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Abstract: This study was conducted to evaluate the AI** tolerance of sixteen camelina genotypes
and to use melatonin or nano-selenium to alleviate Al3*-induced stress. A Petri dish study indicated
seedling root length was suitable for describing the dose-response of seedling growth with increased
AI%* concentrations. Based on GRsy (AI** concentration causing a 50% reduction in the seedling
root length), CamK6 (232.0 mg L~!) and CamK2 (97.0 mg L~!) were the most Al®*-tolerant and
-sensitive genotypes, respectively. Under AI** stress, CamK6 and CamK2 treated by melatonin
(50 uM) or nano-Se (0.4 mg L~1) showed a similar plant height and seed yield plant_1 (CamKeé6:
123.6 + 9.8 cm and 0.562 + 0.62 g; CamK2: 109.2 £ 8.7 cm and 0.49 £ 0.5 g) as the controls (CamKé:
121.1 +10.2 cm and 0.554 £ 0.4 g; CamK2: 110.0 & 9.8 cm and 0.5 + 0.4 g), and the values were greater
than for the Al**-treated plants (CamKé6: 96.4 + 9.2 cm and 0.48 + 0.34 g; CamK2: 97.3 + 8.1 cm
and 0.42 £ 0.31 g). The results showed that melatonin or nano-Se through modulating biochemical
reactions (e.g., antioxidant enzyme) can alleviate Al>*-induced growth inhibition in camelina. This
study suggested melatonin or nano-Se can alleviate Al**-induced growth inhibition by maintaining
seed yield and improving oil quality in camelina.

Keywords: alleviative effect; aluminum tolerance; log-logistic model; plant height; seed yield;
unsaturated fatty acids

1. Introduction

In soil, aluminum (Al) is solubilized into toxic forms of AI** ions [1]. AI>* has been re-
ported as a severe yield-restraining factor in acidic soils worldwide for crop production [2—4].
Upon entry into the root tip, AI** can trigger a series of physiological and biochemical
reactions, including the overproduction of reactive oxygen species (ROS), plasma mem-
brane disintegration, and an inhibition of root growth, thus affecting water and nutrient
uptake. As a consequence, plant growth is severely suppressed and eventually causes
significant seed yield reduction [4-6]. A possible approach for alleviating the adverse effect
of A13*-induced stress in plants could be achieved through agricultural managing strategies
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(e.g., application of biostimulants) that can potentially enhance plant resilience, and thus
maintain productivity.

Camelina [Camelina sativa (L.) Crantz] is a relatively stress-resilient crop species poten-
tially grown in marginal lands [7-9]. Camelina can not only be used as a healthy food but
also has a range of industrial applications (e.g., cosmetics, pharmaceuticals, and biodiesel
fuels) [7,10-12]. Previous studies have demonstrated the superior tolerance of camelina to
drought [13,14], cold [15,16], diseases [17], and insect pests [18]. Nevertheless, camelina is
highly sensitive to waterlogging [19] and heat stress [20]. Despite a basic understanding
of camelina responses to biotic/abiotic stresses, to our knowledge, there is not enough
information on camelina genotypes in response to Al**-induced stress, although soil acidi-
fication resulting from A13* has been a global issue severely threatening crop production.

Studies have demonstrated an alleviation of abiotic stresses (e.g., saline, drought) by
the application of various biostimulants (e.g., nanoparticles, bioactive fertilizers) in many
crop species [21,22]. Brassinolide, through protecting photosynthetic organs and improving
the carbon assimilation potential, enhanced the salt tolerance of rice seedlings [23]. Nano-
selenium (nano-Se) as a biostimulant fertilizer has been applied in several crops, such as
wheat (Triticum aestivum L.) [24] and strawberry (Fragaria x ananassa Duch.) [25], to enhance
crop resilience. Melatonin has also been reported in many studies regarding its alleviative
effect on salt [26], drought [27], heat [28], and heavy metal toxicity (e.g., AI3*) [29,30] in
various plant species. In camelina, previous studies have also shown the potential of using
regulators or fertilizers to reduce damage under stress [31,32]. By increasing antioxidant
enzyme activities (e.g., superoxide dismutase, catalases), a foliar application of salicylic
acid (SA) was effective in alleviating the injurious effect of drought stress in camelina [32].
Aghdasi et al. (2021) [33] reported that an exogenous application of boron (B) and 24-
epibrasinolid not only improved oil quality but also mitigated late-season drought stress in
camelina. Additionally, foliar-applied thiourea alleviated heat stress and improved the seed
yield in camelina [20]. The application of Se or nano-Se effectively alleviated the adverse
effect of drought and maintained the camelina seed yield [20,21]. Another study revealed
that a foliar application of melatonin increased the salinity stress tolerance and improved
the seed oil quality in camelina [34]. By contrast, denoting AI>* as an important crop yield-
restraining stress, few studies concerning its effect on camelina growth and productivity
have been conducted thus far. Therefore, the objectives of this study were (i) to evaluate
the AI** tolerance of a diverse camelina germplasm containing 16 different camelina
genotypes and (ii) to test the alleviation potential by a foliar application of melatonin or
nano-selenium (nano-Se) on Al**-induced growth inhibition in camelina at the whole-plant
level. We hypothesized the responses of the tested camelina to AI>* concentrations would
differ among the genotypes. A foliar application of melatonin or nano-Se with a suitable
dose in Al**-stressed camelina plants would potentially alleviate adverse effects, such
as plant height reduction or seed yield loss through modulating the physiological and
biochemical processes, and eventually enhance the camelina crop performance.

