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Abstract: Brassica carinata (carinata) has emerged as a potential biofuel source due to its high erucic
acid content, making it desirable for various industrial applications. Nitrogen (N) and sulfur (S) are
required as primary sources of nutrition for growth and development in different oilseed crops and
their utilization is interdependent. The purpose of the study was to analyze the interactive effect of
N and S nutrition on the growth and other physiological activities of carinata and B. napus (napus).
Four treatments, i.e., optimum NS (+N+S, 100% N and 100% S); N limited (−N+S, 0% N, 100% S);
S limited (+N−S, 100% N, 0% S), and NS limited (−N−S, 0% N and 0% S) of N and S in full-strength
Hoagland solution were imposed in the current study. Effect of different NS treatments was observed
on vegetative traits such as number of primary and secondary branches, total leaf area, total biomass
production and allocation, and physiological traits such as production of photosynthetic pigments,
net photosynthesis, electron transport, and other aspects for both carinata and napus. The traits
of stem elongation, number of nodes, node addition rate, internode length, number of primary
and secondary branches were 60%, 36%, 50%, 35%, 56%, and 83% lower, respectively, in napus
in comparison to carinata. Different NS treatments also positively influenced the production of
photosynthetic pigments such as chlorophyll (Chl) a and b and carotenoids in carinata and napus.
The concentration of Chla was 11% higher in napus in comparison to carinata. The rate of net
photosynthesis, electron transport, and fluorescence was 12%, 8%, and 5% higher based on overall
value, respectively, in napus compared to carinata. On the other hand, the overall value for stomatal
conductance decreased by 5% in napus when compared to carinata. Different growth-related traits
such as vegetative (plant height, node number, internode length, leaf area, number of primary and
secondary branches), reproductive (pod number, pod length, seeds per pod), and photosynthetic
capacity in oilseed brassicas are correlated with the final seed and oil yield and chemical composition
which are of economic importance for the adoption of the crop. Thus, the analysis of these traits will
help to determine the effect of NS interaction on crop productivity of carinata and napus.

Keywords: brassica oilseed; biomass; NS interaction; carinata; napus; vegetative traits; photosynthesis

1. Introduction

Brassica carinata A. Braun (carinata) has emerged as a non-food, low carbon source
of renewable fuel and bioproducts with multiple industrial applications. Carinata is a
dedicated second-generation feedstock that is grown on winter fallow land in the Southeast
United States (SE US) and other parts of the world. Adopting alternate crops that are
primarily grown on underutilized land ensures low to no indirect land-use change or
non-displacement of food crops. Carinata is a multi-purpose oilseed crop used for biofuel
production and industrial purposes and is poised to help address the need for a sustainable

Sustainability 2021, 13, 7355. https://doi.org/10.3390/su13137355 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-6246-0385
https://doi.org/10.3390/su13137355
https://doi.org/10.3390/su13137355
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13137355
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su13137355?type=check_update&version=2


Sustainability 2021, 13, 7355 2 of 19

renewable energy source. Efforts are being made to adopt carinata as a winter commodity
cover crop in North America, especially in SE US [1–4] due to its rapid growth, great
biomass production, nutrient scavenging ability (characteristic feature of Brassicaceae
members), higher adaptability, and availability of large acreage of winter fallow land in the
SE US (19.02 million hectares; [5]). For a newly introduced crop it is important to assess the
nutrient requirements for its appropriate production in different environmental conditions.

Nitrogen along with sulfur is required as primary sources of nutrition for the growth
and development in oilseed crops, and their utilization is interdependent [6,7]. NS interac-
tion has been shown to affect different growth stages and influence yield potential in oilseed
crops [8,9]. Cultivation of oilseed crops, especially brassicas, requires a higher amount of
N and S for enhanced seed yield, better oil content, and oil quality [10–13]. Nitrogen is an
essential component of amino acids and nucleic acids, forming the fundamental blocks of
plant development. Nitrogen is also required for cell differentiation and elongation. Its
deficiency results in restricted vegetative growth by impacting the development of leaf
area, branching, and dry matter accumulation [14–17] along with affecting the reproductive
performance and seed yield in brassicas [11,18,19]. Nitrogen concentration has shown a
strong positive correlation with the photosynthetic ability of plants, where 75% of the total
leaf N has been used for maintenance of the photosynthetic apparatus in C3 plants [14,20].
Sulfur is another important essential nutrient for oilseed crops, which require a higher
amount of S (12 kg ranging from 5 to 20 kg) in comparison to cereals (3–4 kg ranging from
1 to 6 kg), and legumes (8 kg ranging from 5 to 13 kg; [21–24]) for their growth. Sulfur
plays various important roles in oilseed crops, including the formation of amino acids
methionine and cysteine with 21% and 27% S content, respectively. It is also involved
in proteins and chlorophyll formation, regulates the oil content and fatty acid quality of
the seeds, improves the nutritive value of forage, and is involved in the production of
secondary metabolites such as glucosinolates, which are involved in protecting the plant
against various stresses and pests [23,25]. Sulfur also plays an essential role in the forma-
tion of Fe/S cluster in enzymes and cofactors for vitamins [26]. Seed quality [27,28] and
yield (around 40%) in napus are reported to be sensitive to S limitation. Oil and protein
concentration of napus seeds increases with S fertilization [29,30].

