium—Gd, terbium—Tb, dysprosium—Dy, holmium—Ho, erbium—Er, thulium—Tm,
ytterbium—Yb, and lutetium—Lu), to which two more elements are added to form this
homogenous group: scandium (Sc, Z = 21) and yttrium (Y, Z = 39) [1]. The term “earth”
derives from the form in which their oxides are found, and the denomination “rare” is
attributed to the difficulty of separating them, since they are usually found together in
nature [2-4].

These elements have been used in Chinese agriculture since the 1980s to improve crop
yields, mainly via the foliar application of fertilizers containing them [2-8]. Several results
indicating yield increases of different crops treated with REEs have been reported in the
literature, e.g., 5 to 15% in rice [9,10] and 12 to 24% in maize [5]. Additional data from
Redling [6] have described yield increases for other crops, such as sugarcane and sugarbeet
(8 to 20%); potato and Chinese cabbage (10 to 20%); cotton (5%); tobacco (16%); watermelon,
banana, and orange (8%); and honey melon (114.4%).

These are evidence of the potential benefits of REEs for agriculture in other parts of
the world, while this information is rarely found in the Americas.

Most commonly, crop yield increases have been often found with the use of foliar REE
applications of a rare earth commercial formulation in China named “Changle” [2,6,11].
This fertilizer contains 25 to 28% of lanthanum oxide, 49 to 51% of cerium oxide, 5 to 6%
of praesodymium oxide, 15 to 17% of neodymium oxide, and less than 1% of other rare
earths [2]. Usually, these products contain the same four rare earth elements (Ce, La, Pr,
and Nd), reflecting their high natural abundance in the environment [3].

Although REE-based products have been successfully marketed and used in China,
their effects on plant physiology by promoting yield increases still need to be addressed.
Many hypotheses have been proposed to explain such REE effects on plant growth and
development. These statements range from metabolic and physiological modifications to
genetic mechanisms, which are usually poorly documented.

Another dimension that should be considered in elucidating REE effects is their in-
teraction with plant nutrients [4,12-15]. Indeed, it seems that REEs behave in plants with
a hormesis effect (biphasic dose response), i.e., with a low-dose stimulation (beneficial
stress/priming effect) and high-dose inhibitory /adverse reactions [16]. Therefore, biostim-
ulant doses of these elements must be found for each species.

In order to understand the function of REE in plants, it is necessary to evaluate the
effects that these elements cause on the physiological, metabolic, and growth characteristics
that are part of the formation of the harvest (which promote grain yield) [4].

Under these circumstances, rice is a suitable cereal crop for studying whether REE is
involved in photosynthesis and increased grain yield, since this crop has shown consistent
response to REE application [12,17].

Rice was chosen for this study because it is a staple food for more than half of the
world’s population and is grown in more than 100 countries, providing more than 20% of
the calories consumed worldwide, mainly in Latin America, Asia, and India [18]. Besides
this, rice is the most widely cultivated crop in China, where the great majority of the studies
that prove the increase in grain yield from the foliar application of REEa are found [2,4].

Considering that our understanding of the biological role of REEs is still in its early
stages [15,19], this study aimed to evaluate the effects of foliar application of REEs in
the photochemical phase of photosynthesis in rice and its subsequent impact on plant
nutritional status and development, as well as on crop yield. With that, it was hoped to
unveil the role of REEs as prospective plant biostimulants, indicating the biostimulant dose
for rice cultivation.

This manuscript is innovative for being the first to be carried out in pot and field
conditions on tropical soils, where edaphoclimatic conditions are different from temperate
conditions, considering rice cultivation, with a physiological approach and not just with
agronomical endpoints considered. Studies carried out with plants in soils with different
soil and climatic conditions are influenced by them and must be carried out to verify
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differences related to these contrasting conditions related to plant growth and develop-
ment [20] (Moreira et al. 2019). The same applies to the need to evaluate physiological
characteristics in an edaphoclimatic situation different from those already studied in a
temperate climate [21] (de Souza et al. 2021).

2. Results
2.1. Experiment 1
2.1.1. REE Concentrations in Shoots

The means of recovering REE contents in the certified material (BCR® 670—Aquatic
Plant (IRMM, Geel, Belgium) were as follows: Ce = 92.3%, La = 97.1%, Nd = 88.5%, and
Pr = 83.1%. Such a recovery indicates reliable analytical accuracies for REE analysis.

REE concentrations were not detected in the shoots of the control plants with no REE
application, while in the REE-treated plants, all applied elements were found (Table 1). The
concentrations of Ce found in shoots in the Ce and REE mix treatments were 588.75 and
579.25ng g~ !, respectively, while La concentrations in shoots were 593.30 and 616.65 ng g~
(Table 1). In the REE mix treatment, the Pr and Nd concentrations in the shoots were 137.38
and 378.44 ng g~ ! (Table 1), respectively.

Table 1. Contents of rare earth elements in shoots of rice.

Rare Earth Element

Treatments Ce La Pr Nd
ngg!
Control n.d. n.d. n.d. n.d.
Ce 588.75 + 48.83 n.d. n.d. n.d.
La n.d. 593.30 £ 30.57 n.d. n.d.
REE mix 579.25 + 15.92 616.65 + 64.58 137.38 4+ 10.37 378.44 £+ 95.90

+ Standard error of the mean; n.d. not detected.

2.1.2. Effect of REE on Characteristics of Fluorescence of Chlorophyll a, SPAD Index, Gas
Exchanges, and Growth of Rice Plants

In treatments receiving REEs, the apparent electron transport rate (ETR) increased
in relation to the control (Figure 1A). This was observed when Ce and La were applied
separately and as the REE mix (an increase of approximately 17%) (Figure 1A). The ef-
fective quantum yield of photosystem II photochemistry (¢PSII) was very sensitive to
the application of REEs, either when Ce and La treatments were applied separately (in-
crease of approximately 20%), or—with a stronger effect—for the REE mix (an increase of
approximately 29%) (Figure 1B).

For the quenchings, although the non-photochemical quenching (NPQ) increased
with the Ce treatment and even more with the La treatment (an increase of approximately
2% and 12%, respectively), it decreased following the foliar application of the REE mix
(decrease of approximately 23%) (Figure 1C).

The results of the photochemical quenching (qP), which increased with the application
of Ce compared with the control treatment (increase of approximately 45%), were even
higher with the application of La compared with the Ce treatment (increase of approx-
imately 50%). The highest increase was observed with the application of the REE mix
compared with all other treatments (an increase of approximately 69%) (Figure 1C).

Additionally, the maximum efficiency of photosystem II (F,/Fp,) increased signifi-
cantly when plants were exposed to REEs via foliar application of both Ce and La separately
and in the REE mix (increase of approximately 14%) (Figure 1D).
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Figure 1. Fluorescence characteristics of chlorophyll 4 in rice plants grown in pots in full sunlight
under foliar application of rare earth elements. (A): Apparent electron transport tate; (B): Quan-
tum yield of photosystem II photochemistry; (C): Photochemical quenching and coefficient of non-
photochemical extinction; and (D): Maximum photochemical efficiency of photosystem II (Fv/Fm
Ratio). Graphical bars followed by the same letter did not differ significantly according to Tukey’s
test; p < 0.05. Bars represent the mean standard error. (C): Photochemical quenching—lowercase
letters; coefficient of non-photochemical extinction—capital letters.

The SPAD index increased significantly when the plants were exposed to foliar appli-
cation of REEs (an increase of approximately 10% with Ce, 12% with La, and 15% with REE
mix application) (Figure 2A). Stomatal conductance (gs) also increased significantly when
the plants were exposed to REEs, either when Ce and La were applied separately or when
the REE mix was used in foliar applications (an increase of approximately 36%) (Figure 2B).
The photosynthetic rate was intensified in the presence of REEs, mainly when the REE mix
was applied (an increase of approximately 8% with Ce, 15% with La, and 27% with REE
mix application) (Figure 2C). In turn, shoot biomass increased with the foliar application
of Ce and La treatments separately, but even more when the REE mix was applied (an
increase of approximately 23% with Ce, 31% with La, and 63% with REE mix application)
(Figure 2D).
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Figure 2. Physiological characteristics of the rice plants grown in pots in full sunlight under foliar
application of rare earth elements. (A): Chlorophyll content (SPAD index), (B): Stomatal conductance,
(C): Photosynthetic and transpiration rate; and (D): Shoot biomass. Graphical bars followed by the
same letter did not differ significantly according to Tukey’s test; p < 0.05. Bars represent the mean
standard error. (C): Photosynthetic rate—lowercase letters; transpiration rate—capital letters.

2.2. Experiment 2
2.2.1. REE Concentrations in Leaves and Grains of Rice Plants

The quantification of REEs in plant material from experiment 2 was performed to-
gether with the analysis of plant material from experiment 1. Therefore, as reported for
experiment 1, reliable analytical accuracy for REE quantification was also found for REE
determinations in experiment 2.

In the control treatment without REE application, no REE was detected in the leaves
(Figure 3A-D), indicating that the absorption of REE naturally occurring in the soil through
the roots was negligible in the control treatment. A value corresponding to half the detection
limit was used for each element to calculate the regression.
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Figure 3. (A-D) Contents of rare earth elements in leaves and grains of rice. p < 0.05; bars represent
the mean standard error.

The application of increasing doses of REEs significantly increased their content in the
leaves (Figure 3A-D). All analyzed REEs, both in leaves and grains, were linearly absorbed
by rice plants (Figure 3A-D).

The concentrations of Ce found in the leaves varied from 6386.97 to 10,603.49 ng g~
in the tested doses (Figure 3A) when the REE mix was applied. La concentrations in
the leaves ranged from 5599.46 to 9104.11 ng g~ ! (Figure 3B). Finally, for Pr and Nd, the
concentrations found in the leaves ranged from 786.71 to 1392.94 ng Pr g~ ! and from
4124.04 to 6671.25 ng Nd g~ ! (Figure 3C,D).

The measurable concentrations of Ce found in the grains ranged from 355.25 to
2399.88 ng g~ ! (Figure 3A) following the application of the REE mix. Quantifiable La con-
centrations in the grains ranged from 445.31 to 2302.711 ng g~ ! (Figure 3B). Praseodymium
was detected only in the grains of plants receiving the two highest doses of the REE mix
(0.5 and 1.0 kg ha~1!). None of the remaining REEs were detected when the REE mix was
applied at the rate of 0.1 kg ha—! (Figure 3C). However, for higher rates of the REE mix,
the concentrations of these elements increased significantly in the grains (Figure 3A-D).
For Pr, the quantifiable concentration ranged from 146.45 to 335.65 ng Pr g~ ! (Figure 3C).
Finally, the quantifiable concentrations for Nd varied from 253.27 to 1618.29 ng Nd g~!
(Figure 3D).

