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Abstract. Tobacco is traditionally an industrial crop that is used for manufacturing
cigarettes. However, due to health concerns and global tobacco control movements,
alternative uses of tobacco are urgently needed to support tobacco farmers and vendors.
Tobacco is also an oilseed crop with an oil yield ranging from 30% to 40 of its dry weight.
However, there is still no information on the effects of nitrogen application on tobacco
seed yield and seed oil production. The objective of this study was to evaluate the effects
of N fertilization (90, 120, 150, and 180 kg-ha ' N) on the seed yield, oil content, fatty acid
composition, and seed germination characteristics of tobacco plants at two locations. The
results showed that applying increasing amounts of N to tobacco plants significantly
increased their total seed yields and oil content. Nitrogen application also modified the
fatty acid composition of the seed oil, as more unsaturated fatty acids were produced
under the increasing N application rate treatments than under the control. Moreover,
increasing the N application rate generally significantly increased the yields of individual
fatty acids as well. Nevertheless, the increased seed oil content and altered fatty acid
composition did not affect seed germination traits, as the seed germination potential and
rate showed no obvious change among treatments or the control. The height and size of
the tobacco plants also increased with the increasing N application rate, which would be
beneficial for increasing biomass production for bioenergy. This study shows for the first
time the feasibility of increasing the seed and oil yields and modifying the fatty acid

composition of tobacco plants by increasing N addition.

Tobacco is a perennial plant in the Sol-
anaceae family that has been grown as an
important cash crop for more than 350 years in
many countries around the world. Although
the genus includes more than 65 species,
Nicotiana tabacum L. (common tobacco) is
the only commercially cultivated and econom-
ically important species. As a cash crop in
China that has a strong impact on the national
economy, the principal production areas of
tobacco are concentrated in remote rural areas
with less developed economies, such as Guiz-
hou and Yunnan. Essential poverty relief and
increased incomes come from tobacco plant-
ing in such areas (Lin et al., 2018).

However, due to health concerns about
cigarettes and the global tobacco control move-
ments, the tobacco acreage in such areas is
under the threat of being decreased. Problems
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will arise from this; for example, farmers who
have developed tobacco cultivation skills and
invested many economic resources in transfor-
mation facilities will be underused, and
tobacco-cropping machinery producers will
have to cope with market loss and eventually
convert their facilities for new mechanical
production as well. Thus, an alternative use of
tobacco for other products is urgently needed to
reorganize a sustainable local economy in these
traditional tobacco-growing areas.

The tobacco plant can offer a wide range
of alternative applications, such as producing
biogas, a generalized biofuel that is widely
accepted, by placing green tobacco tissues
(stems and leaves) inside an anaerobic di-
gester. Biofuel for transport represents the
major portion of worldwide bioenergy pro-
duction, and food crops with high sugar or
starch contents are some of the main sources
of renewable raw material (Ho et al., 2014).
However, this practice has been called into
question because it creates competition with
food crops and impacts food supplies and
prices. Therefore, novel nonfood or nonfeed
plant resources for biofuel and bioenergy
production need to be developed. Tobacco
is a large plant with high biomass production,
and it typically experiences significantly less
herbivore damage than other agricultural
crops (Yuan 2020); therefore, tobacco is an
ideal plant for such bioenergy production and
can be genetically engineered to produce
high-density biofuels and engineering en-

zymes for novel functions in biomass con-
version (Andrianov et al., 2010; Vanhercke
et al., 2014).

Tobacco seeds, available as an unused
byproduct of commercial leaf production in
many countries around the world, can be a
valuable source of natural products with bi-
ological activity and have been considered a
source of glycerides as well as biodiesel
(Frega et al., 1991; Popova et al., 2018; Xie
et al., 2011). Specifically, tobacco is an oil-
seed crop with an oil yield ranging from 30%
to 40% of seed dry weight, which is higher
than that of some other common oilseed
crops, such as corn (3% to 5%), cotton
(16%), soybean (18%), and olive (18% to
25%) and close to that of mustard (37% to
39%), canola (37% to 41%), sunflower (25%
to 47%), and safflower (38% to 48%)
(Elbadawy et al., 2016; Giannelos et al.,
2002; Methamem et al., 2015; Popova
et al., 2018; Zheljazkov et al., 2011, 2012,
2013); this highlights the potential of tobacco
seeds as a source of industrial and edible oils
(Giannelos et al., 2002; Usta 2005).