Along with their individual roles, N and S are known to have an interactive effect
on plant growth and development. The ratio of available N and S in soil impacts their
utilization efficiency in plants [31,32]. In a report by Fazili et al., [7], the absence or limited
presence of S for rapeseed and mustard leads to the inefficient utilization of nitrogenous
fertilizer leading to nitrate leaching [6]. In addition, S is required for the maximum
utilization efficiency of N. Similarly, in B. napus L. (rapeseed) and B. juncea L. Czern
(mustard), only 27–31% of S is used in the absence of N while its utility is enhanced up to
37–38% with 60 kg N/ha under field conditions [33]. Thus, the deficiency of S has an impact
on nitrogen use efficiency, and N deficiency impacts sulfur use efficiency, especially in
oilseed crops [32]. Sulfur is known to maintain a sufficient seed oil concentration and fatty
acid quality in napus [32,34,35]. On the other hand, a large pool of N in the soil also leads
to S deficiency [36]. Significant positive interaction between N and S has been observed
in various oilseed crops [21,32,37–39], Zea mays L. (maize) [38,40], and Triticum aestivum L.
(wheat) [38,41,42]. N:S ratio of 15:6, 13:1, 14:8, and 7:1 in grain in maize, mustard, Arachis
hypogaea L. (groundnut), and wheat, respectively, are recommended for maximum response
to S [38]. It has been shown that the presence of S regulates nitrate reductase while N
availability has a regulating role in ATP-sulfurylase enzyme activity [24,29].

Nitrogen and S are essential nutrients for plant growth and development and their
interaction has been shown to directly influence various physiological and biochemical
responses in various crops, which affects growth, development, photosynthesis, and
reproduction. NS interaction and its effects have been studied to some extent in napus
but none so far in the case of carinata. Therefore, the present study was conducted to
investigate NS treatment effects in carinata and napus. These results will augment our
understanding of nitrogen and sulfur nutrition in various physiological and biochemical
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processes in brassica oilseeds. The idea is to determine the relationship between N and S
inputs for higher productivity in oilseed crops. As per our knowledge, this is the first report
of its kind in carinata and will inform the community about the management guidelines
for sustainable carinata production in the SE US and other parts of the world and will be
helpful in its adoption.

2. Materials and Methods
2.1. Plant Culture

A greenhouse study was conducted at the University of Florida, Institute of Food
and Agricultural Sciences, North Florida Research and Education Center, Quincy, FL
(30◦32′35.1” N, 84◦35′43.8” W) from December 2015 to May 2016. Seeds of carinata cultivar
AAC A110 and napus cultivar Canterra 1918 were planted (5 seeds pot−1) on 12 December
2015 in plastic pots (31.8 cm height, 19.7 cm diam., 7.65 L) filled with fine sand as the
growth substrate and saturated, until free drainage, with full strength Hoagland solution.
Canterra 1918 is an open-pollinated, spring-type, early- to mid-maturing napus variety.
AAC A110 was the commercial carinata cultivar released by Nuseed (formerly Agrisoma
Biosciences) when the study was conducted. Sand used for the study had a pH of 5.8, very
low levels of P (17 kg ha−1), K (12 kg ha−1), Mg (17 kg ha−1), and Ca (294 kg ha−1), 0%
organic matter, and 0.008% N (Waters Agricultural Labs). Pots were arranged in eight
rows of eight pots oriented in an east-to-west direction on sliding benches as a randomized
complete block design with eight replications per treatment. Plants were sequentially
thinned to one plant per pot 7 to 14 days after planting (DAP). To minimize any border
effects, pots were kept equidistant from each other after each harvest, and perimeter pots
were not included in the measurements.

