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Abstract

The rare earth element lanthanum (La) has been proven to be beneficial for plant growth
with a low concentration, and abscisic acid (ABA) which is a plant hormone also can regulate
plant growth. In the present study, we investigated the germination and seedling growth of
switchgrass (Panicum virgatum L.) under La (10 uM), ABA (10 uM) and La + ABA treat-
ments. The results showed that La, ABA and La + ABA treatments could not significantly
affect the germination and shoot length as compared to the control (P>0.05). However, La
treatment increased the root activity and chlorophyll content, and ABA treatment enhanced
root length and root activity (P<0.05). La + ABA treatments demonstrated that La could not
significantly alleviate the promotion of ABA in root length, while ABA reversed the increase
of chlorophyll content caused by La. The coregulation of La and ABA on chlorophyll content
was further explored by in vitro experiments and quantum chemical calculations. In vitro
experiments revealed that La, ABA, and La + ABA treatments reduced the absorbance of
chlorophyll, and quantum chemical calculations indicated that the reduction of absorbance
was caused by the reactions between La, ABA and chlorophyll. In vivo and in vitro experi-
ments, together with quantum chemical calculations, demonstrated that both ABA and La
could stimulate the production of chlorophyll, while they also could react with chlorophyll to
produce La-monochlorophyll, La-bischlorophyll, and ABA adsorbed chlorophyll, which had
lower absorbance. La + ABA treatment significantly decreased the chlorophyll content in
vivo. This phenomenon was due to the fact that La and ABA formed LaABA compound,
which markedly reduced the concentrations of ABA and La, and the effect of promoting
chlorophyll production was overcome by the effect of reducing chlorophyll absorbance.

Introduction

Rare earth elements (REEs) have been widely used as microfertilizers in agriculture [1-4]
because they can improve plant growth and stress resistance at certain concentrations. Lantha-
num (La) is a rare earth element that has been extensively studied due to its wide application
in numerous fields and potential accumulation in the environment [5-7]. Previous studies
have demonstrated that La induces hormesis in many plant physiological processes, such as
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seedling growth, peroxidase activity, net photosynthesis and chlorophyll production, which
have a dose response characterized by stimulation at low concentrations and inhibition at high
concentrations [8-11]. D’Aquino et al. [12] reported that La stimulated the root growth of Tti-
ticum durum at 0.01 and 0.1 mM after 9 d of treatment, however, it inhibited the root growth
with a concentration equal to or larger than 1 mM. Shi et al. [13] showed that low concentra-
tions (0.002-0.2 mM) of La increased the chlorophyll content in cucumber seedling leaves,
while high concentration (2 mM) of La reduced the chlorophyll content. Oliveira et al. [14]
found that the dry matter yield of shoot and root, photosynthetic rate and total chlorophyll
content were promoted at low La concentrations (5 and 10 uM), whereas soybean growth was
reduced at high La concentrations (80 and 160 uM). Although there is no exact concentration
threshold for La to inhibit plant growth [6], it is apparent that La with a concentration of
several uM can stimulate seedling growth.

Abscisic acid (ABA) is a plant hormone that regulates plant growth, development and
reproduction, especially during environmental stresses [15-17]. ABA inhibits seed germina-
tion in most plant species and regulates the root growth [18]. Smet et al. [19] demonstrated
that seed germination of Arabidopsis was inhibited completely by 3.0 uM ABA. Fujii et al. [20]
found that root length of Arabidopsis was elongated by 0.5 uM ABA, while it was reduced to
less than a half when ABA concentration was larger than 10 pM. Schnall et al. [21] showed that
10 pM ABA could reduce the number of long Arabidopsis root hairs by 45% as compared to
control, and 500 UM ABA eliminated these long root hairs completely. Sarath et al. [22,23]
concluded that ABA could potentially block nitric oxide-responsive cascades and inhibit ger-
mination but that hydrogen peroxide could overcome these effects. There is a complex rela-
tionship between La and ABA. Liu et al. [24] showed that the endogenous ABA in root of Zea
mays had temporal changes when exposed the root to La. Wang et al. [25] found that 10 uM
La could rescue the inhibited seed germination rate and root elongation growth in Arabidopsis
caused by 1 uM exogenous ABA. So, ABA may play an import role in La regulation of plant
growth. Multiple studies have proven that La affects plant growth via its synergistic and agonis-
tic interactions with ABA [26-28].

Switchgrass (Panicum virgatum L.) is a perennial warm-season C, grass that has been
widely used as ground cover, as forage for livestock, for soil and water conservation, and for
wildlife habitat restoration. In addition, established switchgrass stands are very resilient to
environmental fluctuations [29]. Therefore, switchgrass is considered a resource-efficient,
low-input crop for producing bioenergy on farmland [30]. Several studies have investigated
the seed germination of switchgrass under La or ABA stress. Thomas et al. [31] found that La
had no effect on germination of switchgrass at any dose, which was consistent with our previ-
ous work [32]. Duclos et al. [18] showed that ABA inhibited the germination of switchgrass at
a dose equal to or larger than 10 uM. However, how La and ABA affect the seedling growth of
switchgrass is not clear yet. In particular, whether La and ABA can regulate each other in seed-
ling growth of switchgrass is unknown.

La may take part in the photosynthesis in switchgrass. Hong et al. [33] revealed that La could
enter chloroplasts and coordinate with nitrogens of porphyrin ring to form La-chlorophyll in
spinach leaves. Wang et al. [34] proposed that La could replace Mg and form [Chlorophyll-a -
La - pheophytin-a] species in spinach leaves. These reactions in vivo are so complicated that it is
hard to get the details. The quantum chemical methods provide an effective way to investigate
these reactions at molecular level. With density functional theory (DFT) and time-dependent
density functional theory (TD-DFT), Liao et al. [35] successfully predicted the molecular struc-
tures of lanthanide mono- and bisporphyrin complexes. Yin [36] calculated the free energies of
deprotonated and protonated species of prophyrin, and showed which process was thermody-
namically favorable. Barnsley et al. [37] reproduced the experimental UV-vis spectra of two
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aldehyde-porphyrin isomers by computing electronic absorption spectra. We would employ
the quantum chemical calculations together with in vitro experiments to investigate the possible
substitution reactions in chlorophyll.

