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Abstract

rice through three experiments.

activity of proline dehydrogenase by 20.62-56.95%.

Background: Lanthanum (La) is a rare earth element that can influence plant growth and development. However,
the effect of La on growth, yield formation and 2-acetyl-1-pyrroline (2-AP, a key compound responsible for the aroma
of rice) biosynthesis in aromatic rice (Oryza sativa L. subsp. japonica Kato) has not been reported. Therefore, the pre-
sent study investigated the effects of La on growth, photosynthesis, yield formation and 2-AP biosynthesis in aromatic

Results: Two pot experiments and a two-year field trial were conducted with different rates of La application (20-120
LaCl; mg kg™"and 12 kg ha™' LaCly), and treatments without La application were used as controls. The results
showed that the application of LaCl; at 80 and 100 mg kg™' and at 12 kg ha™' greatly increased the 2-AP content

(by 6.45-43.03%) in aromatic rice seedlings and mature grains compared with the control. The La treatments also
increased the chlorophyll content, net photosynthetic rate and total aboveground biomass of rice seedlings. Higher
antioxidant enzyme (superoxide, peroxidase, and catalase) activity was detected in the La treatments than in the
control. The La treatments also increased the grain yield, grain number per panicle and seed-setting rate of aromatic
rice relative to the control. Moreover, the grain proline and y-aminobutyric acid contents and the activity of betaine
aldehyde dehydrogenase significantly decreased under the La treatment. The application of La to soil enhanced the

Conclusions: La improved the growth, yield formation and 2-AP content of aromatic rice and enhanced 2-AP biosyn-
thesis by increasing the conversion of proline to 2-AP and decreasing the conversion of GABald to GABA.

Keywords: 2-acetyl-1-pyrroline, Aromatic rice, Lanthanum, Photosynthesis, Proline, Yield formation

Background

Aromatic rice (Oryza sativa L.) is well known worldwide
for its characteristic aroma and is also highly desired
by consumers, attracts premium prices in many inter-
national markets [1-4]. The aromatic compounds of
aromatic rice are very complicated, and more than 200
volatile substances were detected in aromatic rice in
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previous studies [5]. In recent years, it has been clearly
established that 2-acetyl-1-pyrroline (2-AP) is the key fla-
vor compound in aromatic rice that imparts its charac-
teristic aroma [6, 7].

The biosynthesis of 2-AP in aromatic rice is a relatively
clear process. Previous studies discovered that 2-AP for-
mation is closely related to proline and y-aminobutyric
acid (GABA). In 2002, Yoshihashi et al. [8] revealed that
proline is the nitrogen source for 2-AP through an iso-
tope tracing test. Mo et al. [4] showed that 2-AP content
is positively correlated with both the proline and GABA
in aromatic rice. Chen et al. [9] demonstrated that 2-AP
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biosynthesis in aromatic rice is inhibited by the expres-
sion of the BADH?2 gene; this gene encodes betaine
aldehyde dehydrogenase (BADH) which catalyzes the
conversion of y-aminobutyl aldehyde (GABald) into
GABA instead of 2-AP. Furthermore, the study of Mo
et al. [10] indicated that the 2-AP in aromatic rice was
transformed mainly from proline catalyzed by proline
dehydrogenase (PDH).

Lanthanum (La) is one of the rare earth elements, a
group that includes 17 elements with similar physical
and chemical properties [11]. An earlier study showed
that exogenous La significantly ameliorated copper toxic-
ity in rice by reducing oxidative stress and increasing the
chlorophyll content [12]. Liang et al. [13] discovered that
La application remarkably enhanced plasma membrane
H+-ATPase activity in rice under acid rain stress. Liu
et al. [14] indicated that exogenous La®>" induced regula-
tion by the antioxidant system and affected the concen-
trations of hydrogen peroxide, superoxide anion, and
malondialdehyde in rice roots. Wang et al. [15] also dem-
onstrated that the combination of LaCl, and acid rain sub-
stantially increased the net photosynthetic rate, stomatal
conductance, Hill reaction activity and carboxylation effi-
ciency of rice plants. Hence, it can be concluded that La
has multiple effects on rice growth and development.