The mean daytime temperature averaged 21.1 ± 0.23 ◦C and night temperature
averaged 15.4 ± 0.28 ◦C throughout the experiment. The daytime relative humidity (RH)
was 69.2 ± 1.2% and night RH was 84.0 ± 0.8% throughout the experiment. Plants were
grown under a 12/12 h light/dark photoperiod with supplemental lighting from high-
pressure sodium lamps that provided a total flux of ~1200 µmol m−2 s−1. Pots were rotated
within and across benches to minimize differences in temperature heterogeneity prior to
treatment imposition. To further reduce the impact of greenhouse position effects, the pots
were rotated among the four benches, three times during the experiment.

To ensure optimum water conditions, irrigation was supplied three times daily, at
0830 h, 1230 h, and 1630 h through a drip irrigation system metered by an ESP-LX BASIC
12 station modular irrigation controller (Rain Bird Corporation). Plants were irrigated with
full-strength Hoagland solution until 38 DAP (at bolting when plants transitioned from
vegetative to reproductive development, or growth stage 5.5 (inflorescence emergence)
when the flower buds were elevated above the youngest leaves in both species), after which
four treatments: 1. optimum NS (+N+S, 100% N and 100% S), 2. N limited (−N+S, 0% N,
100% S), 3. S limited (+N−S, 100% N, 0% S), and 4. NS limited (−N−S, 0% N and 0% S) of
N and S in full-strength Hoagland solution were imposed on 9 January 2016 and continued
until the termination of the study 132 DAP or 94 days after treatment (DAT). The Hoagland
nutrient solution was modified by substituting Ca(NO3)2 with CaCl2 and KNO3 with KCl
to achieve N-limited nutrient solution while MgSO4, CuSO4, and ZnSO4 were substituted
with MgCl2, CuCl2, and ZnCl2 to achieve S-limited nutrient solution.

2.2. Phenology Measurements

Plant height, node numbers, and abscised leaves were recorded from 12 to 75 DAT at
7 days interval on five plants. Height was measured as the distance between the soil level
and the uppermost visible main-stem node. The number of nodes and dropped leaves that
were previously tagged on the main stem were recorded. At 94 DAT, five plants from each
treatment were clipped at the soil level and hand threshed to determine seed yield and
its components (reproductive branches, raceme length, raceme numbers, pod numbers,
pod length, and seeds per pod). One thousand seeds were randomly subsampled from
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each plant and weighed. Roots were washed over a fine screen. Roots, stems, leaves,
and reproductive structures were dried in a forced-air oven at 60 ◦C for 72 h before being
weighed to determine dry matter accumulation partitioned into below- and above-ground
organs. Dried roots, stems, leaves, and reproductive structures were ground separately
to pass through a 2 mm stainless steel screen and analyzed for N and S content at Waters
Agricultural Laboratories, Camilla, GA, USA.

2.3. Pigments and Gas Exchange Measurements

Leaf pigment concentrations (Chla, Chlb, and carotenoids) were estimated in the
uppermost fully expanded leaf of four plants for each treatment at 55 DAT. Five leaf discs
(each 38.5 mm2) were placed in vials containing 5 mL dimethyl sulphoxide and incubated
in the dark at room temperature for 24 h for pigment extraction. Absorbance of the extract
was measured using a 2.3 spectrophotometer (Cary BIO 50, Varian, CA, USA) at 470, 648,
and 664 nm to calculate Chla, Chlb, and carotenoids concentrations, respectively, using
equations developed by Lichtenthaler (1987) and expressed on a leaf area basis (µg cm−2).

Gas exchange processes ((net photosynthesis (Pn), stomatal conductance (Gs), and
transpiration (Tr)) of the uppermost fully expanded leaf of four plants in each treatment
were measured between 1000 h and 1400 h using an LI-6400 portable photosynthesis system
integrated with a 6400-40 leaf chamber fluorometer (LI-COR Biosciences, Lincoln, NE).
When measuring Pn, Gs, and Tr, the photosynthetically active radiation (PAR, provided
by a 6400-02 LED light source) was set to 1200 µmol m−2 s−1 (based on measured PAR in
the greenhouse), leaf cuvette temperature set at 20 ◦C, leaf chamber CO2 concentration set
at 400 µL L−1, and relative humidity maintained at ambient conditions. Photosynthetic
light response curves were measured on three plants in each treatment at 55 DAP. For
photosynthetic light curves, the leaf cuvette temperature was set at 20 ◦C, leaf chamber CO2
concentration set at 400 µL L−1, and relative humidity maintained at ambient conditions
while the PAR increased from 0 to 2000 µmol m−2 s−1. Leaves were dark adapted before
logging the first measurement. All gas exchange parameters were automatically computed
from the instrument software (details are available in LI–6400 Instruction Manual, version
5, Li-Cor Inc., Lincoln, NE, USA). Leaf SPAD readings were measured on the same leaf
used to measure gas exchange processes using a Minolta-502 SPAD meter (Konica-Minolta
Camera Co. Ltd., Osaka, Japan).