Generally, it has been shown that the yield of
common tobacco seed oil and its fatty acid profile
are influenced by genotype, climatic conditions,
and other factors, such as water and fertilizer
application (Grisan et al., 2016; Mohammad and
Tahir, 2014; Rossi et al., 2013). Among the
nutrients supplied to the crops, N is frequently
considered the key limiting factor responsible for
lower productivity, and its incorrect use often
leads to low nitrogen use efficiency and serious N
loss, which in turn lead to polluting the environ-
ment via emission of greenhouse gases and
leaching of nitrate into groundwater (Campiglia
et al, 2011; Jensen and Hauggaard-Nielsen,
2003; Shi and Yu, 2008). Thus, developing or
improving N agricultural management practices
to reduce environment risk and enhance N use
efficiency is of vital importance for sustainable
agriculture (Campiglia et al., 2011; Kuo and
Jellum, 2002; Sainju and Singh, 2008).

As demonstrated previously, N applica-
tion can affect the seed yield, oil content, and
composition of other crops such as wheat,
sunflower, and winter mustard (Li et al.,
2019; Zheljazkov et al., 2009). Significant
differences in the fatty acid composition were
observed under different N fertilization in
walnut kernels (cv. Chandler) (Verardo et al.,
2013). Moreover, the response of tobacco
plants, particularly leaves, to different nutri-
ents, including N, has been extensively stud-
ied (Lin et al., 2017). However, there is no
research on the effects of N on tobacco seed
yields or fatty acid composition. In the pres-
ent study, to investigate the effects of N
application on the seed and oil yields and
fatty acid composition of Nicotiana Taba-
cum, field experiments were conducted at two
independent study sites in 2 years. The results
will provide more information on the culti-
vation of tobacco for seed oil production.

Materials and Methods

Study site and field experimental design.
The study was conducted in Fuquan (lat.
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26°44'34"N, long. 107°30"1”E) in 2016, at an
altitude of 1020 m, and Qingzhen (lat.
26°31'27"N, long. 106°21'16"E) in 2017, at
an altitude of 1280 m, in Guizhou, China. Ten-
day average temperature and 10-day precipita-
tion records from April to October and the soil
properties (020 cm) at the two study sites are
presented in Fig. 1 and Table 1, respectively.

Seeds of Nicotiana tabacum L. cv. GZ21
were sown in an open greenhouse on 25 Feb.
2016 and 20 Feb. 2017 on transplanting disks as
described previously in detail (Lin et al., 2018).
For the field experiment, a series of agricultural
operations, including turning up the soil, ridging,
plastic mulching, and planting hole preparation,
were carried out as described previously in detail
(Lin et al., 2015, 2018). Seedlings were trans-
planted into the test plots (15 X 7 m) on 2 May
2016 and 25 Apr. 2017. For the nitrogen appli-
cations, different nitrogen rates, including 1) 90
kg-ha' N (control), 2) 120 kg-ha™ N, 3) 150
kg-ha™' N, and 4) 180 kg-ha™' N, were applied as
a special compound fertilizer for flue-cured
tobacco (N:P,05:K,0, 10:10:24; Qiannan Jinfu
Company Limited, Guizhou, China) in two
separate doses; 60% was applied as a base
before ridging, and the remaining 40% was
applied 45 d after transplanting to the test plots.
All treatments had three replications, and a
completely randomized block design was used.

Assays of plant growth. Plant height was
measured by the distance from the stem base
to the first capsule. Stem diameter was mea-
sured by the stem circumference at one-third
of the plant height. Leaf area was measured
using a fresh leaf area meter (AM 300; ADC
Bioscientific Ltd., Hoddesdon, UK) as de-
scribed previously (Lin et al., 2018). Nodal
distance was measured by the average length
between five leaves up and down from one-
third of the plant height.