2. Materials and Methods
2.1. Seed Source and Reagents

In this study, sixteen camelina genotypes used in our previous studies [35] were tested.
The detailed information concerning the camelina genotypes, accession number, seed origin,
and seed accessibility is described in Supplementary Table S1. Among them, camelina
‘SO-40’ (a cultivar obtained from Sustainable Oils, Torrance, CA, USA) was compared with
the other fifteen camelina genotypes. All these camelina genotypes are currently deposited
in Yangzhou University, Jiangsu Province, China. Prior to the study, seed germination of
the camelina genotypes showed >95%. Melatonin was purchased from Shanghai Macklin
Biochemical Co., Ltd., Shanghai, China. Nano-se (Sel nanoparticles; mean size: 50-78 nm)
was purchased from Guilin Jigi Group Co., Ltd., Guilin, China. Other chemicals and
reagents that were used in this study were either purchased from Sigma-Aldrich (Shanghai,
China) or the other chemical companies.
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2.2. Study I: Evaluation of the AI>* Tolerance of Camelina Genotypes

The AI3* tolerance of the sixteen camelina genotypes was evaluated through a Petri
dish-based method. Prior to the AI3* concentration treatment, seeds of the tested camelina
genotypes were surface sterilized with ethanol and NaClO. After that, 50 seeds from
each genotype were evenly placed in Petri dishes contained filter papers which were pre-
moistened with 5 mL of a range of AI3* concentrations (0, 62.5, 125, 250, 500, 1000 mg L1
(pH = 4.2-4.7 for the range of AI>* aqueous solutions). This experiment was set up as a
randomized complete block design (RCBD) with 3 replications of each genotype for each
AIR* concentration. The Petri dishes were covered with lids and incubated in a plant culture
chamber maintained at 25 °C with a 10/14 h photoperiod. During the study period, all
Petri dishes were monitored and 1 mL of distilled water was supplemented to maintain the
moisture every two days. At 6 d after AI** treatment (DAT), the measured parameters in-
cluding the percent germination, root, shoot, and seedling length of each camelina genotype
of each treatment were determined from 15 randomly selected seedlings from each Petri
dish (3 replicates). Root, shoot, and seedling length were determined using a micrometer
(Yongkang Anguanlong Electromechanical Co., Ltd., Yongkang, Zhejiang province, China).
The total chlorophyll (chlorophyll 2 and chlorophyll b) was extracted and determined using
acetone incubation and spectroscopic methods [36], respectively. Subsequently, nonlinear
regression analysis was applied to determine the suitable parameter for describing the
dose-response of camelina seedling growth associated with the AI>* concentration.

2.3. Study II: Effect of Melatonin or Nano-Se on Alleviation of the AI**-Induced Stress
in Camelina

While significant treatment effects (melatonin or nano-Se dose) were shown between
the measured parameters and AI** concentrations, seedling root length was the most
suitable parameter determined for describing the dose-response of seedling growth with
the increased AI3* concentrations. Based on the GRs of root lengths estimated for the
sixteen camelina genotypes, CamK6 and CamK2 were the most Al**-tolerant and -sensitive
genotypes, respectively, and used in this section of study accordingly.

2.3.1. Petri Dishes Study

Following the seed sterilization, 50 seeds each from CamK6 and CamK2 were treated
with 5 mL of various concentration solutions as listed in Table 1. The AI** concentration
of 97 mg L~! (GRsp value of CamK?2) (pH = 4.4) was single or co-applied with a range of
concentrations of melatonin (50, 100, and 200 uM) (pH = 6.7-7.2) or nano-Se (0.4, 2, and
10 mg L) (pH = 6.6-6.8) (aqueous solution) to camelina seeds. The co-application of
melatonin or nano-Se did not significantly affect the pH of AI>* solution (4.3-4.6) after pH
measurement. This experiment used the same design as above (1 = 3). The Petri dishes were
then maintained in a plant culture chamber with the same conditions as described above.
At 6 DAT, the root length of the two camelina genotypes for each treatment (15 seedlings of
each genotype from each Petri dish as a replicate, n = 3) was determined and subsequently
compared for the potential effect of melatonin or nano-Se on the alleviation of the Al13*-
induced root growth inhibition.

Table 1. Summary of various aqueous solutions treatment in this study.

Treatment Group

N Ul = W N -

Petri Dish Study Whole-Plant Level Study
Various Solutions Treatment
Untreated control (only distilled water) Untreated control (only distilled water)
97 mg L~ AP+ 97 mg L~ AP+
50 uM melatonin 50 uM melatonin
100 uM melatonin 0.4 mg L~! nano-Se
200 uM melatonin 97 mg L~ AI** + 50 uM melatonin

50 uM melatonin + 97 mg L=1 AI3* 97 mg L~ AI** + 0.4 mg L~! nano-Se
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Table 1. Cont.