In 2016, Mo et al. [10] showed that supplementation
with La in basic culture medium enhanced the activity
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of PDH and increased the 2-AP content in detached aro-
matic rice panicles in Vitro. La might have the ability to
enhance 2-AP biosynthesis and the potential to be used
in aromatic rice production to cultivate highly aromatic
rice. However, no additional studies of the effects of La
on aromatic rice growth performance have been pub-
lished. Furthermore, the mechanism underlying the regu-
lation of 2-AP formation under exogenous La application
remains unexplored.

Therefore, the present study was conducted with the
hypothesis that La could increase grain yield and 2-AP
content in aromatic rice and with the objective of study-
ing the mechanism underlying the effects of La on 2-AP
biosynthesis in aromatic rice.

Results

Effects of La application on the performance of aromatic
rice seedlings

The application of La to soil significantly influenced
the 2-AP content of the aromatic rice seedlings (Fig. 1).
Compared with CK, the La treatments (La2, La3 and
La4 treatments) notably improved the 2-AP content, by
11.10-41.01% and 11.10-23.38% for Meixiangzhan-2
and Xiangyaxiangzhan, respectively and the highest
contents were recorded in the La3 and La4 treatments.
In addition, we observed that the La5 treatments sud-
denly decreased 2-AP content for Meixiangzhan-2 and
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Fig. 1 Effects of different La treatments on the 2-AP content of aromatic rice seedlings. Values (means = SEs) of each treatment were obtained from
three independent replications (n = 3). Different letters indicate significant differences among the treatments (P < 0.05, least significant difference
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Xiangyaxiangzhan compared with that in the La3 and
La4 treatments. This may have occurred because the
content of La in soil in the La5 treatment exceeded the
suitable range for fragrant rice and caused metal tox-
icity. Regarding seedling quality was concerned, the
aromatic rice seedlings grown in La containing soils
exhibited significant improvements in fresh weight, dry
weight and stem diameter compared to those grown in
soil without La (Table 1). In comparison with CK, La3
and La4 treatments exhibited significantly higher fresh
weight (by 6.00—13.68%), dry weight (by 5.98-19.45%)
and stem diameter by (5.43-9.74%).

Effects of La application on yield and yield related traits

of aromatic rice

The yield and yield-related traits of aromatic rice were
affected by La application in both the second and third
experiments (Table 2 & Table 3). For Meixianghan-2 in
the second experiment, compared with CK, the La80
treatment significantly increased the grain yield (by
12.22%) while the La80 and Lal0OO treatments signifi-
cantly increased the grain number per panicle, seed-
setting rates and total yield. For Xiangyaxiangzhan in
the second experiment, compared with CK, the La80
and LalOO treatments significantly increased the grain
yield and total yield by 9.33-10.34% and 15.16—17.19%,
respectively. Compared with CK, the Lal00 and La80
treatments also significantly increased the grain num-
ber per panicle and seed-setting rate, respectively. In the
field (the third Experiment), in comparison with CK, the
La treatment significantly increased grain yield by 3.84—
10.73% in 2018 and 2019 for both Meixiangzhan-2 and
Xiangyaxiangzhan. Compared with CK, the La treatment
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also significantly increased the grain number per panicle,
by 9.28-19.48%. Moreover, slightly higher seed-setting
rates were recorded in the La treatment than in CK in
both years and for both cultivars. However, there was no
significant difference between the CK and La treatments
in the either effective panicle number or the 1000-grain
weight.