2.2.2. Effect of REE Mix on Rice Grain Yield

For rice grain yield, a significant increase of 69% was observed when the REE mix was
applied at a rate of 0.5 kg ha~! (Figure 4). However, the applied modeling (cubic) (Figure 4)
estimated that the highest yield would be obtained with 0.72 kg ha~! of the REE mix, with
an increase of 113% in rice grain yield.
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Figure 4. Rice grain yield treated with foliar application of an REE mix (Ce, La, Nd, and Pr).

At 0.225 kg ha™! of the REE mix, a smaller increase of 14% in rice grain yield was
observed (Figure 4).

2.2.3. Effect of REE Mix on Mineral Rice Nutrition

To identify a possible interaction between the foliar absorption of REE and plant
nutrients, the concentrations of macro- and micronutrients were determined in rice leaves
and grains (Table 2). The REE mix applied at various doses affected nutrient concentrations

in leaves and grains of rice differently (Table 2).

Table 2. Nutrient concentrations in rice leaves and grains under the application of the REE mix.

Nutrients

Nutrient Concentration in Leaves for Each REE Mix Treatment (kg ha—1)

0

0.1

0.225

0.5

1.0

N (g kg~ ' DW)

P (gkg ' DW)

K (gkg™' DW)
Ca (gkg~! DW)
Mg (g kg~ DW)
S(gkg ™| DW)

B (mg kg~ DW)
Cu (mg kg~! DW)
Fe (mg kg ! DW)
Mn (mg kg ! DW)
Zn (mg kg~! DW)

8.70 £ 0.3606 b
0.60 £0.0132 a
14.15 4+ 0.4479b
3.63+0.1351a
1.92 +0.0633 b
1.50 £ 0.0050 a
6. 63 £0.4381 b
551 +0.8101a
607.95 + 128.1468 a
314.81 +£7.7011b
41.87 + 6.3462 a

9.50 £0.2784 b
0.56 + 0.0076 a
16.02 £+ 0.3184 b
3.35 £ 0.0828 a
1.82 £0.1037 b
148 £ 0.0126 a
7.59 £ 0. 0000 a
5.33 £ 0.0650 a
394.81 + 58.3299 a
432.04 £ 18.5765 a
53.56 + 3.1036 a

9.10 £0.3122b
0.57 £ 0.0076 a
17.09 £ 0.6769 b
3.94 +£0.0835a
241 +0.1678 a
1.60 & 0.0562 a
7.59 4 0.0000 a
491 +£0.3219a
298.48 + 46.5421 a
362.08 +17.7165b
54.59 £3.0711 a

11.03 £ 0.4537 a
0.62 +0.0161 a
19.48 £ 0.2952 a
393 +0.2105a
2.61 £0.1477 a
1.56 £ 0.0058 a
5.87 +£0.2850 b
7.50 £ 0.6283 a
250.89 £ 33.7862 a
578.99 £ 39.7377 a
61.33 = 2.4874 a

8.93 £ 0.2466 b
0.58 +0.0132 a
15.75 £ 0.7970 b
3.32+£0.1583 a
1.85+£0.1675b
1.49 £ 0.0229 a
6.82 £0.3320 b
594 +0.2291a
486.72 £ 102.9976 a
375.66 + 33.0049 a
4297 £7.0213 a

Nutrient Concentration in Grains for Each REE Mix Treatment (kg ha™1)

Nutrients

0 0.1 0.225 0.5 1.0
N (g kg’l DW) 16.73 + 0.3547 a 16.23 + 0.2754 a 15.17 £ 0.3253 a 16.30 + 0.3122 a 16.17 + 0.3055 a
P(g l<g*1 DW) 294 +0.1207 a 2.67 + 0.1156 a 2.50 + 0.0501 a 2.45 £ 0.0076 a 2. 68 £+ 0.0690 a
K(g kg{1 DW) 3.37 £ 0.2599 a 2.54 +0.0247 b 3.25 + 0.0861 a 2.68 £0.1147 b 247 +£0.1476 b
Ca(g kg*1 DW) 0.62 £ 0.0568 a 0.51 £ 0.0328 a 0.61 £0.0132 a 0.52 £+ 0.0577 a 0.56 £ 0.1660 a
Mg (g kg*l DW) 1.35 + 0.0551 a 1.20 + 0.0563 a 1.15+0.016 a 1.12 + 0.369 a 1.13 £ 0.0723 a

S(gkg™' DW)

B (mg kg~! DW)
Cu (mg kg~! DW)
Fe (mg kg~! DW)
Mn (mg kg~! DW)
Zn (mg kg’1 DW)

1.22 £ 0.0029 a
2.71 £ 0.0000 b
5.71 £0.0247 a
763.95 + 147.1187 b
139.20 £ 7.0452 a
36.36 + 0.2397 a

1.20 £ 0.0275 a
1.25+0.1559d
5.79 £ 0.2499 a
173.68 +29.4010 b
115.19 £+ 4.6474 b
33.71 £0.2757 a

119 £0.0132 a
3.64 £0.1617 a
582+0.1291a
1594.70 £ 385.5715 a
113.78 +5.3530 b
34.68 +0.7671 a

1.21 £0.0275 a

3.08 £0.1617 b

538 £0.1239 a
158.23 +8.4310 b
99.32 + 4.4464 c
36.04 +1.5273 a

1.25 + 0.0050 a
2.16 £ 0.0000 ¢
5.51+0.0321 a
111.53 4 24.8830 b
78.22 +9.5380 ¢
33.95+0.2875a

Different letters in the rows indicate significant differences (p < 0.05) according to the Scott-Knott test. DW: dry
weight; +-standard error of the mean; n = 4.
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In the present study, magnesium (Mg) concentration in the leaves increased signifi-
cantly at the doses of 0.225 and 0.5 kg ha~! of the REE mix (an increase of approximately
20% with 0.225 kg ha™!, and 26% with 0.5 kg ha~! REE mix application) (Table 2).

A significant increase in N concentration in rice leaves (Table 2) was observed up to
the dose of 0.5 kg ha~! of the REE mix (an increase of approximately 21%), for which there
was the highest grain yield gain (69%) among all doses of the REE mix tested (Figure 2).

Although the concentrations of N and Mg increased significantly at 0.5 kg ha=! of
the REE mix in the leaves, the concentration of these nutrients in the grains did not differ
statistically at any doses of the REE mix tested (Table 2).

Potassium (K) content also increased in rice leaves treated with 0.5 kg ha~! of the REE
mix (an increase of approximately 27%) (Table 2). Yet, when compared with the control
treatment, the K content was reduced in the grains for the doses of 0.1, 0.5, and 1.0 kg ha!
of the REE mix (a decrease of approximately 25% with 0.1 kg ha~!, 21% with 0.5 kg ha~?,
and 27% with 1.0 kg ha~! REE mix application) (Table 2).

For the doses of 0.1, 0.5, and 1.0 kg ha~! of the REE mix, the concentration of man-
ganese (Mn) in the leaves increased (an increase of approximately 27% with 0.1 kg ha=?, 46%
with 0.5 kg ha~!, and 16% with 1.0 kg ha~! REE mix application), whereas that of the grains
decreased (a decrease of approximately 17% with 0.1 kg ha~?!, 18% with 0.225 kg ha~!, 29%
with 0.5 kg ha~!, and 48% with 1.0 kg ha~! REE mix application) (Table 2).

Lastly, the boron (B) content increased in the doses of 0.1 and 0.225 kg ha=! of the REE
mix in the leaves (an increase of approximately 12% with 0.1 kg ha~! and 0.225 kg ha™!
REE Mix application) and in the dose of 0.225 kg ha~! of the REE mix in the grains (an
increase of approximately 26%) (Table 2). Concerning iron (Fe), this nutrient had no changes
in its concentrations in the leaves due to the increasing doses of the REE mix, but an increase
in the dose of 0.225 kg ha~! of the REE mix was observed for Fe in the grains (an increase
of approximately 52%) (Table 2). The contents of phosphorus (P), calcium (Ca), sulfur (S),
copper (Cu), and zinc (Zn) did not differ statistically in any of the tested doses of the REE
mix in both leaves and grains (Table 2).

3. Discussion
3.1. Experiment 1
3.1.1. REE Concentrations in Shoots

Means of recovery of REE contents in the certified material (BCR® 670—Aquatic Plant
(IRMM, Geel, Belgium) indicates reliable analytical accuracies for REE analysis.

All applied elements were found in the shoots of REE-treated plants, indicating that
rice plants were able to absorb REE through foliar (leaf) application and exhibit the effects
of these elements in their physiology, as described in the following sections.

In another study with the grass Agrotis capillaris [3], leaf concentrations of these
elements were much smaller than those reported here. However, in a study with REEs
in an agricultural soil of a rural area in Beijing (China) [22], the rice leaf concentration
ranges for La, Ce, Pr, and Nd were similar to those found in our study (104.56-342.05,
212.22-632.88, 22.44-73.00, and 80.20-249.50 ng g’l), respectively. Similar values were
observed by Sun et al. [23] when a commercial product named Nongle was sprayed on rice
plants at the seeding stage. This fact confirms the ability of rice to absorb REEs via the
leaves, which is species-dependent.

3.1.2. Effect of REE on Characteristics of Fluorescence of Chlorophyll a, SPAD Index, Gas
Exchanges, and Growth of Rice Plants

Before discussing data from the experiment under controlled conditions, it is note-
worthy to mention that this study presents unique information concerning the effects of
the foliar application of a mix of rare earth elements in plants (simulating REE fertilizers
already used in Chinese agriculture) via analyses of the characteristics of the fluorescence
of chlorophyll a, which has not yet been reported in the literature. This information is of
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great relevance for elucidating REEs’ effect on plants and explaining the increases in crop
yield found in the presence of these elements.

In treatments receiving REEs, the apparent electron transport rate (ETR) increased in
relation to the control, and this was observed when Ce and La were applied separately, as
well as when used as the REE mix. This indicates that the electronic flux in the photochem-
istry phase increased in the presence of REEs, creating conditions for a more significant
generation of energy (ATP) and reducing power (NADPH) for the biochemical phase of
photosynthesis, potentiating this process. The effective quantum yield of photosystem II
photochemistry ($pPSII) was very sensitive to the application of REEs, either when Ce and
La treatments were applied separately or—with a more substantial effect—for the REE mix.
This suggests that in the presence of REEs, additional light energy absorbed by chlorophyll
associated with PSIl is available for use in photochemistry to generate more energy and
reduce power for the photosynthetic process in the biochemical phase [24]. The fact that
this effect was more pronounced when the REE mix was applied indicates the synergistic
or complementary effect of these elements. Gong et al. [25] also observed different patterns
between REE single and mixture applications. However, in a study with different concentra-
tions of nano terbium (Tb) applications [26], it was observed that chlorophyll fluorescence
(Fy/Fm and Fy /F,) was suppressed under 250-500 mg L~ Tb, indicating toxicity. This
adversely affected the trapped energy by the active reaction center of photosystem II (PSII)
and led to an accumulation of inactive reaction centers, thus lowering the detected level of
electron transport from photosystem II (PSII) to photosystem I (PSI).