Treatment Group

Petri Dish Study Whole-Plant Level Study

Various Solutions Treatment

7
8
9
10
11
12
13
14

100 uM melatonin + 97 mg L=1 AI3* -

200 uM melatonin + 97 mg L1 AP+ -

0.4 mg L~! nano-Se -

2 mg L~! nano-Se -

10 mg L~! nano-Se -

0.4 mg L~! nano-Se + 97 mg L~ AI3* -
2 mg L~ ! nano-Se + 97 mg L~ A%+ -

1 mg L~! nano-Se + 97 mg L~! A%+ -

2.3.2. Whole-Plant Study

Firstly, young seedlings of CamK6 and CamK2 were grown and prepared in a green-
house located at the Pratacultural Science Experimental Station of Yangzhou University
(25 °C and 12/12 h photoperiod). When the seedlings reached to the 2-3-leaf stage (BBCH
11) [37], they were transplanted to bigger pots containing organic horticultural potting
soil (Yiyuan Agriculture and Forestry Ltd., Suzhou, China) and maintained in the same
greenhouse until the 5-6-leaf stage (BBCH 15) before treatment. The various treatments are
described in Table 1. As the preliminary test showed the dose effect (97 mg L1, GR5 value
of CamK2) on CamK2 at the whole-plant level, the current Al** concentration (97 mg L~1)
was applied to CamK6 and CamK?2 plants in this section of study. Briefly, 25 mL of Al13*
solution concentration (97 mg L~!) was root-applied to the two camelina genotypes plants.
At 8 h after AI3* treatment (HAT), 30 mL of melatonin (50 uM) or nano-Se (0.4 mg L~1) was
foliar-applied to those Al**-treated camelina plants. Each treatment included individual
three pots (each pot containing three camelina plants) for each genotype (each pot as a
replicate, n = 3). The control groups included untreated control (distilled water), only AI>*
(97 mg L~1), melatonin (50 uM), or nano-Se (0.4 mg L~1)-treated camelina plants.

At 24 h after melatonin or nano-Se treatment, the antioxidant enzyme activities,
including superoxide dismutase (SOD) (EC 1.15.1.1) and catalases (CAT) (EC 1.11.1.6),
malondialdehyde (MDA) (a useful marker of oxidative stress), and soluble protein under
each treatment were determined. Briefly, about 0.5 g of leaf sample from each treatment
was collected and ground to powder in a mortar with liquid N and homogenized in 5 mL of
0.2 mM phosphate buffer (pH = 7.8). Then, the homogenate was centrifugated at 10,000 x g
for 20 min at 4 °C before measurement. The determination of those parameters followed
Zou (2000) [38]. The plants were harvested at maturity (about 4 months’ cultivation) (BBCH
89) and accessed accordingly. The oil content of seeds resulted from each treatment was
determined following the Soxhlet extraction method [35]. The oil fatty acid composition and
concentration were analyzed by gas chromatography (GC) (GC9800, Shanghai Kechuang
Chromatographic Instrument Co., Ltd., Shanghai, China) (flame ionization detector) fitted
with a HP-88 capillary column (0.25 mm x 100 m x 0.2 pm, J] & W, Folsom, CA, USA).
Detailed information, such as that regarding the GC conditions and fatty acid methyl esters
(FAMESs) sorting, was described in our previous study [35]. All the evaluations were carried
out at the Laboratory of Grass Germplasm Resources Research and Utilization, Yangzhou
University, China.

2.4. Statistical Analysis

Initially, the Shapiro-Wilk test (normality) on the data showed a normal distribution
of residuals. For the data collected from study (I), ANOVA was conducted for the factors
(AI** concentration and camelina genotype) and factors’ interactions effect on percent
seed germination, root, shoot and seedling length, seedling fresh weight, and chlorophyll
content. As the ANOVA showed a significant dose treatment effect (p < 0.05), the data were
subjected to subsequent nonlinear regression analysis. The Al>* concentrations causing a
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50% reduction (GRsp) in the parameters investigated of each genotype were respectively
estimated by the log-logistic dose-response equation [39] (Equation (1)):

D-C
1+(ﬁ50)3

where y represents an estimate of percent germination, root, shoot, and seedling length,
seedling fresh weight, and chlorophyll content of each genotype at x (Al>* concentration).
B is the slope of the dose-response curve through GRsy. D and C are the upper and
lower limit of the curve, respectively. When C = 0, the equation becomes a three-parameter
model. Based on the p values calculated from the lack-of-fit test, the three- or four-parameter
equations were used accordingly [39]. By comparing the model goodness of fit (R?) and root
mean square deviation (RMSD), the most suitable parameter for describing the relationship
between camelina growth inhibition and the AI** concentration was determined. The
greatest value of GRsp was Al¥*-tolerant, and lowest value was the Al3*-sensitive camelina
genotype. The results collected from study (II) were presented as mean + SE (standard
error) of three replications. Fisher’s LSD test was applied to separate the mean values of
treatment to determine the effect of melatonin or nano-Se on the alleviation of Al**-induced
stress in camelina genotypes. All statistical analyses were conducted using R 3.2.4 [40].

y= 1)

3. Results
3.1. Dose—Responses and Al Tolerance of Tested Camelina Genotypes

Two-way ANOVA revealed that both the AI** concentration and the camelina geno-
type significantly affected the parameters investigated in each genotype (p < 0.05) (Table 2).
Opverall, the mean values of all of the aforementioned parameters (e.g., seedling root length)
of each genotype consistently decreased with the increasing AI** concentration (ranges:
0-1000 mg L~ 1) (Figure 1), and the dose-responses for those tested genotypes were well
described by a three-parameter log-logistic model with no evidence of a lack of fit shown
(p > 0.05 for all models) (Table 3). While the AI** concentration significantly affected all
those parameters (p < 0.05) (Table 2), among them, the root length was the most sensitive
growth parameter to the AI** concentration, showing the GRs values ranging from 97.0
to 232.0 mg L' across all genotypes compared with values of 463.4-896.0 mg L~! for
shoot length, 144.8-286.2 mg L~ for seedling length, 311.8-1314.3 mg L~ for fresh weight,
319.5-636.3 mg L~! for chlorophyll content, and 848.0-20,661 mg L~! for percent germi-
nation (Table 3). Additionally, the model generated for each genotype using root length
showed the best goodness of fit and smallest root mean square (RMS) compared to the
models generated with other parameters. These results demonstrated that the root length
could be a reliable parameter to reflect the growth inhibition of camelina associated with
the increased AI** concentration.