Effects of La application on the chlorophyll content

of aromatic rice

La application substantially increased the chlorophyll
content of aromatic rice (Fig. 2 & Fig. 3). In second exper-
iment, there were no significant differences in SPAD val-
ues among all the treatments including CK at the tillering
stage. At the booting stage, heading stage and grain-fill-
ing stage, the La80 and LalOO0 treatments increased the
SPAD value by 7.45-13.57% compared with CK, and at
the maturity stage, slightly higher SPAD values were
recorded in the La80 and LalO0 treatment than CK. In
the third experiment, 4.32—-18.95% higher SPAD values
were recorded in the La treatment than in the CK treat-
ment at the booting stage, heading stage and grain-filling
stage. Compared with CK, the La treatment also slightly
increased the SPAD value at the maturity stage.

Effects of La application on the net photosynthetic rate

of aromatic rice

La application substantially improved the net photosyn-
thetic rate of aromatic rice (Fig. 4 & Fig. 5). In the sec-
ond experiment, there were no significant differences
in net photosynthetic rate among all the treatments
including CK at the tillering stage. At the booting stage,
heading stage and grain-filling stage, the La80 and

Table 1 Effect of different La treatments on the quality of aromatic rice seedlings

Cultivar Treatment Fresh weight (mg) Dry weight (mg) Plant Height (cm) Stem diameter (mm)

Meixiangzhan-2
CK 168.37+£561b 27.63+£594b 20.68+0.94b 2.20£0.34bc
Lal 164.23+1.74b 27.13£6.33b 21.52+£0.13b 2.14+£1.33bc
La2 168.60+2.64b 27.14£4.53b 21454+0.87b 2.1140.68¢
La3 17847 £3.52ab 33.00+2.40a 26.29+0.46a 239+1.17a
La4 189.87 £3.08a 31.37+443a 25.15+0.78a 23240.98a
La5 169.00+2.22b 27.55+4.72b 2148+1.32b 2.2240.58b

Xiangyaxiangzhan
CK 137.20+1.95b 2502+£221cd 24.5440.98ab 1.85+0.80c
Lal 135.80+4.43b 2429+6.81d 2355+0.11b 1.97 +1.33ab
La2 136.33+2.48b 2667 £1.63b 24514+091ab 1.9041.12bc
La3 154.73+£6.12a 29.67 £1.69a 2535+0.16ab 2.03+0.04a
La4 15597+ 1.87a 26.52 £4.44bc 26.98+0.30a 2.03+1.02a
Las 137.10£5.25b 25.16 £6.43bcd 2541+0.11ab 1.95 £ 0.34abc

Values (means =+ SEs) of each treatment were obtained from three independent replications (n = 3). Different letters indicate significant differences among the

treatments (P <0.05, least significant difference test)
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Table 2 Effects of La application on grain yield, effective panicle number, grain number per panicle, seed-setting rate, 1000-grain

weight and total yield of aromatic rice in the second experiment

Cultivar Treatment Grain yield (g Effective panicle  Grain number per Seed-settingrate  1000-grain weight Total yield (g
pot™) number per pot  panicle (%) (@) pot~)
Meixiangzhan-2
CK 534642.18b 28.67£1.03a 133.124+0.39¢ 71314£021b 19.92£0.03a 19.68+0.04b
La40 56.32+1.01ab 27.00+2.84a 130.23£0.50bc 75.46+0.56a 20.08 £0.02a 18.63+£0.02b
La80 59.994+1.30a 2767£081a 138.81+1.13ab 7533£044a 19.86+0.03a 22.63£0.06a
La100 58.08 +£0.65ab 29.67+£193a 141.834+0.85a 72.2440.22b 20.18+£0.03a 22.31+£0.04a
Xiangyaxiangzhan
CK 53.9441.74bc 2833+1.69 129.83+0.36b 714040.3% 20.47 £0.05a 21.354+0.07b
La40 53.1740.38c 2667 +244a 137.03£0.44ab 72,67 +£0.36ab 20.10+0.03a 22.09+0.02b
La80 5952+1.71a 28.67+2.16a 135.95+042ab 75.04£0.28a 20.08 £0.04a 24.8940.02a
La100 5897+ 1.35ab 2833+2.5% 140.75+0.97a 7349+0.73ab 20.07+0.07a 2536+0.04a