For the quenchings, although the non-photochemical quenching (NPQ) increased
with the Ce treatment and even more with the La treatment, it decreased following the
foliar application of the REE mix. These data indicate that more energy flows into the
photosynthesis by the application of the REE mix. Even though the NPQ was lower in the
presence of the REE mix than in the control treatment, it was also enough to protect the
PSII, since there was no indication of structural damage in PSII.

Concerning the photochemical quenching (qP), the increase provided by the applica-
tion of Ce in relation to the control treatment, which was even higher with the application
of La in relation to the Ce treatment, as well as upon the application of the REE mix in
relation to all other treatments, promoted greater energy for the photochemical process.

Additionally, the maximum efficiency of photosystem II (Fy/Fy,) increased signifi-
cantly when the plants were exposed to REEs via foliar application of both Ce and La
separately, as well as in the REE mix, and this indicates a great photosynthetic perfor-
mance of rice due to REE foliar applications. The observed increases in ¢pPSII, ETR, gP,
and Fy /Fp, in the presence of REEs are strong evidence that these elements potentiate the
photochemical phase of photosynthesis, increasing the energy (ATP) and reducing power
(NADPH) generation for the biochemical phase [27], which may increase photosynthesis in
rice plants.

An increase in the F, /Fy, ratio was found by Wu et al. [28] in rice plants receiving
foliar application of Ce (10 uM) in the presence of cadmium contamination. In a study with
Pseudostellaria heterophylla, selected chlorophyll fluorescence parameters, e.g., Fy /Fm, ¢PSIL,
and ETR, decreased under perchlorate stress, but under appropriate La content (0.1 and
0.5 mg L~! La3"), this decrease was alleviated [29]. In a work with Dicranopteris dichotoma
grown in an REE mining area (i.e., under high REE native concentrations), increased
efficiency of PSII and electron transport rate at low light intensities was reported [30].
Also, in a study with rice chloroplasts, changes in photosynthesis were observed due to
an increase in Mg?*-ATPase activity in leaves of rice seedlings, as well as in rice plants in
the booting and grain filling stages (in different amplitudes) at pH 4.5, under application
of 0.08 mM of La, compared to the control treatment [31]. Indeed, the authors of the
aforementioned study reported that the transcription level of chloroplast ATPase subunits
«, B, ¢, 1, I, and IV increased [31], thereby improving the function of ATPase in producing
ATP in the photochemical phase. Thus, REEs can increase the effectiveness of the electronic
photochemical flux as observed in the present study, promoting ATPase performance and
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increasing the energy generation in the form of ATP for use in the biochemical phase
of photosynthesis, which, in turn, potentiates the production of photoassimilates in rice.
Hence, the increase of the electronic flow in the photosynthetic electron transport chain
due to REE application can be directly related to the transcription of the ATPase subunits,
as verified by Zhang et al. [31], as well as to conditioning a favorable pH for ATPase
functioning in rice chloroplasts, since they act directly in the increase of electronic flux
coupled to the translocation of protons, which create the transmembrane proton motive
force, essential to ATP synthesis by ATP synthase.

In addition, REEs also act on the photosynthetic electron transport chain by increasing
the levels of nutrients necessary for the electronic flow in the chloroplasts, for instance,
manganese (Mn). Since Mn is required as an essential cofactor in the process of water
oxidation and O, generation, being associated explicitly with oxygen release complexes,
it potentiates the photochemical phase of photosynthesis [32]. Given this, the increased
electron transport rate observed in the presence of REEs, especially for the REE mix, may
also be related to increased Mn concentrations in rice leaves, potentiating water oxidation
and, consequently, the electron transport rate.

Moreover, Fa-Shui et al. [33] reported that La accelerated the transformation of light
energy into electric energy, also increasing the electron transport of PSII, water photolysis,
and oxygen evolution in spinach, which indicates that REEs can act in several regulation
mechanisms of the photochemical phase.

The SPAD index increased significantly when the plants were exposed to foliar appli-
cation of REEs, and a higher content of photosynthetic pigments means a greater photosyn-
thetic capacity, which was observed in the presence of REEs. Thus, these elements can act as
biostimulants of chlorophyll biosynthesis. Zhou et al. [34] applied 20 uM of Ce in a nutrient
solution for maize growing under magnesium deficiency conditions. They reported that
Ce prevented the inhibition of chlorophyll synthesis, also improving light absorption and
transformation of energy, the evolution of oxygen, the photophosphorylation activity, and
its coupling factor Ca?*-ATPase. In Arabidopsis thaliana cultivated in tissue culture, an
increase in chlorophyll content has also been reported under Ce application (0.5 uM) [35].
On the other hand, Moreira [36] observed adverse effects of increasing Ce concentrations
on the SPAD index in various plants (Raphanus sativus, Helianthus annuus, Glycine max,
Oryza sativa, Triticum aestivum, Zea mays, and Sorghum bicolor). However, such effects varied
among different plant species and soil types. In the aforementioned study, a decrease in the
SPAD index in rice plants was observed only when the dose of 1206 mg kg~! was applied
in the soil [36].

Stomatal conductance (gs) also increased significantly when the plants were exposed
to REESs, either when Ce and La were applied separately or when the REE mix was used in
foliar application. Higher values of g; indicate higher CO, input from the environment to
the plant by the stomata, which results in greater carbon assimilation by photosynthesis.
Consequently, the photosynthetic rate increased when Ce and La were applied separately,
but even more so when the REE mix was applied. Overall, as a result of the photochemical
phase being potentiated, which increases energy (ATP) and reduces power (NADPH)
generation in the biochemical phase, and due to an increase observed in the chlorophyll
and stomatal conductance, which increases CO, input via stomata, also increasing carbon
assimilation, we noted that the photosynthetic rate was intensified in the presence of REEs,
mainly when the REE mix was applied.

An increase in the photosynthetic rate and stomatal conductance in rice growing in a
nutrient solution with 81.6 uM of La [37] was attributed to the biostimulating effect of this
REE on gaseous exchanges in rice. However, in the present study, the transpiration rate
also was not responsive to the REE treatments. Maksimovi¢ et al. [38] observed that for
maize plants growing in a nutrient solution, REE application decreased the transpiration
rate, negatively affecting the absorption of nutrients by roots, which is governed by the
transpiratory flow. Therefore, the maintenance of the transpiration rate after the application
of REEs in rice, in the present study, indicates no negative effect of REEs on the absorption
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of nutrients by the plants, which is dependent on the transpiration flux. Salgado et al. [39]
verified that adding Ce®* to the nutrient solution would promote the growth of common
bean, with an increase in photosynthesis rate, chlorophyll content, and water use efficiency
under water stress.

In turn, shoot biomass increased with the foliar application of the Ce and La treatments
separately, but even more so when the REE mix was applied. This resulted from an increase
in the photosynthetic rate in the presence of REEs, mainly when the REE mix was used,
as higher photosynthetic rates result in greater production of photoassimilates for plant
growth and development. For soybean grown in the nutrient solution, Oliveira et al. [40]
observed greater total chlorophyll content and an increase of 23% in the photosynthetic
rate at the lowest concentrations of La applied (5 and 10 uM), resulting in a slight rise
in root and shoot growth biomass. Hu et al. [41] and Guo et al. [42] also found increases
in rice, maize, and sorghum biomasses after adding La or all REE, respectively. For
Triticum aestivum, Shtangeeva et al. [43] verified, in soil-pot conditions, improved growth of
roots and leaves with better architecture and structure. For Triticum aestivum and Secale
cereal, soil application of Ce and Eu increased plant biomass [44]. Lastly, in tissue culture,
Tetrastigma hemsleyanum also showed increased biomass after Ce application [45].

Shreds of evidence from the abovementioned data reveal that REEs could be consid-
ered a biostimulant for plant growth. Likewise, our data have shown that the REE mix
stimulated the photochemical phase, promoting increases in chlorophyll (SPAD index) and
stomatal conductance, thereby leading to a higher photosynthetic rate. This may result
in the enhanced growth of rice plants, which may lead to higher grain yields. To validate
these REE effects, a field trial was conducted, and the results are discussed next.

3.2. Experiment 2
3.2.1. REE Concentrations in Leaves and Grains of Rice Plants

In the control treatment without REE application, no REE was detected in the leaves,
indicating that the absorption of REEs naturally occurring in the soil through the roots was
negligible in the control treatment. Again, a value corresponding to half the detection limit
was used for each element to calculate the regression.

The application of increasing doses of REEs significantly increased their content in the
leaves. This indicates that rice absorbs the REEs applied through the leaf, metabolizing
them in their internal structures.

All analyzed REEs, both in leaves and grains, were linearly absorbed by rice plants.
This indicates no saturation of the REE absorption sites at any of the doses tested. Therefore,
if a more significant amount of REE was applied, it would still be absorbed.

The concentrations of Ce found in the leaves varied from 6386.97 to 10,603.49 ng g~
in the tested doses when the REE mix was applied. La concentrations in the leaves ranged
from 5599.46 to 9104.11 ng g~ !. Finally, for Pr and Nd, the concentrations found in the
leaves ranged from 786.71 to 1392.94 ng Pr g~ ! and 4124.04 to 6671.25 ng Nd g~ !. Ramirez-
Olvera et al. [12] found that approximately 4700 ng g~ ! Ce in rice shoots under 100 uM Ce
were added to the nutrient solution for 28 d. Tyler [3] reported concentrations of 150, 110,
17, and 91 ng g_1 of Ce, La, Pr, and Nd in Agrotis capillaris leaves when REEs were added
via soil applications. For rice, the leaves were reported to have 104.56-342.05, 212.22-632.88,
22.44-73, and 80.20-249.50 ng g’1 of La, Ce, Pr, and Nd, respectively, when REEs were
soil-applied in a rural region of Beijing, China [22]. The REE concentrations found in
the present study were considerably higher than in those previously described, probably
because, in our study, they were directly applied to the leaves without risk of retention in
the apoplastic barriers of the root or of being adsorbed or leached in the soil.