Hence, in the present study, we investigated the effects of La and ABA on the seed germina-
tion and seedling growth of switchgrass by in vivo experiments. Some associated physiological
mechanisms were also explored by in vitro experiments and quantum chemical calculations.
Thus, the objectives of this study were to (1) investigate the possible use of La as a fertilizer dur-
ing switchgrass growth and the specific mechanism of its interaction with ABA and (2) deter-
mine whether La and ABA coregulate the chlorophyll content of switchgrass. The results will
help researchers in related fields better understand the biological effect of the rare earth element
La on plant hormone (ABA) signal transduction in switchgrass, as well as provide new insights
into agronomic management to reduce ABA accumulation in switchgrass products.

Materials and methods
Materials

Mature seeds of Alamo switchgrass were harvested in October 2017 from the Experimental
Station of Grassland Science in Yangling (N34°16', E 108°4’), Shaanxi Province, PR China.
They were then cleaned and stored at 4°C in paper bags for later use. According to the stan-
dards for forage seed testing, the thousand-seed weight was 1.193 g, the seed viability was 98%,
and the initial moisture content was 9.2%. ABA was purchased from Sigma company with a
purity larger than 98.5%. La(NOs3); - 6H,0 was purchased from Aladdin company with a
purity larger than 99.99%. Chlorophyll was purchased from Macklin company with a purity
larger than 95%.

Germination test

The plants were grown in a growth chamber at 25+2°C with 70%-85% humidity and a 16/8 h
light/dark cycle with 75 umol-m?/s irradiance. Seeds were surface sterilized using 75% alcohol
for 30 s, sterilized using 5% NaClO for 2.5 h, rinsed with sterile water five times, and soaked in
sterile water overnight. After 24 h, the seeds were resterilized using 5% NaClO for 30 min and
rinsed with sterile water five times. To measure the seed germination, seeds were grown in tis-
sue-culture vessels with 1/2 Murashige-Skoog (MS) medium whose concentration was reduced
by half as compared to the original MS medium [38]. In our 1/2 MS medium, Edamin, Indole-
acetic acid and Kinetin were removed, and the concentrations of agar and sucrose were set to
7 and 15 g/L, respectively. In addition, the pH was adjusted to 5.6 by KOH. A control (0 uM),
La(NO3); (10 uM), ABA (10 uM), and La(NO3);: ABA = 1:1 in stock solutions were added to
the 1/2 MS medium at identical concentrations. They were three repliacions for each treatment
(N = 50). The germination was defined as the emergence of the radical through the seed coat.

Number of germinated seeds after n days

Number of tested seeds x100%  (n=5,14)

Seedling growth assay

The root length and shoot length were measured on 10 individuals per experiment after 14 d
of seed germination. The root system activity was determined by using the triphenyl tetrazo-
lium chloride (TTC) method as described in the literature [39]. Fresh leaves were soaked in
100% ethanol to extract chlorophyll and the chlorophyll content (Chl total) was determined by
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the method of Rowan [40,41] at wavelengths of 665 and 649 nm. The values of chlorophyll
content have been expressed as mg/g of fresh weight (FW).

Chl a(mg/L) = 13.70 X Ay; — 5.76 X Ay
Chl b(mg/L) = —7.60 x Ay, +25.8 X Ay,

Chl total(mg/L) = 6.10 x Ay +20.04 x Ay,

Here, Aggs and Agyo are the absorbance of chlorophyll at 665 and 649 nm, respectively.

In vitro experiments

In vitro experiments were performed, in which La(NO;); (10 pM), ABA (10 pM) or ABA: La
(NO3); = 1:1 was added directly to the solution of Mg-chlorophyll compounds (Mg-chloro-
phyll A (MgCA) and Mg-chlorophyll B (MgCB)) with anhydrous ethanol as the solvent. UV-
vis spectra of these solutions and the absorbance in the first 2 h were measured using a spectro-
photometer (Shimadzu UV-3900 UV-VIS Spectrophotometer, Tokyo, Japan).

Quantum chemical calculations

All the calculations were performed by applying the Gaussian 09 package (Gaussian 09) [42]
with density functional theory (DFT). Geometric optimizations were performed using the M06
functional [43], where the Stuttgart-Dresden (SDD) basis set was applied for La and the 6-31G
(d) basis set was employed for the other atoms. The solvent effect was taken into account by the
polarizable continuum model (PCM) of the self-consistent reaction field (SCRF) procedure in
ethanol. The Gibbs free energies were calculated for all of the optimized structures at 298.15 K
and 101 kPa. Furthermore, the electronic absorption spectra were also calculated using the
time-dependent density functional theory (TDDFT) with the optimized structures.

Statistical analysis

A one-way analysis of variance (ANOVA) at a significance level P<0.05 was performed using
SPSS 22.0 software. Duncan’s multiple range tests was used to compare means of germination
potential, germination rate, root length, shoot length, root activity and total chlorophyll con-
tent between treatments when significant differences were found.

Results

Effects of La and ABA treatments on seed germination and seedling growth
in switchgrass

In order to reveal the effects of La and ABA treatments on seed germination and seedling
growth, seed germination rate, root length, shoot length, root activity and chlorophyll content
were measured. It was seen that La and ABA had no significant effects on seed germination
rate at day 5 and day 14 (Fig 1(a), Sla Table). Following growth for 14 d after germination, the
average root length was 2.39 mm in the control experiment, while it was 4.13 mm in the 1/2
MS medium with 10 pM ABA and 3.57 mm in the medium with both 10 uM ABA and 10 uM
La(NOs); (Fig 1(b), S1b Table). However, the analysis of shoot length showed that neither La
nor ABA had a significant effect on shoot elongation (Fig 1(c), S1c Table)). To further explore
the effect of La and ABA on switchgrass root length, and root activity was measured, respec-
tively (Fig 1(d), S1d Table)). The root activity was 0.321 pg/g-h for the control, and it was
50.5% and 107.8% higher than this value in the La and ABA treatments, respectively. The
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Fig 1. Effects of La and ABA treatments on seed germination and seedling growth in switchgrass. (a) germination rate,
(b) root length, (c) shoot length, (d) root activity, (e) chlorophyll content. Note: Means of treatments followed by different
letters are significantly different at P<0.05.

https://doi.org/10.1371/journal.pone.0232750.9001

largest rate of increase (115.4%) in root activity was observed in the treatment with La + ABA.
The analysis of chlorophyll content of seedling under different treatments showed that the La
treatment significantly increased the chlorophyll content (P<0.05), which was elevated by
11.5% compared to the control. ABA treatment had no significant difference from the control,
while La + ABA treatment lowered the chlorophyll content by 16.4% as compared to the con-
trol (Fig 1(e), Sle Table).