Table 2. Summary of ANOVA for factors’ effect (A13* concentration and camelina genotype) and
interactions on camelina percent germination, root, shoot, and seedling length, chlorophyll content,
and fresh weight in the Petri dish test.

Percent . Chlorophyll .
. Germination Root Length Shoot Length Seedling Length Content Fresh Weight
Variables DF
MS F 4 MS F 4 MS F 4 MS F 4 MS F 4 MS F 4
Concentration (C) 5 8206 131  ** 68,770 594  *** 73238 351  *** 64221 728 *** 80,059 170 ** 31,305 67 i
Genotype (G) 15 365 5.9 o 438 3.7 o 877 4.2 o 318 3.6 2682 57 w2227 47 i
CxG 75 233 3.7 e 189 1.6 ** 702 3.4 o 167 19 o 729 1.6 ** 490 1.0 NS?
Residual 192 12,051 63 - 22,215 116 - 40,105 209 - 16,941 88 - 90,594 472 - 90,182 470 -

2 Not significant at o = 0.05. ** and *** represent significant at the ot = 0.01 and 0.001 probability level, respectively.
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Table 3. Summary of the parameters estimated from the three-parameter log-logistic model ? for root, shoot, and seedling length, fresh weight, chlorophyll content,
and percent germination in the sixteen tested camelina genotypes under a range of AI** concentrations (0-1000 mg L™!) in the Petri dish test.

Accessions No. Root Length Shoot Length Seedling Length Fresh Weight C}gg;(igrl:tyn Gef;:ic:;tion
B D GRsp B D GRsp B D GRsp B D GRsp B D GRsp B D GRsp
SO-40’ 13(02)° 99.8 106.0 4.47 93.8 549.2 1.19 99.5 147.7 1.35 97.1 643.5 2.89 94.8 404.0 2.88 104.5 848.0
= 6.2) (18.3) (3.2) (5.4) (52.3) (0.2) (5.4) (23.0) (07 (11.0) (2045) (12)  (88) (82.9) (05 (25 (50.2)
CamK1 14(02) 101.2 136.0 28.20 104.7 517.0 1.28 100.5 196.2 0.81 96.6 1147.1 4.60 124.6 636.3 4.25 96.9 1091.1
e (6.0) (19.8) (191.8) (4.5) (117.4) (0.2) (5.3) (28.2) (07 (148 (711.0) (17) (6.9 (77.9) (24 (24 (73.8)
CamK?2 15(03) 100.1 97.0 19.47 123.2 463.4 1.46 98.6 144.8 2.35 87.3 686.7 3.53 146.6 481.3 1.23 101.0 1483.7
e (6.2) (14.7) (112.6) (4.5) (203.8) (0.2) (5.5) (21.7) (15 (82 (15200 (12  (7.7) (50.7) (04  (B6)  (31L1)
CamK3 2.5 (0.5) 99.8 137.0 348 105.3 490.1 1.82 100.9 177.9 1.16 97.0 879.3 2.86 117.4 412.3 1.64 94.5 872.7
> (5.9) (14.1) (1.3) (5.0) (49.7) (0.3) (5.1) (19.3) (0.8) (11.8) (3439) (09  (82) (65.2) (05 (39 (90.0)
CamK4 2,94 (0.5) 109.0 169.8 29.95 114.0 463.6 2.60 107.9 208.9 1.89 131.2 636.2 6.17 117.0 347.6 3.31 97.5 1126.0
oE (4.94) (13.9) (327.9) (4.5) (384.1) (0.4) 4.3) (16.2) (05  (78) (112.8) (25  (7.7) (53.2) (14) (25 (91.4)
CamK5 1.64 (0.3) 102.8 198.9 16.13 118.8 527.3 1.7 102.1 270.9 217 108.8 910.2 4.09 99.3 507.3 3.76 105.0 923.4
O (5.6) (25.8) (98.5) (4.5) (171.0) (0.3) 4.8) (30.7) 09 (720 (1843) (28 (7.7 (71.3) 08) (2.3 (44.2)
CamKé 2.78 (0.7) 99.6 232.0 20.88 103.1 896.0 2.74 98.8 286.2 1.24 102.6 1314.3 4.48 126.3 418.1 4.67 101.8 1251.8
/O (5.0) (21.2) (452.1) (4.5) (85.7) (0.6) (4.0) (21.9) (04) (113) (101.7) (0)  (7.7) (48.2) (42 (22  (259.4)
CamK7 2,60 (0.7) 97.5 184.3 19.97 108.6 472.7 2.83 97 .4 214.2 1.45 104.8 331.0 4.37 108.2 319.5 1.57 98.0 1396
' ' (5.7) (18.7) (152.9) (5.2) (181.1) (0.6) 4.5) (17.8) 0.5) (10.5) (89.5) (2.1) (8.3) (45.0) 0.9) (4.4) (342.8)
CamK8 2.33 (0.6) 97.0 218.0 16.43 112.5 498.7 242 97 .4 273.3 251 110.2 595.8 2.87 104.8 386.6 3.98 99.9 908
’ ' (5.6) (24.3) (233.8) 4.5) (21.6) (0.5) 4.3) (24.5) 0.9) (7.2) (99.5) (1.2) (9.0) (71.2) (1.0 (24) (44.8)
CamK9 1.62 (0.4) 96.1 201.4 23.85 103.3 492.5 2.15 91.7 283.6 1.45 95.6 641.4 3.76 104.1 428.7 2.01 98.6 1213.5
’ ’ (6.5) (32.8) (897.4) (4.5) (278.5) (0.6) (5.6) (35.9) 0.9) (11.1)  (195.3) (1.9) (8.0) (65.0) 0.6) (29 (152.7)
CamK10 1.6 (0.3) 99.1 170.6 1.69 101.7 862.8 1.40 100.1 214.7 0.82 102.0 509.3 2.10 96.3 589.6 0.54 100.3 20,661
BO 6.1) (23.8) (0.6) (6.0) (163.6) (0.2) (5.2) (28.8) (03) (11.6) (239.8) (09  (83)  (1389)  (0.3) (42) (35101
CamK11 1.30 (0.2) 98.3 144.7 2.70 109.2 801.0 1.20 98.2 211.6 0.10 105.7 311.8 2.10 106.2 707.9 0.59 99.7 18,447
P (6.3) (25.4) (0.7) (4.9) (93.8) (0.2) (5.5) (33.9) (03) (113) (1149) (09  (77)  (120.1)  (04)  (44) (36418)
CamCl1 1.56 (0.3) 100.7 140.8 2.06 104.3 488.9 1.42 100.4 182.6 0.62 102.0 316.5 241 101.6 335.0 1.15 99.7 2795
O AL (6.0) (19.5) (0.5) (5.9) (71.3) (0.2) (5.2) (24.0) (03)  (120) (1805)  (L1)  (9.4) (67.4) 07) (4.0 (1963)
CamC2 133 (02) 98.9 180.2 3.09 109.4 664.5 1.35 97.6 265.4 0.75 103.4 465.7 2.19 111.8 564.4 0.90 100.9 11,005
’ ' (6.2) (30.2) 0.7) 4.8) (72.3) 0.2) (5.5) (40.1) 0.3) (11.5)  (234.0) 0.8) (8.1) (112.2) (1.0) 37  (31,89)
CamC3 124 (0.2) 100.5 135.1 2.48 101.0 812.2 1.04 100.3 194.4 1.39 110.4 361.8 245 102.5 552.5 1.25 98.6 6654
’ ' (6.1) (22.4) (1.0 (5.0 (149.5) 0.2) (5.4) (32.7) (0.4) 9.9) (95.6) (1.0) (8.1) (108.0) (2.0) (4.00  (18916)
CamC4 1.26 (0.2) 98.5 129.3 2.15 106.1 569.5 1.25 97.9 177.4 0.58 101.2 466.1 217 97.1 425.6 0.63 100.1 9663
< (6.3) (23.2) (0.5) (5.6) (79.2) (0.2) (5.6) (28.4) (03) (121) (3044) (1.1)  (9.7) (97.7) (03)  (43)  (11,895)