The fact that praseodymium was detected only in the grains of plants receiving the
two highest doses of the REE mix (0.5 and 1.0 kg ha~!) was possibly because this element
was present at the smallest proportion in the REE mix. Similarly, none of the remaining
REEs were detected when the REE mix was applied at the rate of 0.1 kg ha~!, indicating
little, if any, translocation to the grains of the REEs applied to the leaves. However, for
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higher rates of the REE mix, the concentrations of these elements increased significantly
in the grains, indicating absorption and translocation to the grains of the REEs applied to
the leaves.

The values reported here are higher than those found by Redling [6] in rice grains, for
which only Y, La, Ce, Pr, and Nd could be determined quantitatively with values ranging
from <0.78 to 5.58 ng g~ !, whereas other REEs were close to or below the limit of detection.
In the study conducted by Li et al. [22] with a soil located in a rural area of Beijing (China),
the ranges of values of La, Ce, Pr, and Nd in rice grains were 1-6, 1.77-11.47, <1.26-1.97, and
0.85-5.27 ng g~ !, respectively. Due to the apoplastic barriers present in the roots and stems,
when present in the soil, REEs are retained more in these organs, and as a consequence, a
lower content of these elements translocates to the grains. Indeed, Sun et al. [23] showed
that higher contents of REEs move to the grains when these elements are applied in the
leaves due to their lower retention by apoplastic barriers in the plant.

3.2.2. Effect of REE Mix on Rice Grain Yield

For rice grain yield, a significant increase (69%), observed when the REE mix was
applied at a rate of 0.5 kg ha~!, agrees with the positive effects of the REE mix on plant
physiology and growth observed in experiment 1, i.e., the presence of REE—and mainly
after the application of the REE mix—resulted in higher apparent electron transport rate,
quantum yield of PS II photochemistry, photochemical quenching, maximum efficiency of
PS1II (Fv/Fm), and chlorophyll content, which all contributed to increased photosynthetic
rate and biomass production.

At 0.225 kg ha—! of the REE mix, a smaller increase of 14% in rice grain yield was
observed. A rise of 7% in rice grain yield was reported by Wan [46], and additional studies
with rice have also reported improvements of 5-10.3% [10] and 5-15% [9] in rice yield
following the foliar application of REEs. Moreover, Xie et al. [47] reported that La at
0.05 mg L~! to 1.5 mg L~! stimulated rice yield gains of up to 72%.

Several mechanisms for these observed crop yield increases due to REE foliar appli-
cation have been proposed at the metabolic, structural, and cytogenetic levels [4,15,40].
They include increased nutrient absorption and increased nitrogen fixation, as well as
positive effects on biomass production by inducing higher photosynthetic rates resulting
from increases in the electron transport rate in the photochemical phase of photosynthe-
sis [2,3,29,48], as observed in experiment 1.

3.2.3. Effect of REE Mix on Mineral Rice Nutrition

To identify a possible interaction between the foliar absorption of REEs and plant
nutrients, the concentrations of macro- and micronutrients were determined in rice leaves
and grains. The REE mix applied at various doses affected nutrient concentration in the
leaves and grains of rice differently. The effects of REEs on plant mineral nutrition are
diverse, which agrees with data reported in several studies describing either synergisms
or antagonisms between the different plant nutrients and REEs [4,15]. Such effects also
depend on the plant growing media and the method of REE application (e.g., foliar or soil
application). In a study with soil application of REE under pot conditions, Liu et al. [17]
found that La positively affected the concentration of Mg and Mn and negatively affected
that of Ca in the roots. Using rice in tissue culture, Liu et al. [49] observed that the uptake
of K and Ca in roots and shoots was positively affected by exposure to Ce up to 0.1 mM.
Conversely, such effects were not found by Ramirez-Olvera et al. [12] in an experiment
under controlled conditions (nutrient solution). Under field conditions, Ribeiro et al. [50]
verified that foliar application of an REE mix (Ce, La, Pr, and Nd) did not affect the nutrient
contents of leaves and grains of soybean and maize. These results demonstrate that REEs
interact with other elements not only in the organs in which they are applied in the plants
but also in different organs. In the case of foliar applications (e.g., the present study), foliar
nutrition—and the factors governing it—will also affect the nutrition of the grains to be
formed. However, Agathokleous et al. [51] described that REEs, such as Ce, can change the
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uptake and level in tissues of several micro- and macronutrients, depending on the dose,
due to the hormesis effect observed in these elements.

In the present study, Mg concentration in the leaves increased significantly at the
doses of 0.255 and 0.5 kg ha~! of the REE mix. Such increases allowed a higher level of
cellular Mg to be available for greater chlorophyll biosynthesis. In turn, a possible increase
in chlorophyll concentration may have contributed to the improved photosynthetic rate,
thereby providing conditions for the 14 and 69% increases in rice grain yield found at the
doses of 0.225 and 0.5 kg ha~! of the REE mix, respectively. Oliveira et al. [40] observed
greater Mg content in the shoots of soybean plants exposed to La in nutrient solutions,
reporting an increase in the chlorophyll content and the photosynthetic rate, up to 40 and
20 uM La, respectively. Ultimately, the observed increases in Mg content resulted in grain
yield gains via an increased photosynthetic rate.

A significant increase in N concentration in rice leaves was observed up to the dose of
0.5 kg ha~! of the REE mix, for which there was the highest grain yield gain (69%) among
all doses of the REE mix tested. Besides constituting cellular components such as amino
acids and nucleic acids, N—a vital component of the chlorophyll molecule—is the element
required in greater quantity by plants for their development. For this reason, the higher N
concentration observed in the leaves of 0.5 kg ha~! of the REE mix contributed to the 69%
increase in rice grain yield found at this dose of the REE mix applied. Makino [52], studying
the photosynthetic performance and grain yield of rice in relation to N use, reported that
increases in cereal yield depended on large inputs of N fertilizer. Accordingly, a greater
availability of foliar nitrogen can promote increases in rice grain yield.

Although the concentrations of N and Mg increased significantly in the dose of
0.5 kg ha~! of the REE mix in the leaves, the concentration of these nutrients in the grains
did not differ statistically at any doses of the REE mix tested. However, the increase in these
nutrients in the leaf, which is the photosynthetic organ, is directly linked to the production
of grains [52]. As the chlorophyll molecule, which contains Mg and N, is essential for the
production of photoassimilates, these nutrients are indispensable for the formation of pho-
tosynthates mobilized for the formation and filling of the grains. In addition, Mg is required
for the activation of essential enzymes of the Calvin cycle (e.g., ribulose-1,5-bisphosphate
carboxylase/oxygenase, fructose-1,6-bisphosphatase, sedoheptulose-1,7-bisphosphatase,
and phosphoribulokinase) [53,54]. The N cycle in plants is also responsible for supplying
intermediates of the plant carbon cycle through anaplerotic reactions [55]. Thus, the in-
crease in the concentration of these two elements in the leaves is fundamental to the rise in
grain yield. To sum up, the highest grain yield found in the 0.5 kg ha~! dose of the REE mix
may also be due to the higher concentration of Mg and N available for greater chlorophyll
biosynthesis, higher activation of key enzymes of the carbon metabolism, and production
of carbon cycle intermediates through interaction with the nitrogen cycle.

Additional data from the literature reported increases in the concentration of Mg
in maize and mungbean at 5 uM of La, respectively [56,57]. Also, Hu et al. [2] and
Wei et al. [58] have shown that foliar application of Nd promoted the redistribution of N in
rapeseed towards plant parts treated with this REE. Moreover, according to Hu et al. [2]
and Jie et al. [59], the application of REEs increased the efficiency of N in wheat.

Potassium (K) content also increased in rice leaves treated with 0.5 kg ha~! of the
REE mix. The role of K in governing cellular turgor, especially in the regulation of guard
cells, and its protagonist as an enzymatic cofactor in numerous metabolic processes of
carbon and nitrogen cycles in plants [60], have direct action in the final production of
photosynthates. Therefore, a higher availability of K for these metabolic functions allows
for a greater production of photoassimilates and, consequently, a higher yield of grains.
Yet, the content of K was reduced in the grains for the doses of 0.1, 0.5, and 1.0 kg ha=!
of the REE mix compared with the control treatment. This may have occurred because
K remained in a higher concentration in the leaves, being less translocated to the grains.
Oliveira et al. [40] observed an increase in the K content of roots and shoots for soybeans,
with a rise in the La concentration applied. In contrast, in rice shoots, decreases in K content
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were observed following the application of increasing doses of Ce [49]. These facts indicate
that REEs interact differently with plant nutrients because of variations concerning crop
differences, methods, and forms of REE application (e.g., single or mixed REE formulations,
as in the present study), as well as different amounts applied.

The concentration of manganese (Mn) in the leaves increased, whereas that of the
grains decreased forthe doses of 0.5 and 1.0 kg ha~! of the REE mix. It is possible that the
increased manganese (Mn) concentration in these doses of REEs happened in the leaves
because this organ needs to perform its function in metabolic processes that culminate in the
formation of reserves to be mobilized for the formation and filling of the grains. Since Mn
is required as an essential cofactor in water oxidation and O, generation, being associated
explicitly with oxygen release complexes, it has activity in the photochemical phase of
photosynthesis [32]. Therefore, the electron transport rate increase observed in experiment
1in the presence of REE and especially in the presence of the REE mix may be related to the
rise of the Mn content in rice leaves, potentiating the oxidation of water and, consequently,
the rate of transport of electrons. In a study with soybean, Oliveira et al. [40] observed for
both roots and shoots that exposure to increasing concentrations of La (up to 10 uM of La in
solution) resulted in increased contents of Mn as well as an increased photosynthetic rate.
Conversely, in a study with rice exposed to Ce in the nutrient solution, Ramirez-Olvera [12]
found that the concentration of Mn in roots and shoots was not significantly affected by the
application of Ce compared with the control treatment.

The contents of P, Ca, S, Cu, and Zn did not differ statistically in any of the tested
doses of the REE mix in both leaves and grains. Thus, the function of these elements was
maintained in the presence of REEs due to the maintenance of their contents to levels
comparable to those observed for the control treatment.

Considering the aforementioned results found in this work for the interaction between
the REEs—applied as an REE mix—and the nutrients in rice plants, as well as the increase
in grain yield in rice, the dose of 0.5 kg ha~! of the REE mix can be indicated as the ideal
concentration for providing the beneficial effect of REEs. Indeed, this dose brings together
the greatest number of beneficial interactions derived from the application of the REE mix,
i.e., it increases nutrients in rice, culminating with an increase of 69% in grain yield. Finally,
considering the definition of biostimulants—i.e., all substances or materials, except for
nutrients and pesticides, that applied to the plant have the capacity to beneficially modify
its growth [61]—or findings suggested that REEs applied at the dose of 0.5 kg ha~! of the
REE mix can be considered biostimulants in terms of the mineral nutrition of rice plants,
with consequent increases of grain yield.