Assays of thousand-seed weight, total
seed yield, and fatty acid yields. Capsules
were harvested at maturity and dried to a
constant weight. The weight of 1000 seeds
was measured as the thousand-seed weight.
For the total seed yield assay, the seed weights
of all test plots with different nitrogen rates
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were separately surveyed to calculate the total
seed yield as the seed yield / plot x 10,000 m?
(1 ha) / (15 x 7) m?. The fatty acid yields were
calculated as follows: fatty acid yield = fatty
acid content (%) X total seed yield.

Analysis of seed oil content and fatty acid
composition. The Soxhlet extraction method
was employed to determine the seed oil con-
tent. Dry seeds were ground and placed in the
Soxhlet extractor, and petroleum ether, heating
reflux, and solvent extract were added. The
weight lost after extraction is the seed oil
content. The extracted seed oil (20 puL) was
added to benzene:petroleum ether (1:1) and
then mixed with NaOH-methanol (0.4 mol-L™")
after dissolution. After incubation for 1 h,
distilled water was added to the mixture. The
supernatant was collected after solution strati-
fication and filtered through an organic mem-
brane (0.45 pum). The sample (1 mL) was
transferred into a vial. Gas chromatography
analysis was conducted on an Agilent HP 6890
(Agilent Technologies, Santa Clara, CA)
equipped with a flame ionization detector and
a DB-23 capillary column (30 m x 0.25 mm;
J&W Scientific, Folsom, CA). The injector and
detector temperatures were both set at 230 °C.
The temperature program was as follows:
130 °C for 1 min, increased to 185 °C at 5
°C.min!, then increased to 220 °C at 10
°C-min ', and finally held for 2 min for a total
run time of 19.5 min. Data were collected and
analyzed using Agilent Chemstation software
(Agilent, Palo Alto, CA).

Assays for seed germination potential and
germination rate. For the germination rate
assays, at least 100 seeds from plants grown
under the different N rates were sown ran-
domly on separate plates (9 cm) with saturated
cotton and filter paper, and the cotton and filter
paper were kept wet during the whole exper-
iment. There were three replicates of each seed
treatment. The seeds were then cultivated at
23 °C under a 12-h light/12-h dark cycle and a
light intensity of ~220 umol-umol2s' as
described previously (Lin et al., 2013). Ger-
mination was defined as the emergence of the
radicle from the seeds. The germinated seeds
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Fig. 1. Precipitation from April to October at (A) Fuquan in 2016 and (B) Qingzhen in 2017.

Table 1. Soil properties at the two experimental sites.

were counted after 7 and 14 d of treatment.
The seed germination potential and seed ger-
mination rate were calculated as follows:

Seed germination potential(%)
= Number of germinated seeds, ;/

Number of total test seeds x 100

Seed germination rate(%)
= Number of germinated seeds,, ;/

Number of total test seeds x 100

Statistical analysis. Statistical analysis
was performed using SPSS-17 statistical soft-
ware. The data presented here are means of the
values with se. The effects of study sites and N
rates and their interaction in seed yield, seed oil
content, and fatty acid compositions were eval-
uated using two-way analysis of variance. Dif-
ferences between treatments were separated by
the least significant difference test at a 0.05 P
level. The figures were created in Sigma Plot
10.0 (Systat Software, Inc., Palo Alto, CA).

Results

Effects of N application on total seed yield
and seed oil content. Both the thousand-seed
weight and the seed yield were significantly
affected by the N rate, and the thousand-seed
weight reached its highest value in the 150
kg-ha™' N treatment at the two locations. Al-
though the total seed yield was higher in the
180 kg-ha™ N treatment, no significant differ-
ence were detected compared with that in the
120 kg-ha™! N treatment (Table 2).

The effect of N application on seed oil
content was significant at both Fuquan and
Qingzhen, and seed oil content reached its high-
est values of 38.70% and 39.81% in the 150
kg-N-ha™! treatment at the two locations, respec-
tively (Table 3). There were no significant dif-
ferences in seed oil content between the 150 and
180 kg-ha™' N treatments at the two study sites.