@ Parameters estimated using Equation (1). D, the upper limit of the response curve; B, the slope of the dose-response curve through GRsg; GRsy, the AIP* concentrations causing a 50%

reduction in root, shoot, and seedling length, fresh weight, chlorophyll content, and percent germination in the tested camelina genotypes; ® Values in parentheses in each column are the
standard errors of the parameters estimated.
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Figure 1. Dose-responses of seedling root length for the tested sixteen camelina genotypes to a range
of Al concentrations (0-1000 mg L) in the Petri dish study. The red and blue solid lines represent
the most AI**-resistant (CamK6, GRsg = 232.0 mg L~1) and -sensitive (CamK2, GRs = 97.0 mg LY
camelina genotypes determined based on the GRs( values estimated from the model (Equation (1))
and parameter estimates in Table 3, respectively.

The AI** tolerance of the tested sixteen camelina genotypes was characterized using
the GR5 values estimated using the root length from the model. The results showed that
the most Al**-tolerant and -sensitive genotypes were CamK6 and CamK2 with GRs, values
of 232.0 and 97.0 mg L1, respectively (Figure 1; Table 3). While the GRs values differed
when using different growth parameters, the models generated using other parameters (e.g.,
shoot length, seedling length) yielded similar results, with CamK6 showing the greatest
GRj5p values vs. CamK2 showing the smallest values among those genotypes (896.0 vs.
463.4 mg L~! calculated using shoot length for CamK6 and CamK2, respectively; 286.2 vs.
144.8 mg L~! calculated using seedling length; and 1314.3 vs. 87.3 mg L~! calculated using
seedling fresh weight) (Table 3).

3.2. Alleviation of AI*-Induced Stress Using Melatonin and Nano-Se
3.2.1. Petri Dish Study

The effect of melatonin or nano-Se on the alleviation of Al**-induced root growth
inhibition was evaluated using camelina genotypes CamK6 and CamK2 determined in
study (I). The single application of AI>* at the concentration of 97.0 mg L~! dramatically
reduced the seedling root length of the two genotypes compared to untreated controls
(Figure 2). For example, the seedling root lengths of CamK6 and CamK2 treated with
AP* (97.0 mg L~1) were about 31.3 and 22.8 mm, respectively, which were significantly
shorter than those of the untreated controls (CamKé6 and CamK2: 58.5 and 56.3 mm,
respectively). Exogenous application of melatonin at the concentration range of 50-200 pM
effectively counterbalanced the Al**-induced root growth inhibition, showing statistically
similar root lengths (CamK6 and CamK2: 54.6-59.7 mm and 53.9-58.5 mm, respectively)
to the untreated controls for both genotypes (Figure 2A,C). The additional promotion of
root growth in the two camelina genotypes was observed by the single application of
melatonin at the current dose range (CamK6 and CamK2: 66.2-68.8 mm and 59.4-64.7 mm,
respectively) compared to the untreated controls. By contrast, for nano-Se, it only showed
the effective alleviation of the AI>*-induced root growth inhibition at 0.4 mg L~ for both
genotypes (CamK6 and CamK?2: 57.2 and 56.9 mm, respectively); when it was applied at
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higher doses, there was almost little/no alleviative effect observed (CamK6 and CamK2:
46.4 and 44.8 mm at 2 mg L~!; 35.3 and 34.2 mm at 10 mg L™}, respectively) (Figure 2B,D).
There results indicated that melatonin applied at 50-200 uM positively improved camelina
seedling root growth under Al3*-induced stress, whereas nano-Se counterbalanced the
AlP*-induced root growth inhibition only at a lower dose (0.4 mg L™1).