The recommended amount to be applied of these elements as biostimulants of plant
growth and crop yield is small, as seen in our study. The highest dose studied (1 kg ha™!)
of the REE mix is equivalent to an application of 2.069 mg kg ! of Ce, 1.198 mg kg ! of La,
0.216 mg kg ! of Pr, and 0.678 mg kg ™! of Nd if we consider the arable layer of 0.20 m of
soil. The dose of 0.5 kg ha~! of the REE mix that was indicated as the ideal concentration
for providing the beneficial effect of REE in this study provides 1.035 mg kg—! of Ce,
0.599 mg kg~ ! of La, 0.108 mg kg ! of Pr, and 0.339 mg kg ! of Nd, considering the arable
layer of 0.20 m of soil.

The study of Moreira et al. [20] with eight crop species (corn, sorghum, rice, wheat,
soybeans, sunflower, radish, and beans) exposed to a Ce concentration gradient in two
typical tropical soils (Oxisol and Inceptsol) revealed that REE cerium (which occurs in
major concentrations in our study and in the environment) is not extremely hazardous to
terrestrial plants. These authors supported this idea by the results observed by their risk
assessment as follows: hazardous concentration, which is the Ce concentration that would
cause risk to 5% or less of all plant species tested (HCs) was 281.6 mg Ce kg~!, 136-fold
more than the highest dose of Ce applied in our study, and 272-fold more than the dose
indicated as adequate of Ce in this study.

Moreira et al. [20] observed that rice showed higher ECsg values (the effective concen-
tration of Ce resulting in 50% inhibition derived by concentration response), regardless
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of the soil type (Oxisol or Inceptisol), and was the most tolerant species for Ce. For shoot
dry matter, the ECsy values were 691.8 and 1325.2 for Oxisol and Inceptisol, respectively.
For the germination speed index, the predicted value exceeded the range of concentrations
evaluated in the experiment (cerium concentrations used: 0 (control), 50, 85, 144.5, 245.7,
417.6,709.9, 1206.9, and 2051.7 mg Ce kg’l) for Oxisol, and the effect of Ce could not be
estimated for Inceptisol. No observed effect concentration (NOEC) for rice in the study of
Moreira et al. [20] was 709.9 mg Ce kg~! in Oxisol and Inceptisol, and the lowest observed
effect concentration (LOEC) was 1206.9 mg Ce kg 1.

A study with lanthanum (the second element that occurs in major concentration in
our study and in the environment) showed a value of HCs of 49 mg kg ! dry soil when it
was derived using ECyg data from soil invertebrates, bacteria, and plants [62]. This value is
81-fold more than the value indicated for La in our study. Therefore, rare earth element
concentrations utilized in our study were smaller than the concentrations that the studies of
toxicology indicated as to the beginning of problems for primary organisms such as plants.

Furthermore, in general, these elements tend to be more retained in the leaves, and
their concentrations decline in seeds and fruits due to apoplastic barriers and a low translo-
cation to edible parts such as grains, as in the case of rice [2,4]. In this study, for example,
the measurable concentrations of Ce, La, Pr, and Nd, respectively, found in the grains
ranged from 355.25 to 2399.88 ng g ! (Ce), from 445.31 to0 2302.711 ng g~ ! (La), from 146.45
to 335.65 ng g~ ! (Pr), and from 253.27 to 1618.29 ng g~ (Nd). Therefore, the values that
the grains could reach for animals and humans are quite low. However, still, additional
research is required about guidelines for recommended daily limits of REE content in foods.

4. Materials and Methods
4.1. Experiment 1—Pot Conditions
4.1.1. Plant Material, Treatments, and Experimental Design

Rice plants (Oryza sativa L. cv BRSMG Cagula) [63] were grown under full sunlight
conditions for 68 days (until the pre-flowering stage [63]) in 5 kg pots (20 cm high, 20 cm
wide at the base, and 21 cm in diameter) filled with samples from the 0-20 cm surface layer
of a Latossolo Vermelho Distroférrico Tipico [64], corresponding to an Anionic Acrudox [65],
whose chemical and physical attributes are presented in Table 1. Soil pH adjustment
with lime and fertilization (planting and top-dressing fertilization) were performed as
proposed by Malavolta et al. [66] as follows: 300 mg N dm~3; 300 mg P dm~3; 150 mg K
dm~3 (N and K divided into one cultivation application and two coverage applications);
90 Ca mg Ca dm~2 (soil correction by liming); 30 mg Mg dm 2 (soil correction by liming);
50mg S dm3;0.5 mg B dm~315 mg Cu dm—30,1 mg Mo dm~3, and 5 mg Zn dm—3. The
Cagula rice cultivar was used because it is a reference cultivar used in much of the Brazilian
rice breeding research and in several Brazilian states under farmers’ field conditions [63]. It
was the most indicated cultivar in the Minas Gerais States, where experiments 1 and 2 [62]
were conducted. The total cycle of this cultivar lasts an average of 100 to 110 days, with
50% flowering after 72 to 76 days [63].

The experiment followed a completely randomized design with four treatments (con-
trol, Ce, La, and REE mix) and five replicates. Each plot consisted of one pot with soil
containing two rice plants. The four treatments consisted of foliar applications of the differ-
ent solutions 56 days after sowing, i.e., at the booting stage [63]. To obtain the treatment
corresponding to the REE mix, 411 g ha~! (0.411 kg ha~!) of the pure salts for analysis
(p.a.) of the main components of “Changle” were applied in proportion to their occurrence
in this REE fertilizer, as described by Wen et al. [67] (41.38% Ce, 23.95% La, 13.58% Pr,
and 4.32% Nd). In this application, the following values were applied: 170.07 g Ce ha™!,
98.43 gLaha~!,17.76 g Prha~!, and 55.72 g Nd ha~!. These values per plant are as fol-
lows: 0.12 mg Ce plant—!, 0.07 mg La plant~?!, 0.01 mg Pr plant—!, and 0.04 mg Nd plant !
(considering 1,400,000 plants ha~!, since 70 plants per linear meter were considered, with
spacing between rows in the field of 0.5 m and spacing between plants of 0.014 m. The
same proportions of Ce (41.38%) and La (23.95%) were applied separately for the charac-
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terization of the Ce (170.07 g ha~!) and La (98.43 g ha™!) treatments, respectively. The
solutions of the different treatments were diluted with distilled water and combined with
an adjuvant (Assist ® 756 g L1 of mineral oil, 0.5% v/v) (BASF, Ludwigshafen, Germany).
A dose equivalent to the manufacturer’s recommendation of 1 L ha~! (0.875 mL per pot)
was applied. Only distilled water and adjuvants were applied to characterize the control
treatment (with no REE). The volume of syrup applied was 0.150 L plant~!. The sources
of REEs were Ce(NOj3)3.6H,0, La(NO3)3.6H,O, Pr(NO3)3.6H,0O, and Nd(NO3)3.6H,0,
respectively (Sigma—Aldrich, St. Louis, MO, USA). Since nutrient fertilization (plant-
ing and top-dressing fertilization) was made, as proposed by Malavolta et al. [66], with
300 mg N dm 2 soil, the supply of N to all treatments was standardized. As nitrogen is a
macronutrient, the very low amount of N supplied via foliar application of REEs can be
considered insignificant.

4.1.2. Shoot Biomass and REE Concentrations

At harvest, the shoots were dried in a forced-air drying oven (SolidSteel 630 L, Solid-
Steel, Belo Horizonte, Minas Gerais, Brazil) at 60 °C until a constant mass was reached to
obtain the dry mass. For the REE analyses, 0.5 g of shoot dry mass was ground in a Wiley
mill, model R-TE-648 (Tecnal, Piracicaba, Sao Paulo, Brazil). Subsequently, these aliquots
were digested in 5 mL of HNO; p.a. using a microwave digestion oven, Mars 5 (CEM,
Berkeley, California, USA), for 30 min at a pressure of 0.76 MPa. After digestion, the extract
was filtered and its volume was completed to 10 mL with distilled water. The samples
were digested according to the protocol of the United States Environmental Protection
Agency method 3051 A [68]. A certified reference material (Aquatic Plant—BCR670®,
Institute for Reference Materials and Measurements, IRMM, Geel, Belgium) was included
for quality control. Blank and certified reference samples were also analyzed along with
every digestion batch (n = 7). REE concentrations in the extracts were determined by induc-
tively coupled plasma mass spectrometry (ICP-MS) (Model Nex ION 300D, PerkinElmer,
Waltham, MA, USA).

4.1.3. Photochemical Characteristics of Photosynthesis

At 68 days (pre-flowering stage) [63], two fully expanded leaves for each of the two
plants of each replicate in each treatment were dark-adapted for 40 min for chlorophyll
a fluorescence measurements, using a Mini-PAM chlorophyll fluorometer (Mini-PAM II,
Walz, Effeltrich, Germany), with the aid of leaf clips (Walz, Effeltrich, Germany). With that,
the maximal quantum yield of photosystem II photochemistry (Fv/Fm) was obtained. In
the light, values of the effective quantum yield of PSII (®PSII), photochemical quenching
(qP), nonphotochemical quenching (NPq), as well as apparent electron transport rate (ETR)
were obtained by actinic light pulses applied through a fiber optics pointing at 60° on
the leaf.

4.1.4. SPAD Index

The chlorophyll meter SPAD 502 Plus (Konica Minolta Co., Ltd., Osaka, Japan) was
used to obtain the SPAD index (Soil Plant Analysis Development Index) value on the last
fully expanded leaf from rice for each of the two plants of each replicate of each treatment
after 68 days (pre-flowering stage) [63]. For each SPAD evaluation, three measurements on
the last fully expanded leaf were used, and the average of those measurements was used
for analysis.

4.1.5. Gas Exchange Analysis

Gas exchange characteristics were analyzed after 68 days (pre-flowering stage) [63]
using an infrared gas exchange analyzer, IRGA (Li-6400 XT, Li-Cor, Lincoln, NE, USA).
Stomatal conductance (g;), transpiration rate (E), and photosynthetic rate (A) were mea-
sured as follows: in the four replicates of each REE treatment, three fully expanded leaves
were selected at 9 a.m., and the density of the photosynthetically active photon flux was
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fixed in the device chamber at 1000 pmol m~2 s~!. This evaluation was performed on each
of the two plants of each replicate of each treatment.

4.1.6. Statistical Analysis

All data were subjected to analysis of variance (ANOVA), and the means were com-
pared by the Scott-Knott at a 0.05 significance level of probability using Sisvar 5.3 (Build
77) statistics software [69]. Graphs were made using Sigma Plot software (version 12.5,
Systat Software, Chicago, IL, USA).