3. Results

Different stages of plant growth and development including vegetative factors, biomass
accumulation, and photosynthesis were assessed to understand the effect of NS treatments
on carinata and napus. The optimal NS (+N+S, 100% N and 100% S), N limited (−N+S,
0% N, 100% S), S limited (+N−S, 100% N, 0% S), and NS limited (−N−S, 0% N and 0% S)
treatments of N and S in full-strength Hoagland solution were imposed for the study.

3.1. Plant Growth and Development

Vegetative traits such as plant height, stem elongation, mainstem nodes, node addition
rate, total leaf area, primary and secondary branching were considered to estimate the
effect of NS treatments on carinata and napus. ANOVA analysis showed significant
species × treatment effect (p < 0.0001) for the traits of secondary branches and total leaf
area (cm2/plant) in both carinata and napus based on different NS treatments at 94 days
after treatment (DAT; Figure 1 and Table 1). The number of secondary branches varied
significantly for all the treatments and was 24% (S limited; +N−S), 72% (N limited), and
74% (NS limited) lower than the optimal NS treatment in carinata. This trend showed a
significant effect of N on secondary branching. The number of secondary branches varied
significantly for all the treatments and was 68% (S limited) and 97% (N limited) lower
than the optimal NS treatment in napus plants, showing similar trends as in carinata. The
optimal NS treated napus had an average of 70% less secondary branches in comparison
to carinata. The number of secondary branches for S limited and N limited napus was
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87% and 97% lower, respectively, compared to similar treatments in carinata (Table 1). The
NS limited treatment in napus did not produce any secondary branches. For the trait of
total leaf area, the change was non-significant between S limited and optimal NS treated
carinata plants, while in napus, the total leaf area (cm2/plant) was 37% and 99% lower for
S limited and NS limited plants, respectively, relative to the optimal NS treatment. Total
leaf area could not be estimated for N limited and NS limited carinata and N limited napus
due to the absence of leaves at 94 DAT (Figure 1 and Table 1) emphasizing the importance
of N in leaf development. The total leaf area (cm2/plant) for carinata for optimal NS and S
limited treatment was 67% and 38% lower, respectively, compared to napus plants. Traits
such as plant height, stem elongation rate (cm/day), number of nodes, node addition
rate (node/day), internode length, and primary branches in carinata and napus did not
show significant species × treatment effect (p < 0.0001) based on different NS treatments
at 94 days after treatment (DAT; Figure 1 and Table 1). Plant height, stem elongation rate,
number of nodes, internode length, and primary branches for carinata were higher for all
corresponding treatments in comparison to napus. (Figure 2 and Table 1). Stem elongation
(cm/day), number of nodes, node addition rate (node/day), internode length, and number
of primary branches in napus were 60%, 36%, 50%, 35%, and 56% lower in comparison
to carinata, respectively, when averaged across all the treatments. The cumulative leaf
abscission for carinata was significantly greater for all treatments in comparison to napus.
The average value of leaf abscission in carinata differed among treatments and ranged
from 6.9 to 16.6 across the treatments (Figure 2). The average leaf abscission in napus
varied from 2.9 to 10.9 with significant difference among treatments. The cumulative leaf
abscission for napus was 42% lower in comparison to carinata (Figure 2).

3.2. Biomass Production and Allocation

Biomass production and allocation were significantly influenced by treatment inter-
action for different NS treatments (Table 2). Total biomass production (gm/plant) was
greatest for the optimal NS treated carinata plants while S limited, N limited, and NS lim-
ited carinata plants had a decrease of 6%, 69%, and 64%, respectively, showing significant
treatment effects (Table 2). A similar trend of total biomass production was observed for
napus plants with the greatest value for optimal NS treatment and a significant decrease of
11% (S limited), 75% (N limited), and 76% (NS limited), respectively, for different treatments
(Table 2) showing N as a limiting factor for production.