In vitro experiments and quantum chemical calculations

The absorbances in different treatments in the in vitro experiments. The absorbance
and UV-Vis spectra were measured as a function of reaction time, as shown in Fig 2. The
results showed that the UV-Vis spectra of the control (Mg-chlorophyll A (MgCA) + Mg-chlo-
rophyll B MgCB), ABA, La, and La + ABA treatments were similar to each other, and all of
them had two strong absorption peaks at 413 and 649 nm in the visible region. The absorbance
of Mg-chlorophyll compounds was always the greatest, and it increased in the first hour and
reached a plateau thereafter. The lowest absorbance was observed in the ABA treatment,
remaining nearly unchanged in the first 2 h. The absorbance in the La+ABA treatment was
greater than that in the La treatment in the first hour, but the absorbances became nearly the
same after the first hour.

The optimized structures and Gibbs free energy differences. In the in vitro experi-
ments, the difference of the absorbance should be caused by the reactions between La(NO3)s,
ABA and Mg-chlorophyll compounds. In order to find out the possible products, we systemat-
ically investigated the Mg-chlorophyll A (MgCA) + ABA and MgCA + La(NO3); reactions, as
well as the reaction of ABA + La(NOs3);. Considering that part of the MgCA may have
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https://doi.org/10.1371/journal.pone.0232750.9002

decomposed during the reactions, we also optimized the structures of free-base chlorophyll A
(H,CA), monodeprotonated free-base chlorophyll A (HCA1 and HCA2), and dideprotonated
free-base chlorophyll A (CA). It should be mentioned that Mg-chlorophyll B (MgCB), which is
another main component of chlorophyll, has a similar structure and property as MgCA. There-
fore, MgCB was not investigated in the present work. MgCA consists of a chlorin ring, a central
Mg, several attached side chains and a long hydrocarbon tail, as shown in Fig 3. It should be
noted that the two sides of the chlorin ring are unequal due to the side chains and the long tail.
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Fig 3. Optimized structures for the reactions between NO,_, ABA and Mg-chlorophyll A. (a) Free-base chlorophyll
A (H,CA), (b-c) monodeprotonated free-base chlorophyll A (HCA1 and HCA2), (d) dideprotonated free-base
chlorophyll A (CA), (e) Mg-chlorophyll A (MgCA), (f-h) abscisic acid (ABA) adsorbed onto Mg-chlorophyll A
(MgCAABA1, MgCAABA2, and MgCAABA3), (i-k) NO,- adsorbed onto Mg-chlorophyll A (MgCANO;1,
MgCANO;2, and MgCANO,3) and (1) abscisic acid (ABA).

https://doi.org/10.1371/journal.pone.0232750.9003

For the MgCA + ABA reaction, one ABA molecule could be adsorbed onto either side of the
chlorin ring, or two ABA molecules could be adsorbed onto both sides of the chlorin ring at the
same time. Therefore, three compounds (MgCAABA1, MgCAABA2, and MgCAABA3) could
be produced. For the MgCA + La(NO3); reaction, both La and NO,- could react with MgCA.
The reaction of MgCA + NO,- was very similar to the MgCA + ABA reaction; therefore, three
compounds (MgCANO;1, MgCANO3;2, and MgCANO;3) were obtained. For the reaction of
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MgCA + La, the central Mg could be replaced by La, and two kinds of products were formed, as
shown in Fig 4. One kind included the La-monochlorophyll A compounds (LaCA1l and LaCA2),
and the other included the sandwich-type La-bischlorophyll A compounds (CALaCA1l,
CALaCA2, and CALaCA3). In these compounds, La was always located outside of the chlorin

Fig 4. Optimized structures for the reactions between La, ABA and Mg-chlorophyll A. (a) LaABA compound, (b-c)
La-monochlorophyll A compounds (LaCA1 and LaCA2), and (d-f) sandwich-type La-bischlorophyll A compounds
(CALaCA1, CALaCA2, and CALaCA3).

https://doi.org/10.1371/journal.pone.0232750.9004
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ring because the radius of La was larger than that of Mg. Our calculation also showed that one La
and two ABA molecules formed a stable La-ABA compound.

For these optimized structures, the Gibbs free energies at 298.15 K and 101 kPa in ethanol
were calculated, which could then be used to evaluate whether a given chemical change was
thermodynamically possible. The Gibbs free energy differences corresponding to the reactions
between different compounds are listed in Table 1 and illustrated in Fig 5.

Deprotonation of free-base chlorophyll A (H,CA) was a two-step endothermic process.
The first step produced monodeprotonated free-base chlorophyll A (HCA1 and HCA2) with
an increase in Gibbs free energy of more than 800 kJ-mol ™, and the second step formed dide-
protonated free-base chlorophyll A (CA) along with another increase of approximately 800
kJ-mol". The formation of MgCA by Mg and CA was exothermic, and the corresponding
decrease in Gibbs free energy was 602.81 kj-mol ™. The adsorption of ABA and NO,_ onto
MgCA further reduced the Gibbs free energies. The formations of La-monochlorophyll A
compounds (LaCA1l and LaCA2) and La-bischlorophyll A compounds (CALaCA1l, CALaCA2,
and CALaCA3) by La and CA were also exothermic, while the former had higher Gibbs free
energies than the latter. In addition, the generation of LaABA compounds by La and ABA
decreased the Gibbs free energy by 92.16 kJ - mol ™.