4.2. Experiment 2—Field Conditions
4.2.1. Plant Material, Treatments, and Experimental Design

In the field experiment, rice (Oryza sativa L. cv Cagula) [63] plants were grown in a
farm field of the Agricultural Research Enterprise of Minas Gerais (EPAMIG), Lambari, MG,
Brazil (latitude: 21°58'10” S; longitude: 45°22'00” W and 896 above msl), until the end of
the plant cycle (115 days) [63]. “This field experiment was conducted in the autumn season
of 2015 (March to June 2015), when the local average temperature was 18.94 °C (with a
minimum temperature of 8.2 °C and a maximum of 29.4 °C), and the total precipitation
in this whole period was 334.5 mm.” The soil used for this experiment was a Latossolo
Vermelho Distrdfico Tipico [64], corresponding to a Typic Hapludox [65], for which the results
of chemical and physical analyses are given in Table 1. Before rice was planted, basal
fertilization with NPK was performed at a rate of 300 kg ha~! (formula 08-28-16). Top
dressing fertilization with 250 kg ha~! of NK (formula 20-00-20) was applied 36 days after
planting (DAP). Experimental plots contained 10 rows of 5.0 m in length with an inter-row
spacing of 0.20 m (total area of 12 m?), and the total useful area (effectively used for yield
evaluation) was 4.8 m2. The experiment was set as a randomized complete block design
with four replications. The treatments were characterized as follows: control (distilled
water + adjuvant), 0.1, 0.225, 0.5, and 1 kg ha~! of the REE mix used in experiment 1. In the
application of 1 kg ha~! of the REE mix, the following values were applied: 413.8 g Ce ha~!,
239.5gLaha~!,43.2 g Prha—!, and 135.58 g Nd ha~!. In the other doses, proportional
values were used. The volume of syrup to application used was 300 L ha~!. All solutions
containing REEs were diluted with distilled water and combined with an adjuvant (Assist®
756 g L1 of mineral oil, 0.5% v/v) (BASF, Ludwigshafen, Germany). A dose equivalent
to the manufacturer’s recommendation of 1 L ha~! was applied. The foliar application
was made at the booting stage (at 56 days) [63]. Cultural practices, such as application of
the herbicides ethoxysulfuron (81 g a. i ha~!) + metsulfurom methyl 2 g a.i ha~!) and the
fungicide triciclazol (225 g a. i ha~!) were performed at 24 DAP and 73 DAP, respectively.

4.2.2. REE Concentrations in Shoots and Grains

The analyses of REE concentrations in shoots and grains were performed as described
in experiment 1.

4.2.3. Grain Yield

To obtain the rice grain yield, the grains were harvested manually in the useful area
and subsequently treated and cleaned using the stationary machine LCZX-50 (Zaccaria,
Limeira, Sao Paulo, Brazil). They were then stored in a forced circulation air oven (SolidSteel
630 L, SolidSteel, Belo Horizonte, Minas Gerais, Brazil) at 60 °C and dried to 13% moisture.
The grain yield (kg ha~!) was calculated based on the corrected grain weight (adjusted to
13% moisture) and the planted area of the plots.

4.2.4. Nutrient Concentrations

For macro- and micronutrient analyses, dried tissue (500 mg) was weighed and di-
gested with 4.0 mL of concentrated HNOj3 4 2.0 mL of concentrated HCIO, (Sigma—Aldrich,
Saint Louis, MO, USA) at 120 + 8 °C for 1 h and then at 220 + 8 °C until HCIO,4 fumes
were observed. Total Ca, Mg, K, Cu, Mn, Fe, and Zn concentrations in the samples were
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determined using the atomic absorption spectrophotometer AAnalyst 800 (PerkinElmer,
San Jose, CA, USA); total S concentration was determined using turbidimetry of barium
sulfate; and total P was determined using a spectrophotometer (UV/VIS EasyPlus, Mettler
Toledo, Columbus, OH, USA) to measure the colorimetry of a phospho-molybdenum
complex at 680 nm [66]. The total N concentration was determined using the Kjeldahl
method, described by Bremner and Keeney [70].

4.2.5. Statistical Analysis

Grain yield data were analyzed using polynomial regression in the R environment [71].
All variables were subjected to analysis of variance (ANOVA), and the means were com-
pared by the Scott-Knott at a 0.05 significance level of probability using Sisvar 5.3 (Build
77) statistics software [67].

5. Conclusions

Adding REEs via foliar application, mainly in the form of an REE mix (Ce, La, Pr, and
Nd), to rice plants increased photosynthesis. The observed growth benefits of REEs may be
related to their physiological effects on higher electronic flow in the photosynthetic electron
transport chain and the higher Fv/Fm and quantum yield of photosystem II, as well as
increased stomatal conductance and the SPAD index.

The higher electronic flow, which contributed to the increase in the photosynthetic
rate and biomass production observed in experiment 1 (with 411 g ha~! of the REE mix),
could be the reason for the greater grain yield observed for the REE mix rate of 0.5 kg ha~!
tested in experiment 2, as well as for the higher levels of N, Mg, K, and Mn found in the
leaves of this treatment.

Thus, the dose of 0.5 kg REE mix ha~! can be indicated as the ideal concentration for
biostimulating rice crops because this concentration brings together the maximum number
of beneficial interactions derived from the application of the REE mix, resulting in better
nutrient concentrations in rice and culminating in a 69% grain yield gain. However, the
greater biostimulant effect of the REE mix on the crop was estimated at the dose of 0.72 kg
REE mix ha~!, with an estimated increase of 113% in rice grain yield.

To the best of our knowledge, our findings represent the most comprehensive study
concerning the foliar application of REEs in rice, with the most significant grain yield
increases observed so far.

In further studies with REEs applied to rice, it is necessary to evaluate the genetic and
molecular mechanisms underlying the interactions between the macro- and micronutrients,
particularly N, Mg, K, and Mn, mainly at the concentration of 0.5 kg h~! of REE mix in the
leaves, and to use two cultivation seasons.

Author Contributions: C.d.O., LR.G.G. and S.J.R. conceived and designed the study; C.d.O. and
G.S.D. performed the experiments; C.d.O. and G.S.D. acquired the data; C.d.O. and T.S.d.C. analyzed
the data; FA.D.M., VE, EM.d.C,, J.ES.S. and L.R.G.G. contributed with reagents/materials/analysis
tools; C.d.O. and L.R.G.G. wrote the manuscript; LR.G.G., T.5.d.C., S.J.R. and J.O.S. reviewed the
manuscript; LR.G.G. and J.O.S. contributed to the funding. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was financially supported by the “Instituto Tecnolégico Vale” in cooperation
with the Federal University of Lavras (Grant no. 020/2012) and by the National Council for Scientific
and Technological Development (CNPq grant #406806/2013-6), by CNPq grant #406577/2022-6
(National Institute of Science and Technology (INCT) on Soil and Food Security), and by the Minas
Gerais State Research Foundation (FAPEMIG), which supported the AgroMetals Research Network.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The author Guilherme Soares Dinali was employed by the company ICL Group.
The remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.



Plants 2024, 13, 1435 19 of 21

References

1.  International Union of Pure and Applied Chemistry (IUPAC). Nomenclature of Inorganic Chemistry, IUPAC Recommendations 2005
(The “RedBook”); Connelly, N., Damhus, T., Harshorn, R.M., Eds.; RSC Publishing: Cambridge, UK, 2005.

2. Hu, Z,; Richter, H.; Sparovek, G.; Schnug, E. Physiological and biochemical effects of rare earth elements on plants and their
agricultural significance: A review. J. Plant Nutr. 2004, 27, 183-220. [CrossRef]

3. Tyler, G. Rare earth elements in soil and plant systems—A review. Plant Soil. 2004, 267, 191-206. [CrossRef]

4. Ramos, S.J.; Dinali, G.S.; Oliveira, C.; Martins, G.C.; Moreira, C.G.; Siqueira, J.O.; Guilherme, L.R.G. Rare earth elements in the
soil environment. Curr. Pollut. Rep. 2016, 2, 28-50. [CrossRef]

5. Guo, B.S. The application of rare earth elements on agriculture and breeding. Chin. Rare Earths 1993, 15, 37-43.

6. Redling, K. Rare Earth Elements in Agriculture with Emphasis on Animal Husbandry. Ph.D. Thesis, Ludwig-Maximilians-
Universitdt Miinchen, Miinchen, Germany, 2006; p. 360.

7. Turra, C. Sustainability of rare earth elements chain: From production to food—A review. Int. . Environ. Health Res. 2018, 28,
23-42. [CrossRef] [PubMed]

8.  Tommasi, F; Thomas, PJ.; Lyons, D.M.; Pagano, G.; Oral, R.; Siciliano, A.; Toscanesi, M.; Guida, M.; Trifuoggi, M. Evaluation of
rare earth element-associated hormetic effects in candidate fertilizers and livestock feed additives. Biol. Trace Elem. Res. 2023, 201,
2573-2581. [CrossRef]

9.  Xiong, B.K. Application of rare earths in Chinese agriculture and their perspectives of development. In Proceedings of the Rare
Earths in Agriculture Seminar 20, Canberra, ACT, Australia, 15-17 September 1995; pp. 5-9.

10. Wan, Q,; Tian, J.; Peng, H.; Zhang, X.; Lee, D.; Woo, C.; Ryu, J.; Park, C. The effects of rare earth on increasing yield, improving
quality and reducing agricultural chemical remained in crop production. In Proceedings of the Second International Symposium
on Trace Elements and Food Chain, Wuhan, China, 12-15 November 1998; p. 25.

11. El-Ramady, H.R.H. Ecotoxicology of Rare Earth Elements: Ecotoxicology of Rare Earth Elements within Soil and Plant Environments;
Institut fiir Pflanzenbau und Bodenkunde, Julius Kithn-Institut, Bundesforschungsinstitut fiir Kulturpflanzen: Quedlinburg,
Germany, 2010; p. 278.