Values (means = SEs) of each treatment were obtained from three independent replications (n = 3). Different letters indicate significant differences among the

treatments (P<0.05, least significant difference test)

Lal00 treatments improved the net photosynthetic rate
by 7.45-14.08% compared with that in CK, and at the
maturity stage, slightly higher net photosynthetic rates
were recorded in the La80 and Lal0O0 treatments than
in CK. In the third experiment, 4.98—18.41% higher net
photosynthetic rates were recorded in the La treatment
than CK at the booting stage, heading stage and grain-
filling stage. Compared with CK, the La treatment also
slightly improved net photosynthetic rate at the matu-
rity stage.

Effects of La application on dry matter accumulation

in aromatic rice

La application remarkably enhanced the dry matter
accumulation in aromatic rice in the field experiment

(Fig. 6). For Meixangzhan-2 in 2018, 14.33, 18.41, 17.69
and 16.83% higher total aboveground biomasses were
recorded in the La treatment than in CK at the boot-
ing stage, heading stage, grain-filling stage and maturity
stage, respectively. For Xiangyaxiangzhan in 2018, 8.74,
11.76, 10.79 and 11.66% higher total aboveground bio-
masses were recorded in the La treatment than in CK
at the booting stage, heading stage, grain-filling stage
and maturity stage, respectively. For Meixiangzhan-2 in
2019, compared with CK, the La treatment significantly
increased the total aboveground biomass by 11.69,
18.15, 21.15 and 22.14% in the four growth stages,
respectively; for Xiangyaxiangzhan in 2019, compared
with CK, the La treatment significantly increased the
total aboveground biomass by 18.12, 20.53, 20.96 and
19.40% in the four growth stages, respectively.

Table 3 Effects of La application on grain yield, effective panicle number, grain number per panicle, seed-setting rate and 1000-grain

weight of aromatic rice in the third experiment

Year Cultivar Treatment Grainyield (g

Effective panicle Grain number per

Seed-settingrate  1000-grain weight

pot™") number per pot panicle (%) (9)
2018 Meixiangzhan-2
CK 5.14£0.09b 260.94+21.33a 13291 +7.69b 77.82+3.68a 20.61£0.05a
La 5.54+£0.10a 295.59+26.74a 158.80+5.16a 76.89+£4.19 20.69£0.04a
Xiangyaxiangzhan
CcK 495+0.18b 257.0441.00a 141.05+£4.92b 77964+ 1.25a 19.96+0.40a
La 514+£0.17a 269.80£7.77a 154.14+7.45a 77.02+2.18a 20.54+0.15a
2019  Meixiangzhan-2
CK 5.2140.08b 260.24+5.13a 143.40+2.38b 77.12£0.89% 20.14£0.11a
La 5.69+0.07a 287.22£13.00a 158.884+3.08a 7831+£1.92a 20.39+046a
Xiangyaxiangzhan
CK 4.69+0.18b 26797 £2261a 138.61 +8.06a 7846+ 147a 20.00£0.44a
La 5.1940.06a 288.07+11.5% 153.06+7.72a 77.24+1.07a 19.69+ 0.06a

Values (means =+ SEs) of each treatment were obtained from three independent replications (n = 3). Different letters indicate significant differences among the
treatments (P <0.05, least significant difference test)
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replications (n

the tillering stage. However, compared with CK, the La
treatment increased the activities of SOD, POD and CAT

by 10.86—-23.08%, 8.89-24.44% and 7.14-36.37%, respec-

Effects of La application on the activities of SOD, POD,

and CAT and content of MDA in aromatic rice

As shown in Fig. 7, La application affected the MDA

content and induced regulation in antioxidative enzyme

tively, from the booting stage to the maturity stage. The

MDA contents were 8.26—24.83% lower than in the La

(SOD, POD and CAT) activity. There was no significant

treatment than CK from the booting stage to the matu-

rity stage.