Simulated electronic absorption spectra. The simulated electronic absorption spectrum
of MgCA had two absorption bands (Fig 6). Compared to the experimental results, its short-
and long-wavelength absorption peaks were blueshifted by 59 and 93 nm, respectively. These
differences were mainly caused by the fact that the MgCA molecule was so large that we could
not use the most accurate method to calculate its electronic absorption spectrum, which was
very time consuming. Indeed, our electronic absorption spectrum for MgCA was consistent
with previous spectra obtained by others [44-46].

Compared to MgCA, dideprotonated free-base chlorophyll A (CA) and monodeprotonated
free-base chlorophyll A (HCA1) had a stronger absorption intensity at the long-wavelength

Table 1. Gibbs free energy differences.

Compounds Gibbs free energy difference (kJ-mol ™)
1 H,CA 0.00
2 HCA1 863.22
3 HCA2 832.28
4 CA 1741.23
5 MgCA 1138.42
6 MgCAABA1 1091.95
7 MgCAABA2 1087.48
8 MgCAABA3 972.49
9 MgCANO;1 1076.19
10 MgCANO;2 1089.58
11 MgCANO;3 1110.58
12 ABA 1741.23
13 LaABA 1649.07
14 LaCAl 1364.99
15 LaCA2 1370.77
16 CALaCAl 1189.61
17 CALaCA2 1236.61
18 CALaCA3 1254.46
19 La 1741.23

https://doi.org/10.1371/journal.pone.0232750.t001
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absorption band, while free-base chlorophyll A (H,CA) possessed a much higher absorption
peak at the short-wavelength absorption band.

The electronic absorption spectra of La-monochlorophyll A compounds (LaCAl and
LaCA2) were always weaker than those of MgCA at both absorption peaks. The electronic
absorption spectra of La-bischlorophyll A compounds (CALaCA1, CALaCA2 and CALaCA3)
were slightly more complicated. For CALaCA3, the absorption intensity decreased at both
absorption peaks. For CALaCA1l and CALaCA2, the peak at the short-wavelength absorption
band was lower than that of MgCA, but the peak at the long-wavelength absorption band was
higher and exhibited a blueshift.

The adsorption of NO,- onto MgCA lowered the absorption peak at the short-wavelength
absorption band but barely affected the absorption peak at the long-wavelength absorption
band. The interaction of ABA with MgCA reduced the absorption intensity at both the long-
and short-wavelength absorption bands.

Discussion

In the present study, we observed that La and ABA had no significant effect on seed germina-
tion, suggesting that the caryopsis covering structure was somewhat restrictive to the move-
ment of macromolecular substances [32], and that ABA could significantly promote the root
growth of switchgrass, while La could not alleviate the promotion of root growth by ABA. The
root is the major organ for the absorption of water and nutrients. Treatment with an appropri-
ate concentration of lanthanum can improve root activity [47]. The root activity in this paper
was reflected by the intensity of root tetrazolium reduction. The results indicated that both the
La and ABA treatments enhanced the root activity of switchgrass, but ABA played a more
important role.

The chlorophyll content of leaves is an important index that reflects the physiological state of
the leaves and corresponds well with photosynthetic capability. Some studies showed that lantha-
num could increase the chlorophyll content by inducing the synthesis of the precursor of chloro-
phyll by promoting the assimilation of certain elements, such as N, P, and Mg [48,49]. Moreover,
they speculated that the rare earth metal element was an activator of the enzyme involved in the
synthesis of chlorophyll and indirectly improved the synthesis of chlorophyll. Hong et al. [33]
studied the effect of lanthanum on the chlorophyll of spinach (Spinacia oleracea) and found that
La improved the assimilation of Mg. Yang et al. [50] proved that ABA could improve the chloro-
phyll content in wheat (Triticum aestivum). Our in vivo experiments measured the changes of
chlorophyll content under La, ABA and La + ABA treatments. However, the changes of chloro-
phyll content can be caused by two reasons. One is the change of the total amount of chlorophyll.
The other is the change of chlorophyll form. In order to clarify these phenomena, we further
implemented in vitro experiments and quantum chemical calculations.

In vivo, La treatment increased the chlorophyll content. However, in vitro, La treatment
produced the compounds of La-monochlorophyll A (LaCA1 and LaCA2) and La-bischloro-
phyll A (CALaCA1, CALaCA2 and CALaCA3), which was consistent with the finding of Miro-
nov [51], and decreased the absorbance of Mg-chlorophyll compounds, which was due to the
fact that La-monochlorophyll A and La-bischlorophyll A compounds had lower absorption
peaks than Mg-chlorophyll A. This contradiction revealed that La(NO3); should play a role in
increasing the total chlorophyll content in vivo because the replacement of Mg with La did not
increase the absorbance. Our calculations also showed that La-monochlorophyll A and La-
bischlorophyll A compounds had higher Gibbs free energies than MgCA, which indicated
that the transformation from MgCA to La-monochlorophyll A or La-bischlorophyll A
compounds was thermodynamically unfavorable at 298.15 K and 101 kPa in their standard
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states. This situation further demonstrated that the increase in chlorophyll content with La
treatment in vivo was mainly caused by a stimulatory effect of La rather than the substitu-
tion of La for Mg.

ABA treatment had no impact on the chlorophyll content in vivo, but it reduced the absor-
bance of Mg-chlorophyll compounds in vitro. In vitro, ABA reacted with Mg-chlorophyll
compounds, which lowered the absorption peaks. In vivo, ABA also interacted with Mg-chlo-
rophyll compounds, and consequently, the absorbance should have been reduced. Considering
that the chlorophyll content remained unchanged with ABA treatment in vivo, more Mg-chlo-
rophyll compounds must have been produced to compensate for the reduction in absorbance
caused by ABA. Therefore, ABA should also play a role in promoting the production of Mg-
chlorophyll compounds in vivo. Our calculations further showed that the adsorption of ABA
onto MgCA decreased the Gibbs free energies (Figs 3, 4 and 5; Table 1), which demonstrated
that adsorption was thermodynamically possible.