12. Ramirez-Olvera, S.M.; Trejo-Téllez, L.I.; Garcia-Morales, S.; Pérez-Sato, A.; Gémez-Merino, F.C. Cerium enhances germination
and shoot growth, and alters mineral nutrient concentration in rice. PLoS ONE 2018, 26, e0194691. [CrossRef] [PubMed]

13. Zhang, F; Li, Y,; Shi, Y,; Wang, L.; Zhou, Q.; Huang, X. A novel evaluation of the effect of lanthanum exposure on plant
populations. Chemosphere 2018, 202, 377-386; [CrossRef]

14. Zheng, S.; Zhang, C.; Shi, C.; Wang, J.; Sun, G.; Hu, Q.; Zhao, EZ.; Wang, X. Bioaccumulation, subcellular distribution and
chemical forms of yttrium in rice seedling. J. Rare Earths 2018, 36, 331-336. [CrossRef]

15. Tao, Y,; Shen, L,; Feng, C.; Yang, R.; Qu, J.; Ju, H.; Zhang, Y. Distribution of rare earth elements (REEs) and their roles in plant
growth: A review. Environ. Pollut. 2022, 298, 118540. [CrossRef]

16. Agathokleous, E.; Kitao, M.; Calabrese, E.J. Hormetic dose responses induced by lanthanum in plants. Environ. Pollut. 2019, 244,
332-341. [CrossRef] [PubMed]

17.  Liu, D.; Wang, X.; Zhang, X.; Gao, Z. Effects of lanthanum on growth and accumulation in roots of rice seedlings. Plant Soil
Environ. 2013, 59, 196-200. [CrossRef]

18. Fukagawa, N.K.; Ziska, L.H. Rice: Importance for global nutrition. J. Nutr. Sci. Vitaminol. 2019, 65, S2. [CrossRef] [PubMed]

19. Skovran, E.; Martinez-Gomez, N.C. Just add lanthanides. Science 2015, 348, 862-863. [CrossRef] [PubMed]

20. Moreira, C.G.; de Carvalho, T.S.; de Oliveira, C.; de Abreu, L.B.; de Castro, A.C.S.; Ribeiro, P.G.; Bispo, EH.A.; Boutin, C,;
Guilherme, L.R.G. Ecological risk assessment of cerium for tropical agroecosystems. Chemosphere 2019, 221, 124-131. [CrossRef]

21. deSouza, D.N,; Silva, S.R.; Marinho, ].D.; Bazzo, ] H.B.; Fonseca, .C.D.; Zucareli, C. Wheat yield and seed physiological quality
as influenced by seed vigor, nitrogen fertilization and edaphoclimatic conditions. Semin.—Ciéncias Agrdrias 2021, 42, 3581-3601.
[CrossRef]

22. Li, F;Shan, X.; Zhang, T.; Zhang, S. Evaluation of plant availability of rare earth elements in soils by chemical fractionation and
multiple regression analysis. Environ. Pollut. 1998, 102, 269-277. [CrossRef]

23. Sun,].; Zhao, H.; Wang, Y. Study on the contents of trace rare earth elements and their distribution in wheat and rice samples by
RNA. J. Radioanal. Nucl. Chem. 1994, 179, 377-383. [CrossRef]

24. Lu, CM.; Zhang, ].H. Modifications in photosystem II photochemistry in senescent leaves of maize plants. J. Exp. Bot. 1998, 49,
1671-1679. [CrossRef]

25. Gong, B.; He, E.; Qiu, H,; Li, J.; Ji, ].; Zhao, L.; Cao, X. Phytotoxicity of individual and binary mixtures of rare earth elements (Y,
La, and Ce) in relation to bioavailability. Environ. Pollut. 2019, 246, 114-121. [CrossRef]

26. Alp, EN,; Arikan, B.; Ozfidan-Konakci, C.; Ekim, R.; Yildiztugay, E.; Turan, M. Rare earth element scandium mitigates the
chromium toxicity in Lemna minor by regulating photosynthetic performance, hormonal balance and antioxidant machinery.
Environ. Pollut. 2023, 316, 120636. [CrossRef] [PubMed]

27. Shikanai, T.; Munekage, Y.; Kimura, K. Regulation of proton-to-electron stoichiometry in photosynthetic electron transport:
Physiological function in photoprotection. J. Plant Res. 2002, 115, 3-10. [CrossRef] [PubMed]

28. Wu, M,; Wan, P.Y;; Sun, L.G.; Zhang, ].].; Yu, ].; Wang, Y.W.; Chen, G.X. Alleviation of cadmium toxicity by cerium in rice seedlings

is related to improved photosynthesis, elevated antioxidant enzymes and decreased oxidative stress. Plant Growth Regul. 2014, 74,
251-260. [CrossRef]


https://doi.org/10.1081/PLN-120027555
https://doi.org/10.1007/s11104-005-4888-2
https://doi.org/10.1007/s40726-016-0026-4
https://doi.org/10.1080/09603123.2017.1415307
https://www.ncbi.nlm.nih.gov/pubmed/29241344
https://doi.org/10.1007/s12011-022-03331-2
https://doi.org/10.1371/journal.pone.0194691
https://www.ncbi.nlm.nih.gov/pubmed/29579100
https://doi.org/10.1016/j.chemosphere.2018.03.086
https://doi.org/10.1016/j.jre.2017.09.006
https://doi.org/10.1016/j.envpol.2021.118540
https://doi.org/10.1016/j.envpol.2018.10.007
https://www.ncbi.nlm.nih.gov/pubmed/30347380
https://doi.org/10.17221/760/2012-PSE
https://doi.org/10.3177/jnsv.65.S2
https://www.ncbi.nlm.nih.gov/pubmed/31619630
https://doi.org/10.1126/science.aaa9091
https://www.ncbi.nlm.nih.gov/pubmed/25999492
https://doi.org/10.1016/j.chemosphere.2018.12.195
https://doi.org/10.5433/1679-0359.2021v42n6Supl2p3581
https://doi.org/10.1016/S0269-7491(98)00063-3
https://doi.org/10.1007/BF02040174
https://doi.org/10.1093/jexbot/49.327.1671
https://doi.org/10.1016/j.envpol.2018.11.106
https://doi.org/10.1016/j.envpol.2022.120636
https://www.ncbi.nlm.nih.gov/pubmed/36379288
https://doi.org/10.1007/s102650200001
https://www.ncbi.nlm.nih.gov/pubmed/12884042
https://doi.org/10.1007/s10725-014-9916-x

Plants 2024, 13, 1435 20 of 21

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

Ma, Y.; Zou, H.; Gu, H.; Shi, D.; Gao, W.; Zhang, Y.; Xie, Y. Stimulatory effect of lanthanum nitrate on the root tuber yield of
Pseudostellaria heterophylla via improved photosynthetic characteristics. J. Rare Earths 2017, 35, 610-620. [CrossRef]

Wang, L.-F; Ji, H.-B.; Tian, W.-M. Photosystem 2 photochemistry and pigment composition of Dicranopteris dichotoma Bernh under
different irradiances. Afr. |. Biotechnol. 2011, 10, 13453-13460. [CrossRef]

Zhang, F.; Hu, H.; Wang, L.; Zhou, Q.; Huang, X. Effects of rare earth and acid rain pollution on plant chloroplast ATP synthase
and element contents at different growth stages. Chemosphere 2018, 194, 441-449. [CrossRef]

Najafpour, M.M.; Remger, G.; Holynska, M.; Moghaddam, A.N.; Aro, E.; Carpentier, R.; Nishhara, H.; Eaton-Rye, ].].; Shen, | ;
Allakhverdiev, S.I. Manganese compounds as water-oxidizing catalysts: From the natural water-oxidizing complex to nanosized
manganese oxide structures. Chem. Rev. 2016, 116, 2886—2936. [CrossRef] [PubMed]

Fa-Shui, H.; Ling, W.; Ye, T. Mechanism of LaCl3 on increasing photosystem II activity of spinach. Chin. ]. Chem. 2005, 23, 617-621.
[CrossRef]

Zhou, M,; Gong, X.; Wang, Y.; Liu, C.; Hong, M.; Wang, L.; Hong, F. Improvement of cerium of photosynthesis functions of maize
under magnesium deficiency. Biol. Trace Elem. Res. 2011, 142, 760-772. [CrossRef]

Wang, C.; Luo, X;; Tian, Y.; Xie, Y.; Wang, S.; Li, Y.; Tian, L.; Wang, X. Biphasic effects of lanthanum on Vicia faba L. seedlings under
cadmium stress, implicating finite antioxidation and potential ecological risk. Chemosphere 2012, 86, 530-537. [CrossRef]
Moreira, C.G. Ecotoxicological Risk of Cerium for Tropical Soils. Ph.D. Thesis, Universidade Federal de Lavras, Lavras, Brazil,
2019; p. 114.

Wang, L.; Wang, W.; Zhou, Q.; Huang, X. Combined effects of lanthanum (III) chloride and acid rain on photosynthetic parameters
in rice. Chemosphere 2014, 112, 355-361. [CrossRef] [PubMed]

Maksimovié, I.; Kastori, R.; Putnik-Deli¢, M.; Borisev, M. Effect of yttrium on photosynthesis and water relations in young maize
plants. J. Rare Earths 2014, 32, 372-378. [CrossRef]

Salgado, O.G.G.; Teodoro, ].C.; Alvarenga, ].P.; de Oliveira, C.; de Carvalho, T.S.; Domiciano, D.; Marchiori, P.E.R.; Guilherme,
L.R.G. Cerium alleviates drought-induced stress in Phaseolus vulgaris. |. Rare Earths 2020, 38, 324-331. [CrossRef]

Oliveira, C.; Ramos, S.J.; Siqueira, J.O.; Faquin, V.; Castro, EIM.; Amaral, D.C.; Techio, V.H.; Coelho, L.C.; Silva, PH.P.; Schnug, E.;
et al. Bioaccumulation and effects of lanthanum on growth and mitotic index in soybean plants. Ecotoxicol. Environ. Saf. 2015, 122,
136-144. [CrossRef]

Hu, X;; Ding, Z.; Chen, Y.; Wang, X.; Dai, L. Bioaccumulation of lanthanum and cerium and their effects on the growth of wheat
(Triticum aestivum L.) seedlings. Chemosphere 2002, 48, 621-629. [CrossRef] [PubMed]

Guo, W.; Zhao, R.; Zhao, W.; Fu, R.; Guo, |J.; Bi, N.; Zhang, ]. Effects of arbuscular mycorrhizal fungi on maize (Zea mays L.) and
sorghum (Sorghum bicolor L. Moench) grown in rare earth elements of mine tailings. Appl. Soil. Ecol. 2013, 72, 85-92. [CrossRef]
Shtangeeva, I.; Ayrault, S. Effects of Eu and Ca on yield and mineral nutrition of wheat (Triticum aestivum) seedlings. Environ. Exp.
Bot. 2007, 59, 49-58. [CrossRef]

Shtangeeva, I. Europium and cerium accumulation in wheat and rye seedlings. Water Air Soil Pollut. 2014, 225, 1964-1973.
[CrossRef]

Peng, X.; He, ].Y. The inhibitory effect of Ca>* on the flavonoid production of Tetrastigma hemsleyanum suspension cells induced
by metal elicitors. In Vitro Cell. Dev. Biol. Plant 2013, 49, 550-559. [CrossRef]