difference between CK and the La treatment in the activi-

ties of SOD, POD, and CAT or the content of MDA at

Growing stage

Fig. 3 Effects of different La treatments on the SPAD values of aromatic rice in the third experiment. a Meixiangzhan in 2018; b Xiangyaxiangzhan

in 2018; ¢ Meixiangzhan in 2019; d Xiangyaxiangzhan in 2019.TS: tillering stage; BS: booting stage: HS: heading stage: GFS: grain-filling stage;

Growing stage

3). Different letters indicate

MS: Maturity stage. Values (means = SEs) of each treatment were obtained from three independent replications (n

significant differences among the treatments (P < 0.05, least significant difference test)
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compared with those in CK; For Xiangyaxiangzhan,
28.36, 37.62, and 43.03% higher 2-AP contents were
recorded in the La40, La80, and Lal00 treatments than

Effects of La application on 2-AP content and 2-AP

biosynthesis in aromatic rice

In the second experiment, aromatic rice plants grown in

CK. As shown in Fig. 10, La application regulated 2-AP
biosynthesis in terms of the proline, and GABA con-

La containing soil showed higher grain 2-AP contents
(Fig. 8, Fig. 9, Fig. 10 and Table 4). For Meixiangzhan-2,

the La40, La80, and LalOO treatments substantially
increased the grain 2-AP contents by 12.61, 27.53, 26.72%

tents and, PDH and BADH activity. In comparison with

CK, La80 and Lal00 treatments significantly reduced the
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grain contents of proline and GABA. Higher PDH activ-
ity was recorded in the La80 and Lal00 treatments than
in CK. Lower BADH activity was recorded in the La80
and Lal00 treatments than in CK.

In the field production (the third Experiment), La applica-
tion to the soil markedly increased the 2-AP content in aro-
matic rice grains (Fig. 9). In 2018, compared with CK, the
La treatment significantly increased the grain 2-AP content
by 31.36 and 32.85% in Meixiangzhan-2 and Xiangyaxiang-
zhan, respectively. In 2019, in comparison with CK, the La
treatment significantly increased the grain 2-AP content
by 28.55 and 23.08% in Meixiangzhan-2 and Xiangyaxi-
angzhan, respectively. As shown in Table 4, compared with
CK, the La treatment remarkably reduced the contents of
proline and GABA, and the activity of BADH. Higher PDH
activity was recorded in the La treatment than in CK.

Discussion

Crop growth and development are substantially affected
by La, this has been previously reported in several plant
species, such as wheat (Triticum aestivum L.), maize
(Zea mays L.) and soybean (Glycine max (Linn.) Merr.)
[16-18]. The current study demonstrated the modula-
tory effects of La application to soil on 2-AP biosynthe-
sis in aromatic rice. In the first experiment, we observed
that aromatic rice seedlings grown in La containing soil
(80 and 100 LaCl; mg kg™!) not only had higher fresh

weight, dry weight, plant height and stem length, but also
had higher 2-AP contents than those grown in soil with-
out La. In both the second and third experiments, the La
treatments also substantially increased the grain yield
of the aromatic rice cultivars. The increment in grain
yield due to La application was attributed to improve-
ment in grain number per panicle and seed-setting rate.
Our results were consistent with the study of [19] who
demonstrated that exogenous La significantly increased
rice yield. As the method of dry matter accumulation in
plants, photosynthesis was significantly influenced by
La application in terms of the chlorophyll content and
net photosynthetic rate in aromatic rice. The results of
the present study showed that La treatments remarkably
increased SPAD values and enhanced the net photosyn-
thetic rate of the aromatic rice cultivars, Meixiangzhan-2
and Xiangyaxiangzhan at the booting stage, heading
stage, grain-filling stage and maturity stage. The total
aboveground biomass at the booting stage, heading stage,
grain-filling stage and maturity stage (total yield) also
increased due to La application. Therefore, we deduced
that La enhanced yield formation in aromatic rice by reg-
ulating photosynthesis and dry matter accumulation.