B 1(ke)| | (B) (K8)
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o o o ~
C¥ g g5 S ok &= &
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3 < 3 'y o &
& $ $ & & &
B v t o o

Melatonin + AI** (97 mg L) Nano-Se + AI** (97 mg L)

Figure 2. The effects of various treatments on the seedling root length of CamK6 (A,B) and CamK2
(C,D) under Al**-induced (97.0 mg L~ seedling growth inhibition. Con.: untreated control; AR
97.0mg L~1; 50, 100, or 200 uM + A13+: 50, 100, or 200 uM melatonin co-applied following 97.0 mg L~
of AI¥* treatment; 0.4, 2, or 10 mg L1+ AP*: 04, 2, or 10 mg L1 nano-Se co-applied following
97.0 mg L~ of AP* treatment. Values are the means (1 = 3), and bars denote the standard error of
the mean. Different letters represent the significant different values determined by Fisher’s LSD test
(p <0.05).

3.2.2. Whole-Plant Study

Further, the alleviative effect of melatonin or nano-Se on the Al**-induced stress in
camelina was re-confirmed using CamKé6 and CamK2 at the whole-plant level. After
24 h of melatonin (97.0 mg L~1) or nano-Se (0.4 mg L~!) treatment, the two antioxi-
dant enzyme activities (SOD and CAT) and MDA concentration (a marker of oxidative
stress) were significantly increased under Al**-induced stress in CamK6 (253.0 U g1,
253.8 U min !, and 16.1 pmol g_l for SOD, CAT, and MDA, respectively) and CamK2
(2929 U g1, 267.0 Umin~!, and 19.5 umol g~ ') genotypes compared with the untreated
controls (CamKé: 133.4 U g1, 166.6 U min~!, and 10.4 umol g~! for SOD, CAT, and MDA,
respectively; CamK2: 215.5 U g, 171.8 U min~!, and 8.2 umol g~ ') (Figure 3A-F). Al-
though the changing pattern of the three parameters varied differently in the two camelina
genotypes, when melatonin or nano-Se was co-applied (Figure 3A-F), the higher values
significantly decreased to a lower level similar to untreated controls (co-applied with mela-
tonin: 140.3 U g_l, 169.2 U min~—?, and 9.3 pmol g_l for SOD, CAT, and MDA, respectively,
in CamKeé6; 199.5 U g’l, 171.4 U min~!, and 9.4 pmol g’l, respectively, in CamK2; co-
applied with nano-Se: 172.7 U g}, 172.6 U min~ !, and 7.1 pmol g~ ! for SOD, CAT, and
MDA, respectively, in CamK®6; 158.6 U g_l, 144.3 U min~!, and 10.1 pmol g_l, respectively,
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in CamK2). Regarding the soluble protein, the AI3* treatment significantly decreased its
content in both camelina genotypes (21.4 and 20.7 mg g~ ! in CamK6 and CamK?2, respec-
tively) compared to the untreated controls (32.4 and 31.3 mg g~ ! in CamK6 and CamK2,
respectively) (Figure 3G,H). The single application of melatonin showed no effect on im-
proving the soluble protein content in either camelina genotype (30.8 and 27.6 mg g~ ! in
CamK6 and CamK2, respectively). The single application of nano-Se (0.4 mg L~!) showed
no effect on improving the soluble protein in CamK6 compared to the untreated control
(28.3 vs. 32.4 mg g~ 1), but significantly decreased the soluble protein in CamK2 compared
to the control (23.6 vs. 31.3 mg g !). The co-application of melatonin or nano-Se to the
two camelina genotypes under Al stress increased the soluble protein content (applied
with melatonin: 28.9 and 27.7 mg g~! in CamK6 and CamK2, respectively; applied with
nano-Se: 35.6 and 28.5 mg g~ ! in CamK6 and CamK2, respectively) to the normal level of
untreated controls.
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Melatonin (50 uM) / Nano-Se (0.4 mg L)
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Figure 3. The effects of various treatments on SOD (U gfl) (A,B), MDA (umol gfl) (C,D), CAT
(E,F), and soluble protein (mg g~ 1) (G,H) of CamK6 (A,C,E,G) and CamK2 (B,D,F,H) under Al3*-
induced (97.0 mg L~1) plant growth inhibition at the whole-plant level. Con.: untreated control;
AF*: 97.0mg L™1; 50 uM + AI%*: 50 uM melatonin co-applied following the root application of
97.0 mg L=! AI3* concentration; 0.4 mg L~! + A1**: 0.4 mg L~! nano-Se co-applied following the
root application of a 97.0 mg L~1 AIP* concentration. Values are the means (1 = 3), and bars denote
the standard error of the mean. Different letters represent the significant different values determined
by Fisher’s LSD test (p < 0.05).