In vitro, treatment with La + ABA lowered the absorption intensity of Mg-chlorophyll
compounds, which was consistent with our findings that both ABA and La(NOs3); could
react with Mg-chlorophyll compounds and that the products had lower absorption peaks.
However, in vivo, treatment with La + ABA reduced the chlorophyll content, which con-
flicted with our conclusion that both ABA and La(NOs3); could stimulate the production
of Mg-chlorophyll compounds. In Fig 2(a), we can see that the absorbance in the La
+ ABA treatment was greater than that in the ABA and La treatments in the first hour.
This phenomenon provided evidence that La should react with ABA and may form
LaABA compound (Figs 3, 4 and 5). One hour later, the absorbance in the La + ABA treat-
ment became nearly the same as that in the La treatment, which demonstrated that some
of the LaABA compound were converted into La-monochlorophyll and La-bischlorophyll
compounds. Our calculations predicted that the Gibbs free energy would decrease from
La to LaABA compound, and it also fell from LaABA compound to La-monochlorophyll
and La-bischlorophyll compounds; thus, both the formation of LaABA compound and the
conversion were thermodynamically possible. In the in vivo experiment, adding ABA and
La(NO3); to culture medium produced LaABA compound. When the LaABA compound
remained in the culture medium, the concentrations of ABA and La(NOs3); were reduced
in vivo, which weakened the stimulatory effects of ABA and La(NO3);. However, although
ABA and La(NOs3); were at low concentrations in vivo, they still reacted with Mg-chloro-
phyll compounds, which lowered the absorbance. The overall effect was that the formation
of LaABA compound allowed the stimulatory effect to be overcome by the inhibitory
effect, in turn reducing the absorbance. As a result, the measured chlorophyll content
decreased in vivo.

Opverall, our in vivo and in vitro experiments, together with the quantum chemical calcula-
tions, demonstrated that both La and ABA could promote the production of chlorophyll in
vivo, although they also weakened the absorption intensity of Mg-chlorophyll compounds by
reacting with them. When La and ABA were used at the same time, the competition between
the effects of promoting chlorophyll production and reducing chlorophyll absorbance became
complicated because the ABA and La formed LaABA compound, which markedly reduced the
concentrations of ABA and La.

The plant hormone ABA has many important functions in plant growth and development,
especially in plant stress responses. As both La and ABA have positive effects on plant stress
responses [52,53], it would be interesting to further study the mechanisms of La and ABA
interactions in switchgrass stress responses at the molecular level.
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Conclusions

This work demonstrates that La and ABA can interact with each other to affect seedling
growth of switchgrass. Both La and ABA enhance the root activity of switchgrass, but ABA is
more efficient. ABA also accelerates the root elongation. Moreover, La significantly increases
the chlorophyll content, whereas La + ABA decreases the chlorophyll content as compared to
the control. The underlying mechanism is inferred from in vivo experiments, in vitro experi-
ments and quantum chemical calculations. The results indicate that both ABA and La can
stimulate the production of chlorophyll, while they also could react with chlorophyll to pro-
duce La-monochlorophyll, La-bischlorophyll, and ABA adsorbed chlorophyll, which have
lower absorbance. ABA + La treatment forms LaABA compound, which markedly reduces the
concentrations of ABA and La and further influences the competition between promoting
chlorophyll production and reducing the absorbance of chlorophyll.

Supporting information

S1 Table.
(DOCX)

Author Contributions
Conceptualization: Xueqing He.

Data curation: Xueqing He, Pei You.
Formal analysis: Xueqing He.

Funding acquisition: Xueqing He.
Investigation: Xueqing He.
Methodology: Xueqing He, Pei You, Yunfu Sun.
Project administration: Xueqing He.
Resources: Xueqing He.

Software: Xueqing He.

Supervision: Xueqing He.

Validation: Xueqing He.

Visualization: Xueqging He.

Writing - original draft: Xueqing He.
Writing - review & editing: Xueqing He.

References

1. PangX, Li DC, Peng A. Application of rare-earth elements in the agriculture of China and its environ-
mental behavior in soil. Environ Sci Pollut R. 2002; 9(2): 143—148. http://dx.doi.org/10.1007/
BF02987462

2. Tyler G. Rare earth elements in soil and plant systems-a review. Plant Soil. 2004; 267(1-2): 191-206.
http://dx.doi.org/10.1007/s11104-005-4888-2.

3. Boyko A, Matsuoka A, Kovalchuk |. Potassium chloride and rare earth elements improve plant growth
and increase the frequency of the agrobacterium tumefaciens-mediated plant transformation. Plant Cell
Rep. 2011; 30(4): 505-518. http://dx.doi.org/10.1007/s00299-010-0960-3 PMID: 21132499

PLOS ONE | https://doi.org/10.1371/journal.pone.0232750 May 5, 2020 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232750.s001
http://dx.doi.org/10.1007/BF02987462
http://dx.doi.org/10.1007/BF02987462
http://dx.doi.org/10.1007/s11104-005-4888-2
http://dx.doi.org/10.1007/s00299-010-0960-3
http://www.ncbi.nlm.nih.gov/pubmed/21132499
https://doi.org/10.1371/journal.pone.0232750

PLOS ONE

Lanthanum and abscisic acid effect on chlorophyll of switchgrass

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

Chaturvedi N, Gannavarapu R, Dhal NK. Effect of lanthanum on the growth and physiological activities
of Zea mays, Vigna radiata and Vigna mungo. Int J Environ Sci. 2014; 4(5): 653-659. http://dx.doi.org/
10.6088/ijes.2014040404505

Hu ZY, 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. http://dx.doi.org/
10.1081/PLN-120027555

Evgenios A, Mitsutoshi K, Edward JC. The rare earth element (REE) lanthanum (La) induces hormesis
in plants. Environmental Pollution. 2018; 238: 1044—1047. https://doi.org/10.1016/j.envpol.2018.02.
068 PMID: 29550253

Jin SL, Jin W, Bai YJ, Dong CX, Jin DC, Hu ZJ, et al. Response of rice and bacterial community to phos-
phorus-containing materials in soil-plant ecosystem of rare earth mining area. J Hazard Mater. 2020;
318(5): 121004. https://doi.org/10.1016/j.jhazmat.2019.121004

Wen KJ, Liang CJ, Wang LH. Combined effects of lanthanumion and acid rain on growth, photosynthe-
sis and chloroplast ultrastructure in soybean seedlings. Chemosphere. 2011; 84(5):601-608. http://dx.
doi.org/10.1016/j.chemosphere.2011.03.054 PMID: 21507455