In our study, higher activities of antioxidant enzymes
(SOD, POD, CAT) and lower MDA content were
observed in aromatic rice under the La treatments. Previ-
ous studies indicated the important roles of SOD, POD
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and CAT play in maintaining cellular structures and
functions, and quenching reactive oxygen species in
plant tissues [20, 21]. These enhancements in antioxi-
dant activity indicated that La might improve ability of
aromatic rice to resist different abiotic stresses. In the
field, variations in climate especially the sudden occur-
rence of short-term extreme weather, have substantial
effects on rice yield [22]. Moreover, the microclimate
in paddy fields which is complicated and difficult to
measure, also influences yield formation of rice [23].
A stronger antioxidant system in rice ensures stable
rice production stabilization. Furthermore, chloro-
phyll biosynthesis and gas exchange for photosyn-
thesis are affected by the environment [20, 24] while
higher antioxidant enzyme activity can better main-
tain the stability of cells and ensure the progress of
various physiological activities [25, 26]. Therefore,
we deduced that the application of La might protect
chlorophyll biosynthesis in aromatic rice by increas-
ing the activities of antioxidant enzymes and that this

would enhance photosynthesis and dry matter accumula-
tion and finally increase grain yield.

Regarding 2-AP, a key component of the aroma of aro-
matic rice, the La treatments increased the grain 2-AP
content and decreased the grain proline content in the
second experiment. A similar result was also observed
in the La treatment in the third experiment. Further-
more, the results of both the second and third experi-
ments showed that the activity of PDH was significantly
enhanced in the La treatments; this result is similar to
the research of Mo et al. [10], who indicated that the
additional La in culture medium increased the activity
of PDH and the 2-AP content in aromatic rice panicles
in vitro. The function of PDH is to catalyze the oxidation
reaction of proline to convert /\1-pyrroline-5-carboxylic
acid, which is an important precursor for 2-AP biosyn-
thesis [27, 28]. Therefore, the increase in grain 2-AP con-
tent in aromatic rice could be attributed to exogenous La
enhancing PDH activity and thus leading to the promo-
tion of the conversion from proline to 2-AP.
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Cultivar

In addition, the present study revealed that lower
grain proline and GABA contents were recorded in the
La treatments than in CK in both the second and third
experiments. In 2-AP biosynthesis in aromatic rice,
a competitive relationship exists between GABA and
2-AP and the conversion from GABald to /A\1-pyrro-
line (a limited substrate in 2-AP formation [6]) or GABA

depends on the reaction catalyzed by the enzyme BADH
[9, 29, 30]. The results of the second and third experi-
ments showed that the activity of BADH declined under
the La treatments. Therefore, we deduced that exog-
enous La also increases the conversion from GABald
to Al-pyrroline by inhibiting GABA formation, thus
increasing the 2-AP content in aromatic rice. The
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Fig. 9 Effects of La application on the 2-AP content of aromatic rice grains in the third experiment. Values (means =+ SEs) of each treatment
were obtained from three independent replications (n = 3). Different letters indicate significant differences among the treatments (P <0.05, least
significant difference test)
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possible mechanism for the regulation of grain 2-AP bio- rate, dry matter accumulation and yield formation
synthesis in aromatic rice by exogenous La is shown in  were observed in the La treatments. La application

Fig. 11. also improved the conversion from proline to 2-AP by
upregulating the activity of the enzyme PDH and thus
Conclusion increased the grain 2-AP content. In addition, La appli-

The application of La to soil increased the chloro- cation inhibited BADH activity and thus reduced the
phyll content and antioxidant enzyme activities of conversion of GABald to GABA during 2-AP biosyn-
aromatic rice. Increases in the net photosynthetic thesis in aromatic rice.