Effects of N application on the fatty acid
composition and yield of tobacco seed oil.
Increased N application had only a minor
effect on the fatty acid composition of the
tobacco seed oil except in terms of the
linolenic acid content, which increased signif-
icantly at higher N rates (120, 150, and 180
kg-ha™' N) compared with those in the control
at both the Fuquan and Qingzhen sites
(Table 4). Moreover, the linolenic acid con-
centrations were the highest in the 150 kg-ha™'
N treatment at the two locations (Table 4).

As a function of the seed yield and the
concentrations of the individual fatty acids in

Organic Total N Total P Hydrolytic N Available P Available K
pH matter (g-kg™) (gkgh) (gkgh Total K (g-kg™") (mg-kg™) (mg-kg™) (mg-kg™)
Fuquan 5.89 29.38 1.62 0.86 15.68 183.67 44.56 281.23
Qingzhen 6.53 19.29 1.32 0.56 15.20 128.32 14.03 161.57
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the oil, the yield of palmitic, stearic, oleic,
linoleic, and linolenic fatty acids generally
increased significantly at higher N rates (120
or 150 kg-ha! N) compared with that in the
control (Table 5). Generally, the highest yield
of fatty acids in the two locations was
achieved in the 150 kg-ha' N treatment,
except for oleic acid at Fuquan and palmitic
acid at Qingzhen, both of which achieved the
highest yield in the 180 kg-ha™' N treatment
(Table 5).

Relationships between the N rate and the
yield of the individual fatty acids in the
tobacco seed oil. The correlation coeffi-
cients between the N rate and seed yield,
seed oil content, the yields of the individ-
ual fatty acids in the tobacco seed oil are
shown in Table 6. As the values indicate,
significant correlation was detected with
the seed yield and seed oil content and N
rates. The N rate also had a significant
positive correlation with the yields of
palmitic, stearic, oleic, linoleic, and unsat-
urated fatty acids. On the other hand,
yields of palmitic, oleic, linolenic, and
unsaturated fatty acid were also signifi-
cantly affected by environmental condi-
tions of study sites (Table 6).

Seed  germination  potential  and
germination rate of seeds from the tobacco
plants grown at different N rates. No signifi-
cant differences were detected among seeds
originating from the four N rates at either
study site except that both the seed germina-
tion potential and the germination rate of seeds
from Qingzhen were slightly lower than those
of seeds from Fuquan (Table 7).

Morphological traits of the tobacco plants
under different N rates. Compared with that
under the control treatment, increasing the N
rate significantly increased the plant height of
the tobacco plants at both study sites
(Table 8). The other three morphological
traits, namely, stem diameter, leaf area and
nodal distance, were all increased signifi-
cantly by the increasing N rates. However,
applying 180 kg-ha™' N did not increase these
traits significantly above what was obtained
at 120 kg-ha™' N (Table 8).

Discussion

In this study, to identify the effects of
nitrogen application on the seed oil produc-
tion of tobacco plants, the total seed yield, oil
content, and fatty acid composition of the
tobacco seed oil developed under different N
application rates were analyzed at two inde-
pendent study sites in two years. The results
clearly showed that the total seed yield, seed
oil content and yield of individual fatty acids
as well as that the plant biomass were in-
creased significantly by increasing N appli-
cation rates. Nevertheless, N fertilization did
not affect seed germination characteristics
such as germination potential and germina-
tion rate at both two study sites.

As the results show, total seed yield was
increased significantly by an increase in N rates at
both study sites, which was consistent with
previous studies in tobacco, as well as some
other crops, such as corn, rice, wheat, and soy-
bean (Cheng et al., 2015; Gediya et al., 2008; Li
etal., 2019; Zhang et al., 2014, 2018, 2019). This

Table 2. Mean thousand-seed weight and seed yield under four N rates at the two locations.

Fuquan 2016

Qingzhen 2017

might partly result from the increased absolute
weight of the seeds (thousand-seed weight) under
the increased N rate treatment, as the results
indicated (Table 2). As reported in some other
crops, such as com, rice, wheat, and soybean, N
application has substantial impacts on seed size
and output (Li et al., 2019; Shen et al., 2017; Xu
etal,, 2018; Yongetal.,2018; Zhang et al., 2019).
No significant differences were detected for the
parameters of total seed yield and thousand-seed
weight at the two locations under the same N
rates, indicating that these characteristics of to-
bacco plants, at least in part, have a wide toler-
ance of and adaptability to different ecological
and meteorological conditions.