In the case of plant height, the co-application of melatonin or nano-Se at the current
dose could effectively alleviate the Al**-induced stress in the two camelina genotypes,
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significantly promoting the plants” growth (Figure 4A,B). For example, in CamK®6, the mean
plant height under the Al**-induced stress was 96.4 cm. When melatonin or nano-Se was
co-applied, the mean plant height increased to a height (melatonin treatment: 123.6 cm;
nano-Se treatment: 119.2 cm) that was comparable to the untreated control (121.1 cm).
The seed yield plant™! of the two camelina genotypes under the Al**-induced stress also
increased by the exogenous application of those chemicals (Figure 4C,D). As shown in
Figure 4, the co-application of either melatonin or nano-Se effectively alleviated the A13*-
induced stress in CamK6 (Figure 4C) and CamK2 (Figure 4D) with a seed yield plant ™!
obtained (CamKé6: 0.562 and 0.558 g plant~! for co-applied with melatonin and nano-Se,
respectively; CamK2: 0.48 and 0.50 g plant~! for co-applied with melatonin and nano-Se,
respectively) comparable to the untreated controls (0.554 and 0.50 g plant~! for CamK6
and CamK2, respectively). Regarding the oil content of the two camelina genotypes under
those treatments, the single or co-applied melatonin or nano-Se with the AI** concentration
completely counterbalanced the Al**-induced stress on plants and increased the oil content
(%) to the levels of untreated controls (Figure 4E,F).
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Figure 4. The effects of various treatments on plant height (cm) (A,B), seed yield plant~! (g) (C,D),
and seed oil content (%) (E,F) of CamK6 (A,C,E) and CamK2 (B,D,F) under the Al**-induced stress
determined at harvest. Con.: untreated control; A13*: 97.0 mg L 1.50 uM + AR+ 50 1M melatonin
co-applied following the root application of 97.0 mg L~1 AP* concentration; 0.4 mg L1+ AP+
0.4 mg L~! nano-Se co-applied following the root application of 97.0 mg L~! AI3* concentration.
Values are the means (n = 3), and bars denote the standard error of the mean. Different letters
represent the significant different values determined by Fisher’s LSD test (p < 0.05).
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Supplementary Table S2 shows the major fatty acid composition and fatty acid groups
of the two camelina genotypes under various treatments. While Fisher’s LSD test indicated
differences in the mean values between the treatments, no consistent pattern regarding
the impact of the various treatments on the principal fatty acids content was observed,
even though the fatty acid contents, especially the three major UFA (C18:1, C18:2, and
C18:3) in the two Al**-treated camelina genotypes were lower than those of the untreated
controls and the other treatments (Supplementary Table S2). For example, the contents of
the three major UFA in AlP*-treated CamK6 were 12.05, 18.41, and 33.46%, which were
significantly lower than the untreated controls (12.86, 21.78, and 35.74%, respectively) and
the other treatments (ranges across different treatments: 12.86-13.2%, 20.81-22.28%, and
34.07-37.46%, respectively). A similar pattern of the changes in those fatty acids was also
observed in CamK2. Compared with the lower contents of the principal fatty acids in the
Al3*-treated camelina genotypes, the co-application of melatonin or nano-Se increased
the contents of those fatty acids, indicating the alleviative effect on Al>*-induced stress in
camelina genotypes.

4. Discussion

A3 toxicity is one of the major factors constraining plant growth and crop production
worldwide [5]. In acid soil (pH < 5.5), aluminum is solubilized into the toxic form of AL+
ions, which trigger signal disruption (e.g., ROS overproduction), resulting in oxidative
damage and physiological changes (e.g., root growth inhibition), eventually reducing crop
yields [41-43]. Melatonin, an indole compound, has been shown to exert multiple effects
in plants, such as mediating root elongation and photosynthesis, enhancing the plant
tolerance under biotic and abiotic stresses [3,30,44]. Nano-Se was used as a biostimulant
fertilizer to enhance crop resilience under unfavorable environmental conditions [45,46].
The reported studies of using these chemicals on alleviating various stresses in several plant
species, such as maize (Zea mays L.) and hickory (Carya cathayensis Sarg.) [2,3] may provide
new possibilities for managing the abiotic stresses (e.g., AI>*) in camelina production in
agricultural practice. The objective of this study was to evaluate the AI** tolerance of
16 camelina genotypes exposed to a range of AI** concentrations and, further, to test the
potential for the application of melatonin or nano-Se in the alleviation of Al**-induced stress.
The results showed that although Al**-induced stress adversely affected camelina plant
physiological and biochemical processes, causing a final seed yield reduction in camelina,
the co-application of melatonin or nano-Se could effectively alleviate the Al**-induced
growth inhibition and maintain a consistent camelina seed yield and oil quality.