Wan, Q. Technologies and effect of REEs enriched La on rice. Chin. Rare Earths 2014, 16, 67-76. [CrossRef]

Xie, Z.B.; Zhu, ].G.; Chu, H.Y;; Zhang, Y.L.; Zeng, Q.; Ma, H.L.; Cao, Z.H. Effect of lanthanum on rice production, nutrient uptake,
and distribution. J. Plant Nutr. 2022, 25, 2315-2331. [CrossRef]

Xie, Y.; Cai, X.; Liu, W,; Tao, G.; Chen, Q.; Zhang, Q. Effects of lanthanum nitrate on growth and chlorophyll fluorescence
characteristics of Alternanthera philoxeroides under perchlorate stress. J. Rare Earths 2013, 31, 823-829. [CrossRef]

Liu, D.; Wang, X,; Lin, Y.; Chen, Z.; Xu, H.; Wang, L. The effects of cerium on the growth and some antioxidant metabolisms in
rice seedlings. Environ. Sci. Pollut. Res. 2012, 19, 3282-3291. [CrossRef] [PubMed]

Ribeiro, P.G.; Dinali, G.S.; Boldrin, P.; Carvalho, T.S.; de Oliveira, C.; Ramos, S.J.; Siqueira, ].O.; Moreira, C.G.; Guilherme, L.R.G.
Rare Earth Elements (REEs) rich-phosphate fertilizers used in Brazil are more effective in increasing legume crops yield than their
rees-poor counterparts. Int. |. Plant Prod. 2021, 15, 1-11. [CrossRef]

Agathokleous, E.; Zhou, B.; Geng, C.; Xu, |.; Saitanis, C.; Feng, Z.; Tack, EM.G.; Rinklebe, ]. Mechanisms of cerium-induced stress
in plants: A meta-analysis. Sci. Total Environ. 2022, 852, 158352. [CrossRef] [PubMed]

Makino, A. Photosynthesis, grain yield, and nitrogen utilization in rice and wheat. Plant Physiol. 2011, 155, 125-129. [CrossRef]
Miziorko, H.M.; Lorimer, G.H. Ribulose-1,5-bisphosphate carboxylase-oxygenase. Ann. Rev. Biochem. 1983, 52, 507-535. [CrossRef]
[PubMed]

Tamoi, M.; Nagaoka, M.; Miyagawa, Y.; Shigeoka, S. Contribution of fructose-1,6-bisphosphatase and sedoheptulose-1,7-
bisphosphatase to the photosynthetic rate and carbon flow in the Calvin cycle in transgenic plants. Plant Cell Physiol. 2006, 47,
380-390. [CrossRef] [PubMed]

Komeili, A.; Wedaman, K.; O’Shea, E.K.; Powers, T. Mechanism of metabolic control: Target of rapamycin signaling links nitrogen
quality to the activity of the Rtgl and Rtg3 transcription factors. J. Cell Biol. 2000, 151, 863-878. [CrossRef]

Diatloff, E.; Asher, C.J.; Smith, EW. The effects of rare earth elements on the growth and nutrition of plants. Mater. Sci. Forum
1999, 315-317, 354-360. [CrossRef]


https://doi.org/10.1016/S1002-0721(17)60954-2
https://doi.org/10.5897/AJB11.1886
https://doi.org/10.1016/j.chemosphere.2017.12.001
https://doi.org/10.1021/acs.chemrev.5b00340
https://www.ncbi.nlm.nih.gov/pubmed/26812090
https://doi.org/10.1002/cjoc.200590617
https://doi.org/10.1007/s12011-010-8769-z
https://doi.org/10.1016/j.chemosphere.2011.10.030
https://doi.org/10.1016/j.chemosphere.2014.04.069
https://www.ncbi.nlm.nih.gov/pubmed/25048927
https://doi.org/10.1016/S1002-0721(14)60080-6
https://doi.org/10.1016/j.jre.2019.07.014
https://doi.org/10.1016/j.ecoenv.2015.07.020
https://doi.org/10.1016/S0045-6535(02)00109-1
https://www.ncbi.nlm.nih.gov/pubmed/12143937
https://doi.org/10.1016/j.apsoil.2013.06.001
https://doi.org/10.1016/j.envexpbot.2005.10.011
https://doi.org/10.1007/s11270-014-1964-3
https://doi.org/10.1007/s11627-013-9516-x
https://doi.org/10.1016/j.chemgeo.2018.05.012
https://doi.org/10.1081/PLN-120014078
https://doi.org/10.1016/S1002-0721(12)60365-2
https://doi.org/10.1007/s11356-012-0844-x
https://www.ncbi.nlm.nih.gov/pubmed/22407417
https://doi.org/10.1007/s42106-021-00129-5
https://doi.org/10.1016/j.scitotenv.2022.158352
https://www.ncbi.nlm.nih.gov/pubmed/36063950
https://doi.org/10.1104/pp.110.165076
https://doi.org/10.1073/pnas.2008824117
https://www.ncbi.nlm.nih.gov/pubmed/32934141
https://doi.org/10.1093/pcp/pcj004
https://www.ncbi.nlm.nih.gov/pubmed/16415064
https://doi.org/10.1083/jcb.151.4.863
https://doi.org/10.1016/j.apsb.2012.12.005

Plants 2024, 13, 1435 21 of 21

57.

58.

59.

60.
61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

Diatloff, E.; Smith, EW.; Asher, C.J. Effects of lanthanum and cerium on the growth and mineral nutrition of corn and mungbean.
Ann. Bot. 2008, 101, 971-982. [CrossRef] [PubMed]

Wei, Y.Z.; Zhou, X.B.; Mohamed, O.M. Mechanism of application of Nd to increase yield of rapeseed. J. Plant Nutr. Fertil. 1999, 5,
186-188.

Jie, H.G.; Yu, Z.H. Effects of REEs on increasing yield and physiology of wheat. ]. Heilongjiang Agric. Sci. 1985, 1, 25-29. [CrossRef]
[PubMed]

Manning, D.A.C. Mineral sources of potassium for plant nutrition: A review. Agron. Sustain. Dev. 2010, 30, 281-294. [CrossRef]
Saa, S.; Olivos-Del Rio, A.; Castro, S.; Brown, PH. Foliar application of microbial and plant based biostimulants increases growth
and potassium uptake in almond (Prunus dulcis [Mill.] D. A. Webb). Front Plant Sci. 2015, 6, 1-9. [CrossRef] [PubMed]

Li, J.; Verweij, R.A.; van Gestel, C.A.M. Lanthanum toxicity to five different species of soil invertebrates in relation to availability
in soil. Chemosphere 2018, 193, 412-420. [CrossRef] [PubMed]

BRASIL—EMBRAPA: Empresa Brasileira de Pesquisa Agropecudria. Cultivar BRSMG Cagula; EMBRABA: Brasilia, Brazil, 2012.
Empresa Brasileira de Pesquisa Agropecudria (EMBRAPA). Sistema Brasileiro de Classificagio de Solos, 3rd ed.; Embrapa Solos: Rio
de Janeiro, Brazil, 2013.

Soil Survey Staff. Soil Taxonomy: A Basic System of Soil Classification for Making and Interpreting Soil Surveys, 2nd ed.; Natural
Resources Conservation Service, U.S. Department of Agriculture Handbook: Washington, DC, USA, 1999; p. 436.

Malavolta, E.; Vitti, G.C.; Oliveira, A.S. Avaliagdo do Estado Nutricional das Plantas: Principios e Aplicagdes, 2nd ed.; Associagao
Brasileira para Pesquisa da Potassa e do Fosfato: Piracicaba, Brazil, 1997.

Wen, B.; Yuan, D,; Shan, X.; Li, F; Zhang, S. The influence of rare earth element fertilizer application on the distribution and
bioaccumulation of rare earth elements in plants under field conditions. Chem. Speciat. Bioavailab. 2001, 13, 39—-48. [CrossRef]
United States Environmental Protection Agency (USEPA). Method 3051 A: Microwave assisted acid digestion of sediments,
sludges, soils and oils. In SW__84: Test Methods for Evaluating Solid Waste, Physical and Chemical Methods; USEPA: Washington, DC,
USA, 1998.

Ferreira, D.F. Sisvar: A computer statistical analysis system. Ciénc. Agrotecnol. 2001, 35, 1039-1042. [CrossRef]

Bremner, ] M.; Keeney, D.R. Steam distillation methods for determination of ammonium, nitrate and nitrite. Anal. Cmim. Acta
1965, 32, 485-495. [CrossRef]

R Development Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2024.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/aob/mcn021
https://www.ncbi.nlm.nih.gov/pubmed/18292604
https://doi.org/10.1016/j.chemosphere.2013.07.020
https://www.ncbi.nlm.nih.gov/pubmed/23978671
https://doi.org/10.1051/agro/2009023
https://doi.org/10.3389/fpls.2015.00087
https://www.ncbi.nlm.nih.gov/pubmed/25755660
https://doi.org/10.1016/j.chemosphere.2017.11.040
https://www.ncbi.nlm.nih.gov/pubmed/29154116
https://doi.org/10.3184/095422901783726825
https://doi.org/10.1590/S1413-70542011000600001
https://doi.org/10.1016/S0003-2670(00)88973-4

	Introduction 
	Results 
	Experiment 1 
	REE Concentrations in Shoots 
	Effect of REE on Characteristics of Fluorescence of Chlorophyll a, SPAD Index, Gas Exchanges, and Growth of Rice Plants 

	Experiment 2 
	REE Concentrations in Leaves and Grains of Rice Plants 
	Effect of REE Mix on Rice Grain Yield 
	Effect of REE Mix on Mineral Rice Nutrition 


	Discussion 
	Experiment 1 
	REE Concentrations in Shoots 
	Effect of REE on Characteristics of Fluorescence of Chlorophyll a, SPAD Index, Gas Exchanges, and Growth of Rice Plants 

	Experiment 2 
	REE Concentrations in Leaves and Grains of Rice Plants 
	Effect of REE Mix on Rice Grain Yield 
	Effect of REE Mix on Mineral Rice Nutrition 


	Materials and Methods 
	Experiment 1—Pot Conditions 
	Plant Material, Treatments, and Experimental Design 
	Shoot Biomass and REE Concentrations 
	Photochemical Characteristics of Photosynthesis 
	SPAD Index 
	Gas Exchange Analysis 
	Statistical Analysis 

	Experiment 2—Field Conditions 
	Plant Material, Treatments, and Experimental Design 
	REE Concentrations in Shoots and Grains 
	Grain Yield 
	Nutrient Concentrations 
	Statistical Analysis 


	Conclusions 
	References