Maximizing the total seed and oil yields of
tobacco plants is preferable for its alternative
applications. Thus, we then investigated the
effects of N application rates on seed oil content
in the present study. In accordance with previous
reports that N application to biofuel or biodiesel
crops has major implications for the profitability
of biofuel feedstock systems (Zheljazkov et al.,
2012), our results show that the seed oil content
can be significantly increased by applying more
N: the seed oil content in the 120, 180, and 150
kg-ha ! N treatments increased significantly com-
pared with that in the control at both Fuquan and
Qingzhen (Table 3).

Five main fatty acids were identified that
constituted nearly 100% of the total oil con-
tent. Increases in individual fatty acid yields
in the seed oil at the two study sites were
detected in the 120, 180, and 150 kg-ha' N
treatments, which might be due to the in-
creased total seed yield (Table 2). Nitrogen
fertilization also affected fatty acid compo-
sition, and linoleic acid was the main fatty
acid present in walnut kernels. N fertilization
reduced the oleic acid content relative to the
control. High amounts of N increased the
linoleic acid content and reduced the linolenic

N rate Thousand-seed Seed yield Thousand-seed Seed yield . .

(kg-ha™) wt (mg) (kg-ha ') wt (mg) (kg-ha ") acid content (Verardo et e}l., 2013). Tbe differ-
90 83.03+ 033 ¢ 1535+359b 8258 + 033 b 15824+3.19b  ent response of fatty acid composition to N
120 85.43 +0.13 be 1825+ 11.83a 84.25+0.13 b 187.32+7.38a fertilization between Woody and herbaceous
150 90.20 £0.10 a 19595+ 7.16 a 89.92+£0.10 a 193.64 +5.18a  plants suggests the complex process of regula-
180 87.47+023b 199.75+£9.55a 87.33+023a 197.84 £13.22a  tion. However, both seed oil content and sev-

“Different letters within a column denote significant differences between treatments at P < 0.05.

Table 3. Content of oil in the seeds of the tobacco plants under four N rates at the two locations.

Seed oil content (%)

eral fatty acid yields declined in the 180 kg-ha™!
N treatments compared with those of 150
kg-ha! N treatments, indicating that they are
sensitive to nutrients supply. High rates of N
application might result to more vigorous

N rate (kg-ha™!) Fuquan 2016 Qingzhen 2017  Vvegetative growth, which takes up more allo-
90 3146 + 1.58 ¢* 3320+ 138b  cation that is originally the seed nutrition, for
120 3521+137b 35.72+2.01b example. Moreover, the significant positive
150 3870+ 1.40 a 39.81+1.13a  correlations shown among seed yield, seed oil
180 37.47+1.69 a 38.04+1.71a  content, and palmitic, stearic, oleic, linoleic,

“Different letters within the column denote significant differences between treatments at P < 0.05.

Table 4. Content of fatty acids in the seed oils of the tobacco plants under four N rates at the two locations.

linolenic, and unsaturated acids with N rate

Location N rate (kg-ha™) Palmitic 16:0 (%) Stearic 18:0 (%) Oleic 18:1 (%) Linoleic 18:2 (%) Linolenic 18:3 (%) Unsaturated fatty acid (%)
Fuquan 2016 90 8.37£0.81 a* 384+020a 12.84+092a 73.71+8.76a 073 +0.11 ¢ 8779 +£043 a

120 721+0.29a 367+0.17a 13.19+139a 7430+9.84a 0.86 + 0.08 be 89.12+0.51 a

150 8.36+0.46a 404+062a 1285+133a 73.02+5.80a 1.13+£0.04 a 87.60£0.29 a

180 831+£052a 382+0.38a 13.28+2.19a 73.11+732a 0.95+0.10b 87.87+0.52 a
Qingzhen 2017 90 8.84£0.36a 373+£0.18a 13.82+1.72a 7227+983a 0.85+0.03 ¢ 87.43+£0.40a

120 836+0.11a 327+0.07a 13.47+2.19a 73.07+839a 126+0.12a 8837+024a

150 737+0.71a 316+ 0.26a 1425+1.16a 73.30+8.62a 1.38+0.02a 89.47+031a

180 838+034a 319+0.11a 14.03+147a 7280+730a 1.04 £ 0.09 b 88.43 +0.60 a

“Different letters within the column denote significant differences between treatments at P < 0.05.
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Table 5. Mean fatty acid yields of the tobacco plants under the four N rates at the two locations.