Ochi K, Tanaka Y, Tojo S. Activating the expression of bacterial cryptic genes by rpoB mutations in
RNA polymerase or by rare earth elements. J Ind Microbiol Biot. 2014; 41(2): 403—414. http://dx.doi.
org/10.1007/s10295-013-1349-4

Wang LH, Wang W, Zhou Q, Huang XH. Combined effects of lanthanum (ll1) chloride and acid rain on
photosynthetic parameters in rice. Chemosphere. 2014; 112(10): 355-361. http://dx.doi.org/10.1016/j.
chemosphere.2014.04.069

Sun QX, Sun LY, Feng SC, Guo SF. Effect of La*>" on seed germination and seedling growth of Salvia
miltiorrhiza. J Rare Earth. 2018; 36(8): 898-902. https://doi.org/10.1016/j.jre.2018.03.009

D’Aquino L, DePinto MC, Nardi L, Morgana M, Tommasi F. Effect of some light rare earth elements on
seed germination, seedling growth and antioxidant metabolism in Triticum durum. Chemosphere. 2009;
75(7): 900-905. http://dx.doi.org/10.1016/j.chemosphere.2009.01.026 PMID: 19215958

Shi P, Chen GC, Huang ZW. Effect of La®" on the active oxygen-scavenging enzyme activities in
cucumber seedling leaves. Russ J Plant Physl. 2005; 52(3): 338—-342.

de Oliverira C, Ramos SJ, Siqueira JO, Faquin V, de Castro EM, Amaral DC, et al. Bioaccumulation
and effects of lanthanum on growth and mitotic index in soybean plants. Ecotox Environ Safe. 2015;
122: 136—144. http://dx.doi.org/10.1016/j.ecoenv.2015.07.020.

Cutler SR, Rodriguez PL, Finkelstein RR, Abrams SR. Abscisic acid: emergence of a core signaling net-
work. Annu Rev Plant Biol. 2010; 61(1): 651-679. http://dx.doi.org/10.1146/annurev-arplant-042809-
112122

Negin B, Moshelion M. The evolution of the role of ABA in the regulation of water-use efficiency: From
biochemical mechanisms to stomatal conductance. Plant Sci. 2016; 251: 82—89. http://dx.doi.org/10.
1016/j.plantsci.2016.05.007 PMID: 27593466

Hong EJ, Lim CW, Han SW, Lee SC. Functional analysis of the pepper ethylene-responsive transcrip-
tion factor, caAlEF1, in enhanced ABA sensitivity and drought tolerance. Front Plant Sci. 2017; 8:
1407. http://dx.doi.org/10.3389/fpls.2017.01407 PMID: 28878786

Duclos DV, Altobello CO, Taylor AG. Investigating seed dormancy in switchgrass (Panicum virgatum
L.): Elucidating the effect of temperature regimes and plant hormones on embryo dormancy. Ind Crop
Prod. 2014; 58(7): 148—159. http://dx.doi.org/10.1016/j.indcrop.2014.04.011.

Smet ID, Signora L, Beeckman T, Inze, Foyer CH, Zhang H. An abscisic acid-sensitive checkpoint in lat-
eral root development of Arabidopsis. The plant Journal. 2003, 33: 543-555. https://doi.org/10.1046/.
1365-313x.2003.01652.x PMID: 12581312

Fuijii H, Verslues PE, Zhu JK. Identification of two protein kinases required for abscisic acid regulation of
seed germination, root growth, and gene expression in Arabidopsis. The Plant Cell. 2007; 19: 485-494.
www.plantcell.org/cgi/doi/10-1105/tpc.106.048538 PMID: 17307925

Schnall JA, Quatrano RS. Abscisic acid elicits the water-stress response in root hairs of Arabidopsis
thaliana. Plant Physiol. 1992; 100: 216-218 https://doi.org/10.1104/pp.100.1.216 PMID: 16652949

Sarath G, Bethke PC, Jones R, Baird LM, Hou G, Mitchell RB. Nitric oxide accelerates seed germination
in warm-season grasses. Planta. 2006; 223(6): 1154—1164. http://dx.doi.org/10.1007/s00425-005-
0162-3 PMID: 16369800

Sarath G, Hou G, Baird LM, Mitchell RB. Reactive oxygen species, ABA and nitric oxide interactions on
the germination of warm-season C, grasses. Planta. 2007; 226(3): 697-698. http://dx.doi.org/10.1007/
s00425-007-0517-z PMID: 17431667

Liu M, Kilaru A, Hasenstein K. Abscisic acid response of corn (Zea mays L.) roots and protoplasts to lan-
thanum. J Plant Growth Regul. 2008; 27: 19-25. https://doi.org/10.1007/S00344-007-9026-3