The accumulation of enzymatic antioxidants (e.g., SOD, CAT) is considered an effective
strategy for plants under abiotic/biotic stresses to scavenge ROS and decrease oxidative
damage [47,48]. The data from this study showed that under Al¥*-induced stress, both the
activities of SOD and CAT, the key enzymes involved in cell-defense processes, significantly
increased as previous studies have reported in maize [27], oilseed rape (Brassica napus
L.) [29], and wheat (Triticum aestivum) [30]. In contrast to the previous studies reporting
an increase in SOD activity in AlP*-stressed oilseed rape after melatonin treatment [29]
and drought-stressed tomato (Solanum lycopersicum L.) after Se treatment [49], in this study,
the SOD and CAT activities of the camelina plants co-applied with melatonin or nano-Se
were maintained at a normal level similar to untreated controls. Recently, our research
team also observed a relatively stable SOD activity in drought-stressed camelina plants
after nano-Se treatment [21]. Because the mechanism differences in melatonin-mediated
A3 tolerance vary across different plant species [3] and the various defense mechanisms
of plants possessed under various stresses (e.g., alteration of antioxidant enzyme activity,
production of defensive pigments) [50], the increase in antioxidant enzyme activities after
stress-alleviating chemical treatment may simplify the changing process of these enzyme
activities under various stresses. In addition to the currently investigated antioxidants
enzymes, there are other molecules related to the Al**-induced responses in plant cells
that might explain the stress-alleviating mechanism in camelina. Therefore, future studies
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on the analysis of transcriptomics, metabolomics, etc., may provide new information
for better understanding the biochemical and molecular processes in this regard. The
MDA level has been considered as a good proxy for the degree of lipid peroxidation in
the cell membrane [48]. The higher accumulation of MDA content in the Al3*-treated
camelina genotypes compared to the untreated controls demonstrated the occurrence of
cell membrane damage due to AI** toxicity. The present study, through the co-application
of melatonin or nano-Se to the Al**-stressed camelina genotypes, significantly decreased its
contents to a normal level. A decline in soluble protein content in the Al3*-treated camelina
in this study was observed, which is in line with the results of previous studies reported in
several crop species grown under abiotic stresses [28,51]. A plausible explanation regarding
the soluble protein reduction can be related to the higher degradation of proteins under
the Al**-induced stress forming low-molecular-weight osmolytes to adjust the osmotic
pressure [52]. The application of melatonin or nano-Se could potentially regulate /balance
the contents of soluble protein in/outside of the cell, and thus alleviate the adverse effects
of the Al**-induced stress in camelina genotypes.

The co-application of melatonin or nano-Se to AlI**-stressed camelina plants could also
alleviate the reduced plant height or seed yield associated with Al**-induced stress. The
root tip cell wall components, such as pectin and hemicellulose, were the primary location
for AI** adsorption [53]. Upon entry into and accumulation of AI** in root tip cells, the
higher concentration of A13* triggered various physiological and metabolic changes (e.g.,
disruption of carbohydrate metabolism, degradation of proteins, lipids peroxidation) and
subsequent inhibition of root growth, eventually leading to seed yield reduction [5,54].
Under Al**-induced stress, the application of melatonin altered the expression of synthetic
genes of plants (e.g., synthesis and assembly of pectin and hemicellulose) [3,55], leading
to the modification of the cell wall components and the final reduction in AI** content
in cell wall, thus alleviating the Al3*-induced stress in camelina plants. As previously
mentioned, plants possess various defense mechanisms under biotic or abiotic stresses,
including the alteration of antioxidant activities and gene expression and the production
of defensive pigments and substances. Studies are still needed to reveal the molecular
mechanism of the alleviative effect of melatonin on Al**-induced stress. In the case of
nano-Se, to our knowledge, there are no studies regarding its application or alleviative
mechanism on Al**-induced stress in camelina. The reported studies in other crop species,
such as strawberry (Fragaria x ananassa Duch.) [25] and wheat (Triticum aestivum L.) [24],
showed that the exogenous application of nano-Se could potentially increase the contents
of defense-related chemicals (i.e., flavonoid) in plants and thus enhance plant resilience
under unfavorable conditions. Our recent study also showed the potential for using nano-
Se to alleviate PEG-induced drought stress and maintain the seed yield and quality in
camelina [21].

According to the results, the co-application of melatonin or nano-Se can not only
improve the camelina seed yield under Al**-induced stress, but also improve the quality of
the oil extracted from the camelina seeds. For camelina, seed quality is mainly determined
by the fatty acid components and the UFA contents [34]. A higher oil quality correlates
with relatively greater UFA contents, such as C18:1~3. Various environmental adverse
factors (e.g., drought, heat) have shown a negative effect on camelina seed oil content
and fatty acid components [56]. The results in this study showed that a single application
of melatonin or nano-Se to camelina plants increased the relative contents of UFA and
reduced SFA in the seed oil, providing a new approach for improving the seed quality
during camelina production.

5. Conclusions

This study was the first to evaluate the AI** tolerance of 16 camelina genotypes and
test the potential of using melatonin or nano-Se to alleviate the adverse effect of the A13*-
induced stress in camelina at the whole-plant level. The Petri dish study demonstrated
that root length could be a reliable parameter for describing the dose-response of growth



Agronomy 2024, 14, 401 13 of 15

inhibition in camelina associated with an increased AI** concentration. CamK6 and CamK2
were determined to be the most Al**-tolerant and -sensitive genotypes based on the GRsp
of root lengths estimated from the log-logistic model. At the whole-plant level, the foliar
application of melatonin (50 pM) or nano-Se (0.4 mg L) not only effectively alleviated
the reduced plant height or seed yield under the Al**-induced stress (97.0 mg L~1), but
also improved the seed oil quality by increasing the relative contents of UFA and reducing
SFA. This study demonstrates that the foliar application of melatonin or nano-Se could
be a potential way to manage the Al**-associated abiotic stress in camelina, maintain
the seed yield, and improve the seed oil quality. Additionally, the CamK6 genotype
(GRsg = 232.0 mg L~!) would be a potential good germplasm source for breeding the A13*-
tolerant camelina genotype.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy14030401/s1, Table S1: The information of camelina
(Camelina sativa L.) seed sources used in this study; Table S2: Principal fatty acids composition and
fatty acid groups (% of total fatty acids) and ratios of CamK2 and CamK6 under various treatments.
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