N rate Palmitic 16:0 Stearic 18:0 Oleic 18:1 Linoleic 18:2 Linolenic 18:3 Unsaturated
Location (kg-ha™) (kg-ha™) (kg-ha™) (kg-ha™) (kg-ha™) (kg-ha™) fatty acid (kg-ha™)
Fuquan 2016 90 4.04 £0.18 b* 1.85+0.26 b 6.20 +£0.72 ¢ 3560 £2.73 ¢ 0.35+£0.07¢ 4239+3.01c
120 4.63+0.22b 2.36 +£0.31 ab 848 +£0.37b 4774 +£192b 0.55+£0.06 b 5727+439b
150 634+032a 3.06+0.10 a 9.74 + 0.68 ab 5537+430a 0.86 £0.10 a 66.43 +5.73 a
180 622+037a 2.86 +0.26 a 9.94 + 0.63 ab 5472 +539a 0.71 £0.05a 65.77+497 a
Qingzhen 2017 90 4.66 +£0.29b 1.96 £+ 0.22 b 728 +0.50b 38.07+£4.92¢ 0.45+0.04 ¢ 46.06 £3.68 ¢
120 5.59+0.42 ab 2.19 +£0.31 ab 9.01 £0.39a 4889 +£3.10b 0.84 £0.03b 59.13+3.20b
150 5.68 £0.21 ab 2.44 +0.19 ab 1099 £0.75a 56.51 £4.04 a 1.06 £ 0.04 a 6897 +445a
180 631+020a 2.40 + 0.24 ab 10.56 £ 0.67 a 5479 +£6.17 a 0.78 £0.05b 66.55+5.26a

“Different letters within the column denote significant differences between treatments at P < 0.05 within the same location.

Table 6. Analysis of variance F values for the effects of study sites and N rates on seed yield, seed oil content, and fatty acidscompositions.

Seed yield Seed oil content Palmitic Stearic Oleic Linoleic Linolenic Unsaturated fatty acid
Sites (S) 11.08 27.51 4.11* 2.65 10.71* 15.66 3.65*% 21.67*
N rates (N) 16.36%** 46.84%* 11.02* 4.69* 18.36** 22.96%* 4.37%* 50.85%*
S XN 9.64 18.09* 1.07 6.09 8.41 33.57 2.48* 11.32
*, **Significant correlations at the 0.05 and 0.01 levels, respectively.
Table 7. Seed germination potential and germination rate of seeds from tobacco plants grown under different N rates at the two locations.

Fuquan 2016 Qingzhen 2017

N rate (kg-ha™) Potential Rate (%) Potential Rate (%)
90 96.58 + 0.22 a* 97.67+022a 94.63 +0.33 a 9533+ 1.81a
120 96.25+1.18 a 97.50 £0.90 a 94.50+0.85a 95.72+122a
150 96.92 +0.22 a 97.67 £033 a 9482 +£092a 9548 +1.40 a
180 96.33 +£0.71 a 97.83+0.46 a 9472 +0.73 a 95.62+0.84 a

“Different letters within the column denote significant differences between treatments at P < 0.05.

Table 8. Morphological traits of the tobacco plants under four N application rates at the two locations.