PLOS ONE | https://doi.org/10.1371/journal.pone.0232750 May 5, 2020 14/16


http://dx.doi.org/10.6088/ijes.2014040404505
http://dx.doi.org/10.6088/ijes.2014040404505
http://dx.doi.org/10.1081/PLN-120027555
http://dx.doi.org/10.1081/PLN-120027555
https://doi.org/10.1016/j.envpol.2018.02.068
https://doi.org/10.1016/j.envpol.2018.02.068
http://www.ncbi.nlm.nih.gov/pubmed/29550253
https://doi.org/10.1016/j.jhazmat.2019.121004
http://dx.doi.org/10.1016/j.chemosphere.2011.03.054
http://dx.doi.org/10.1016/j.chemosphere.2011.03.054
http://www.ncbi.nlm.nih.gov/pubmed/21507455
http://dx.doi.org/10.1007/s10295-013-1349-4
http://dx.doi.org/10.1007/s10295-013-1349-4
http://dx.doi.org/10.1016/j.chemosphere.2014.04.069
http://dx.doi.org/10.1016/j.chemosphere.2014.04.069
https://doi.org/10.1016/j.jre.2018.03.009
http://dx.doi.org/10.1016/j.chemosphere.2009.01.026
http://www.ncbi.nlm.nih.gov/pubmed/19215958
http://dx.doi.org/10.1016/j.ecoenv.2015.07.020
http://dx.doi.org/10.1146/annurev-arplant-042809-112122
http://dx.doi.org/10.1146/annurev-arplant-042809-112122
http://dx.doi.org/10.1016/j.plantsci.2016.05.007
http://dx.doi.org/10.1016/j.plantsci.2016.05.007
http://www.ncbi.nlm.nih.gov/pubmed/27593466
http://dx.doi.org/10.3389/fpls.2017.01407
http://www.ncbi.nlm.nih.gov/pubmed/28878786
http://dx.doi.org/10.1016/j.indcrop.2014.04.011
https://doi.org/10.1046/j.1365-313x.2003.01652.x
https://doi.org/10.1046/j.1365-313x.2003.01652.x
http://www.ncbi.nlm.nih.gov/pubmed/12581312
http://www.plantcell.org/cgi/doi/10-1105/tpc.106.048538
http://www.ncbi.nlm.nih.gov/pubmed/17307925
https://doi.org/10.1104/pp.100.1.216
http://www.ncbi.nlm.nih.gov/pubmed/16652949
http://dx.doi.org/10.1007/s00425-005-0162-3
http://dx.doi.org/10.1007/s00425-005-0162-3
http://www.ncbi.nlm.nih.gov/pubmed/16369800
http://dx.doi.org/10.1007/s00425-007-0517-z
http://dx.doi.org/10.1007/s00425-007-0517-z
http://www.ncbi.nlm.nih.gov/pubmed/17431667
https://doi.org/10.1007/S00344-007-9026-3
https://doi.org/10.1371/journal.pone.0232750

PLOS ONE

Lanthanum and abscisic acid effect on chlorophyll of switchgrass

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42,

43.

44,

45.

46.

Wang JR, Wang L, Hu T, Li WC, Xue SW. Effects of lanthanum on abscisic acid regulation of root
growth in Arabidopsis. J Rare Earth. 2014; 32(1): 78-82. https://doi.org/10.1016/S1002-0721(14)
60035-1

Gampala SS, Hagenbeek D, Rock CD. Functional interactions of lanthanum and phospholipase D with
the abscisic acid signaling effecters VP1 and ABI1-1 in rice protoplasts. J Biol Chem. 2001; 276(13):
9855-9860. http://dx.doi.org/10.1074/jbc.M009168200 PMID: 11139577

Hagenbeek D, Quatrano RS, Rock CD. Trivalent ions activate abscisic acid-inducible promoters
through an ABI1-dependent pathway in rice protoplasts. Plant Physiol. 2000; 123(4): 1553-1560.
http://dx.doi.org/10.1104/pp.123.4.1553 PMID: 10938371

Rock CD, Quatrano RS. Lanthanide ions are agonists of transient gene expression in rice protoplasts
and act in synergy with ABA to increase Em gene expression. Plant Cell Rep. 1996; 15(5): 371-376.
http://dx.doi.org/10.1007/BF00232374 PMID: 24178360

Kimura E, Fransen SC, Collins HP, Guy SO, Johnston WJ. Breaking seed dormancy of switchgrass
(Panicum virgatum L.): a review. Biomass Bioenerg. 2015; 80: 94—101. http://dx.doi.org/10.1016/].
biombioe.2015.04.036

Emi K, Steven CF, Harold PC, Brian JS, Austin H, Jeffrey S, et al. Effect of intercropping hybrid poplar
and switchgrass on biomass yield, forage quality, and land use efficiency for bioenergy production. Bio-
mass Bioenerg. 2018; 111: 31-38.

Thomas PJ, Carpenter D, Boutin C, Allison JE. Rare earth elements (REEs): Effects on germination
and growth of selected crop and native plant species. Chemosphere. 2014; 96: 57—66. http://dx.doi.
org/10.1016/j.chemosphere.2013.07.020 PMID: 23978671

He XQ. The mechanism behind lack-of-effect of lanthanum on seed germination of switchgrass. PLoS
ONE. 2019; 14(3): e0212674. https://doi.org/10.1371/journal.pone.0212674 PMID: 30830924

Hong FS, Wei ZG, Zhao GW. Mechanism of lanthanum effect on chlorophyll of spinach. Sci China Ser
C. 2002; 45(2): 166—176. http://dx.doi.org/10.1360/02yc9019

Wang Q, Lai Y, Yang L, Huang B. Preliminary study of existing species of lanthanum in the spinach
leaves after being cultivated with a culture solution containing lanthanum. Anal Sci. 2001; 17: 789-791.
https://doi.org/10.2116/analsci.17.789 PMID: 11707954

Liao MS, Watts JD, Huang MJ. DFT/TDDFT study of lanthanide mono- and bisporphyrin complexes. J
Phys Chem A. 2006; 110: 13089-13098. https://doi.org/10.1021/jp0632236 PMID: 17134170

Yin YB. DFT study on deprotonation and protonation of porphyrins: How many protons can the porphy-
rin core take up? Comput Theor Chem. 2016; 1080: 38—46. http://dx.doi.org/10.1016/j.comptc.2016.
01.022

Barnsley J E, Wagner P, Officer DL, Gordon KC. Aldehyde isomers of porphyrin: A spectroscopic and
computational study. J Mol Struct. 2018; 1173: 665—-670. http://doi.org/10.1016/j.molstruc.2018.06.117

Murashige T, Skoog F. A revised medium for rapid growth and bio assays with tobacco tissue cultures.
Physiol Plant. 1962; 15: 473-497.

Islam E, Yang XE, Li TQ, Liu D, Jin XF, Meng FH. Effect of Pb toxicity on root morphology, physiology
and ultrastructure in the two ecotypes of Elsholtzia argyi. J Hazard Mater. 2007; 147: 806-816. http:/
dx.doi.org/10.1016/j.jhazmat.2007.01.117 PMID: 17343984

Rowan KS. Photosynthetic pigments of algae. Cambridge: Cambridge University Press, 1989.

Raymond J R. Consistent sets of spectrophotometric chlorophyll equations for acetone, methanol and
ethanol solvents. Photosynth Res. 2006; 89: 27—41. http://dx.doi.org/10.1007/sl11120-006-9065-9
PMID: 16763878

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA, Cheeseman J R. Gaussian 09, Revision
B.01, Gaussian, Inc., Wallingford CT., 2010.