Table 4 Proline content, GABA content, PDH activity and BADH activity of aromatic rice under La application in the field in the third

experiment
Year Cultivar Treatment Proline (ug g~' FW) GABA (ug g~ ' FW) PDH activity (UL~ FW) BADH
activity (U
L' Fw)
2018 Meixiangzhan-2
CK 43.14+137a 3219+ 1.52a 1345+067b 2248 +0.35a
La 34124043b 2563+1.10b 17.58+0.72a 18.54+0.43b
Xiangyaxiangzhan
CK 40.59+0.62a 3573%1.15a 1346+1.15b 21.01£045a
La 31.194+0.53b 28.08+1.71b 18.27+£1.07a 17.13+£0.84b
2019 Meixiangzhan-2
CK 41.98+0.84a 3451+023a 12.04+£091b 21.51£0.39%
La 33.214+1.20b 24124+1.57b 1889+1.27a 17.39+0.59
Xiangyaxiangzhan
CK 4331£267a 39.16£1.28a 13.23+£1.09b 20.99+£0.28a
La 3277+1.71b 25.8942.54b 16.40+0.32a 18.59+0.25b

Values (means =+ SEs) of each treatment were obtained from three independent replications (n = 3). Different letters indicate significant differences among the
treatments (P <0.05, least significant difference test)
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Methods

Experimental details and plant materials

To study the effect of La on 2-AP biosynthesis in aromatic
rice, three experiments (two pot experiments and a two-
year field experiment) were conducted with two aromatic
rice cultivars, Meixiangzhan-2 (Lemont x Fengaozhan)
and Xiangyaxiangzhan (Xiangsimiaol26 x Xiangyaru-
anzhan). These cultivars are widely planted in South
China, and were provided by the College of Agriculture,
South China Agricultural University, Guangzhou, China.
Detailed information on the varieties could be found at
https://ricedata.cn/. The three experiments were per-
formed as described below:

The first experiment was conducted at the College of
Agriculture, South China Agricultural University, Guang-
zhou, China between October and December 2017. After
soaking and germination, the seeds of aromatic rice were
sown in plastic pots (14.5 cm upper diameter, 10.5 cm
lower diameter and 7.5 cm height) filled with paddy soil.
There were five La treatments i.e., Lal: 20 mg kg™! LaCl,;
La2: 40 mg kg™ LaCly; La3: 80 mg kg™! LaCly; Lad:
100 mg kg™ LaCly; and La5: 120 mg kg~ LaCl,. Pots
without applied La were used as controls (CK). Twenty
days after sowing, the seedlings were collected and the
fresh weight, dry weight, plant height, stem diameter and
2-AP content were determined.

The second experiment was conducted in the green-
house of the Experimental Research Farm, College
of Agriculture, South China Agricultural University,
Guangzhou, China (23°09'N, 113°22’ E and 11 m above
the sea level) between March and July 2018. The ger-
minated seeds of aromatic rice were sown in soils con-
tained in plastic nursery trays. When the seedlings were
twenty days old, they were transplanted into pots with
five hills per pot (32 cm upper diameter, 21 cm lower

diameter and 23 cm height) and four seedlings per hill.
According to the results of the first experiment, three
La treatments were implemented, i.e., La40: 40 mg kg™
LaCly; La80: 80 mg kg™! LaCl,; and La100: 100 mg kg™
LaCl,. Pots without La application were used as the
controls (CK). At the grain-filling and maturity stages,
fresh panicles were collected and stored at -80 °C for
biochemical and molecular analysis. The grain yield
and yield-related traits of aromatic rice were also esti-
mated at the maturity stage.