Location N rate (kg-ha™') Plant ht (cm) Stem diam (cm) Leaf area (cm?) Nodal distance (cm)

Fuquan 2016 90 124.85 +£2.17 ¢* 9.58+£0.24 ¢ 1045.95 +20.27b 476 £0.16 ¢
120 136.81 +£4.38 b 11.25+0.25b 1346.03 +37.48 a 5.00+0.12 ¢
150 15432+5.32a 1242 +0.16 a 1471.00 £ 30.48 a 6.38+0.05a
180 143.37+3.92b 1224 +0.10 a 1447.17 +75.28 a 6.46 +0.30 a

Qingzhen 2017 90 118.08+2.32 ¢ 9.37+0.37b 1092.29 +52.93 b 430+0.18 ¢
120 128.28 £0.51 b 10.82 +£0.28 a 1276.73 £28.19 a 4.67+0.21¢
150 141.10+3.21 a 10.56 £0.31 a 132471 £ 68.37 a 572 +£0.08b
180 132.89 £2.23 b 10.67+0.18 a 1367.82+4248 a 6.24+0.16 a

“Different letters within the column denote significant differences between treatments at P < 0.05 within the same location.

revealed that increase in the values of the N
application rate had beneficial effects on seed
yield, seed oil content, and fatty acid yields
(Table 6). These findings combined highlight
the critical significance of efficient N applica-
tion to high yields of seed oil and individual
fatty acids.

The fatty acids found in the triacylgly-
cerol fraction, from the highest content to the
lowest, were linoleic, oleic, palmitic, and
stearic acids (Tables 4 and 5). Two of these
compounds, linoleic and oleic acid, as well as
linolenic acid, are the principal components
of unsaturated fatty acids, which can be used
as an indicator of the nutritional value of seed
oils. The consumption of plant-based mono-
unsaturated fats (oleic acid in this study) may
help to lower the risk of cardiovascular dis-
ease and overall mortality, while polyunsat-
urated fats (linoleic acid and linolenic acid in
this study) help with muscle movement and
blood clotting (Tokuyama and Nakamoto,
2011). Moreover, these compounds cannot
be synthesized in the human body and must
be obtained through the diet; these results
indicate that tobacco seed oil has a high
nutritional value, even higher than that of
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some other common edible oils, such as
peanut and cottonseed oil (Thakur et al.,
1998). In addition, although tobacco seed
oil is mostly used as a nonedible oil, it can
be used in the drug and cosmetics industry
and has been successfully tested as a bio-
diesel (Giannelos et al., 2002; Usta 2005).
Because tobacco seed oil contains various
biologically active substances (protein,
amino acids, fatty acids, minerals, etc.) and
does not contain toxic and unpalatable nico-
tine, the seed cake remaining after the ex-
traction or cold pressing of tobacco seed oil
could potentially also be used in animal
nutrition or as a delivery system for edible
vaccines to animals (Rossi et al., 2013).
Concerning seed production, nitrogen fer-
tilization seems to be important to ensuring
healthy tobacco plants with many flowers and
seeds (Grisan et al., 2016), and seed vigor
should be considered specifically. Although
the high content of unsaturated fatty acids in
plant seeds is not conducive to the mainte-
nance of seed vigor as described in corn and
cotton (Hoffpauir et al., 1950; Huang et al.,
2003), almost no difference was detected in
the seed germination potential and germina-

tion rate within the same experimental site
in a year in the present study (Table 7). This
suggests that effective N management, such
as appropriate N application, only slightly
affects the seed germination potential and
percentage in terms of seed reproduction
and the multiplication of high-quality vari-
eties.

Despite the different climatic conditions,
the height and size of the tobacco plants
increased significantly with the increase in
the N rate during the 2 years of the experi-
ment in both Fuquan and Qingzhen (Table 8).
This would definitely result in an increase in
the amount of green tissues (stem and leaves)
remaining for biomass production after seed
harvest. This biomass, in addition to produc-
ing biofuels for transport, substrates for gen-
erating electricity and heat, including biogas
as described in a previous paragraph (Grisan
et al., 2016), can also offer a wide range of
alternative applications, such as producing
biochar and bio-organic fertilizer (Chen
et al., 2015). Thus, the efficient management
of N fertilization in tobacco cultivation is
undoubtedly of vital importance for such
bioenergy production.
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Conclusion

This study characterized for the first time
the total seed yield, oil content, and fatty acid
yields under various N applications and pro-
vided evidence that increasing N applications
increased the total seed yield, oil content and
fatty acid yields of seed oil, as well as the
residual biomass (stems and leaves) that can
be used as a sustainable crop for seed oil,
biofuel, and biomass.
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