Zhao'Y, Truhlar DG. The MO06 suite of density functionals for main group thermochemistry, thermo-
chemical kinetics, noncovalent interactions, excited states, and transition elements: two new functionals
and systematic testing of four M06- class functionals and 12 other functionals. Theor Chem Acc. 2008;
120 (1): 215-241.

Chen DM, Liu X, He TJ, Liu FC. Density functional theory investigation of chlorophyll diacid: electronic
absorption spectrum and conformational inversion. Chemical Physics. 2003; 289: 397—407.

Christopher J Z, Nathan RE, Michael R D, Victor NN. Magnetic circular dichroism spectroscopy of N-
confused chlorophyll and its ionized forms. J Phys Chem A. 2013; 117: 11499-11508. https://doi.org/
10.1021/jp409013d PMID: 24131398

Falahati K, Hamerla C, Huix-Rotllant M, Burghardt |. Ultrafast photochemistry of free-base porphyrin: a
theoretical investigation of B—Q internal conversion mediated by dark states. Phys Chem Chem Phys.
2018; 20: 12483-12492. https://doi.org/10.1039/c8cp00657a PMID: 29700539

PLOS ONE | https://doi.org/10.1371/journal.pone.0232750 May 5, 2020 15/16


https://doi.org/10.1016/S1002-0721(14)60035-1
https://doi.org/10.1016/S1002-0721(14)60035-1
http://dx.doi.org/10.1074/jbc.M009168200
http://www.ncbi.nlm.nih.gov/pubmed/11139577
http://dx.doi.org/10.1104/pp.123.4.1553
http://www.ncbi.nlm.nih.gov/pubmed/10938371
http://dx.doi.org/10.1007/BF00232374
http://www.ncbi.nlm.nih.gov/pubmed/24178360
http://dx.doi.org/10.1016/j.biombioe.2015.04.036
http://dx.doi.org/10.1016/j.biombioe.2015.04.036
http://dx.doi.org/10.1016/j.chemosphere.2013.07.020
http://dx.doi.org/10.1016/j.chemosphere.2013.07.020
http://www.ncbi.nlm.nih.gov/pubmed/23978671
https://doi.org/10.1371/journal.pone.0212674
http://www.ncbi.nlm.nih.gov/pubmed/30830924
http://dx.doi.org/10.1360/02yc9019
https://doi.org/10.2116/analsci.17.789
http://www.ncbi.nlm.nih.gov/pubmed/11707954
https://doi.org/10.1021/jp0632236
http://www.ncbi.nlm.nih.gov/pubmed/17134170
http://dx.doi.org/10.1016/j.comptc.2016.01.022
http://dx.doi.org/10.1016/j.comptc.2016.01.022
http://doi.org/10.1016/j.molstruc.2018.06.117
http://dx.doi.org/10.1016/j.jhazmat.2007.01.117
http://dx.doi.org/10.1016/j.jhazmat.2007.01.117
http://www.ncbi.nlm.nih.gov/pubmed/17343984
http://dx.doi.org/10.1007/sl11120-006-9065-9
http://www.ncbi.nlm.nih.gov/pubmed/16763878
https://doi.org/10.1021/jp409013d
https://doi.org/10.1021/jp409013d
http://www.ncbi.nlm.nih.gov/pubmed/24131398
https://doi.org/10.1039/c8cp00657a
http://www.ncbi.nlm.nih.gov/pubmed/29700539
https://doi.org/10.1371/journal.pone.0232750

PLOS ONE Lanthanum and abscisic acid effect on chlorophyll of switchgrass

47. Feng XY, Ma MB, Chen QF. Effects of lanthanum on germination and physiological and biochemical
indexes of rape seed. Seed (in Chin). 2010; 29(8): 45-47.

48. ChenWJ, TaoY, Gu YH, Zhao GW. Effect of lanthanide chloride on photosynthesis and dry matter
accumulation in tobacco seedlings. Biol Trace Elem Res. 2001; 79(2): 169—-176. http://dx.doi.org/10.
1385/BTER:79:2:169 PMID: 11330523

49. Jiang WJ, Zhang ZY, Li ZJ, Yu M, Zhou YL, Chai ZF. Effects of LaCI3 on absorption of mineral nutrients
in internodal cells of chara. J Chin Soc Rare Earths. 2008; 26(6): 797—800.

50. YangDQ,WangZL, YiYP, NiYL, Yang WB, et al. Effects of exogenous ABA and 6-BA on flag leaf
senescence in different types of stay-green wheat and relevant physiological mechanisms. Acta Agron
Sin. 2013; 39(6): 1096—1104. http://dx.doi.org/10.3724/SP.J.1006.2013.01096

51. Mironov AF. Lanthanide porphyrin complexes. Russ Chem Rev. 2013; 82(4): 333-351. http://dx.doi.
org/10.1070/RC2013v082n04ABEH004300

52. Pang X, Wang DH, Xing XY, Peng A, Zhang FS, Li CJ. Effect of La®* on the activities of antioxidant
enzymes in wheat seedlings under lead stress in solution culture. Chemosphere. 2002; 47(10): 1033—
1039. http://dx.doi.org/10.1016/S0045-6535(02)00022-X PMID: 12137035

53. HongdJH, Seah S, Xu J. The root of ABA action in environmental stress response. Plant Cell Rep. 2013;
32(7): 1920-1926. http://dx.doi.org/10.1007/s00299-013-1439-9

PLOS ONE | https://doi.org/10.1371/journal.pone.0232750 May 5, 2020 16/16


http://dx.doi.org/10.1385/BTER:79:2:169
http://dx.doi.org/10.1385/BTER:79:2:169
http://www.ncbi.nlm.nih.gov/pubmed/11330523
http://dx.doi.org/10.3724/SP.J.1006.2013.01096
http://dx.doi.org/10.1070/RC2013v082n04ABEH004300
http://dx.doi.org/10.1070/RC2013v082n04ABEH004300
http://dx.doi.org/10.1016/S0045-6535(02)00022-X
http://www.ncbi.nlm.nih.gov/pubmed/12137035
http://dx.doi.org/10.1007/s00299-013-1439-9
https://doi.org/10.1371/journal.pone.0232750