The third experiment was conducted at the Experi-
mental Research Farm, South China Agricultural Uni-
versity, Ningxi County (23°16’N, 113°22°E and 11 m
above sea level), Guangdong Province, China between
July and November in 2018 and again in 2019. After
germination in the nursery, fifteen-day-old seedlings
were mechanically transplanted into paddy fields at a
planting distance of 30 cm x 16 cm. According to the
results from both the first experiment and the second
experiment, the La treatment was set as 12 kg ha™!
LaCl;, and a treatment without La application was
used as a control (CK). The treatments were arranged
in a randomized complete block design (RCBD) in trip-
licate with a total plot size of 10 m x 3 m. At the tiller-
ing stage (20 days after transplanting), booting stage
(40 days after transplanting), heading stage (60 days
after transplanting), grain-filling stage (75 days after
transplanting) and maturity stage (90 days after trans-
planting, also 1 day before harvesting), fresh flag leaves
from each plot were collected and stored at -80°C. At
the grain-filling stage and maturity stage, fresh
panicles were also collected and stored at -80C
for biochemical analysis. The grain yield and yield
related traits of aromatic rice were also estimated at
the maturity stage.
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Determination of net photosynthetic rate, chlorophyll
content and dry matter accumulation

At the tillering stage (20 days after transplanting),
booting stage (40 days after transplanting), head-
ing stage (60 days after transplanting), grain-filling
stage (75 days after transplanting) and maturity stage
(90 days after transplanting, also 1 day before har-
vesting) in the second and third experiments, the net
photosynthetic rate was determined with the port-
able photosynthesis system (LI-6400, LI-COR, USA)
according to the method described by Luo et al. (2019).
At the same time, a ‘SPAD-502’ SPAD meter (Konica
Minolta, Japan) was used to perform a precise, rapid
and nondestructive estimation of the leaf chlorophyll
contents. In the second experiment, the total above-
ground tissue of aromatic rice from three random
pots in each treatment was collected at the maturity
stage and oven-dried at 80 °C for the determination of
the total yield. In the third experiment, plants from 9
randomly selected hills were collected at the tillering
stage, booting stage, heading stage, grain-filling stage
and maturity stage and oven-dried at 80 °C to a con-
stant weight for the determination of the total above-
ground biomass.

Determination of activities of superoxide (SOD),
peroxidase (POD), catalase (CAT) and contents

of malondialdehyde (MDA)

The MDA content and activities of antioxidant enzymes
in the leaves of aromatic rice were determined according
to the methods described by Kong et al. [20]. The MDA
content was detected after a reaction with thiobarbituric
acid while the absorbance was read at 532 nm, 600 nm
and 450 nm. The activities of SOD, POD and CAT were
determined and expressed as U L™ FW.

Determination of 2-AP content

The 2-AP contents in the grain samples collected at
maturity and the seedling samples were determined
using the simultaneous distillation—extraction method
(SDE) and analyzed by a GCMS-QP 2010 Plus (Shimadzu
Corporation, Japan) according to the methods of [31].

Determination of the contents of proline and GABA,

and activities of PDH and BADH

The contents of proline and GABA in the grain sam-
ples collected at the grain-filling stage were determined
according to the methods described by Mo et al. [4].
The proline content was determined after reacting with
sulfosalicylic acid and the absorbance was measured at
520 nm. The GABA in the samples was extracted using
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60% ethanol, and the absorbance was read at 645 nm.
The GABA content was expressed as pg g~* FW. The
activities of PDH and BADH in grains at the grain-fill-
ing stage were estimated according to the methods of
Luo et al. [2]. For BADH activity, the absorbance was
read at 450 nm and expressed as U L™!. For PDH activ-
ity, the absorbance was read at 440 nm and expressed as
UL

Statistical analyses

All data were analyzed statistically using Statistix 8 (Ana-
lytical software, Tallahassee, Florida, USA) with one-way
analysis of variance. The differences among means were
separated by using the least significant difference (LSD)
test at the 5% significance level.
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