In optimally NS treated plants, reproductive structures accounted for 53.6 g of the
biomass, constituting 51% of biomass allocation while S limited carinata constituted 50% of
total biomass allocation. The value differed significantly for other treatments (N limited
and NS limited) where reproductive structures comprised 36% and 35% of total biomass
allocation, respectively, in carinata. Similar trends were observed for napus where optimal
NS treated plants had reproductive structures accounting for 51% of biomass allocation.
The value changed significantly for other treatments (N limited and NS limited) where
reproductive structures comprised 43% and 44% of total biomass allocation, respectively
(Table 2). Biomass production in the roots of carinata increased by 12% in S limited plants
compared to optimal NS treated plants while the value decreased significantly by 54% (N
limited) and 42% (NS limited) for other treatments. The percentage of biomass allocation
for roots was 14% for optimally NS treated plants and increased to 17% (S limited), 21% (N
limited), and 19% (NS limited) in different treatments for carinata. Biomass production
in the roots of napus increased by 18% in S limited conditions compared to optimal NS
treated plants while it decreased significantly by 61% (N limited) and 41% (NS limited) in
napus. The percentage of biomass allocation for roots in napus was 14% in optimal NS
treated plants and increased to 19%, 22%, and 24% in S limited, N limited, and NS limited
treatments, respectively (Table 2).
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Figure 1. Effects of nitrogen (N) and sulfur (S) nutrition on B. carinata and B. napus height (A), stem elongation rate (B),
mainstem node number (C), node addition rate (D), internode length (E), total leaf area (F), primary branch numbers (G)
and secondary branch numbers (H) at 132 days after planting and 94 days after nutrient treatment.
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Table 1. Effects of nitrogen (N) and sulfur (S) nutrition on B. carinata and B. napus growth and developmental traits at
132 days after planting and 94 days after nutrient treatment along with ANOVA Table. Means of a parameter within a
column followed by the same letter were not statistically different (p > 0.05).

Species Treatment *

Plant
Height

Stem
Elongation

Rate

Mainstem
Nodes

Node
Addition

Rate

Internode
Length

Primary
Branches

Secondary
Branches

Total Leaf
Area

cm cm Day−1 No. Node
Day−1

cm
Node−1 No. No. cm2

Plant−1

Carinata +N+S 110.8 a 1.08 a 32.3 a 0.21 a 3.8 a 20.3 a 57.5 a 805.6 c
+N−S 110.5 a 1.09 a 30.8 a 0.23 a 3.7 a 22.8 a 44.0 b 943.3 c
−N+S 116.0 a 1.20 a 29.8 a 0.23 a 3.8 a 9.3 b 16.0 c 0 d
−N−S 120.0 a 1.20 a 29.0 a 0.25 a 3.8 a 10.0 b 15.0 c 0 d

Napus +N+S 43.3 bc 0.40 bc 16.8 c 0.09 c 2.6 bc 11.5 b 17.0 c 2419.6 a
+N−S 36.5 c 0.35 c 18.8 bc 0.10 c 2.0 c 10.8 b 5.5 d 1528.7 b
−N+S 56.0 b 0.56 b 23.0 b 0.15 b 2.5 bc 2.3 c 0.5 d 0 d
−N−S 51.3 bc 0.50 bc 19.8 bc 0.12 bc 2.7 bc 3.0 c 0 d 29.2 d

ANOVA Species <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Treatment 0.068 0.0539 0.0563 0.0574 0.394 <0.0001 <0.0001 <0.0001
Species *

Treatment 0.6376 0.8748 0.3773 0.3123 0.537 0.1218 <0.0001 <0.0001

* +N+S denotes optimum NS treatment (100% N and 100% S), −N+S denotes N limited treatment (0% N, 100% S), +N−S denotes S limited
treatment (100% N, 0% S), −N−S denotes NS limited treatment (0% N and 0% S).

Biomass production of stems for the optimal NS treatment was significantly greater at
31.6 g and decreased for S limited, N limited, and NS limited treatment by 16%, 56%, and
44%, respectively, in carinata. The biomass allocation for stems in carinata was significantly
higher for NS limited and N limited conditions at 46% and 42% with respect to optimal
NS treated carinata plants (31%). Biomass production for stems in optimal NS treated
napus plants was significantly greater at 29.8 g and decreased for S limited, N limited, and
NS limited plants by 31%, 67%, and 70%, respectively. The biomass allocation for stems
was significantly greater for NS limited and N limited plants at 35% and 32% and lower
for S limited at 20% with respect to the optimal NS treated napus plants (26%). Biomass
production for leaves did not vary significantly between the optimally NS treated carinata
plants (4.2 g) and S limited plants (5.9 g). Leaves were absent for other treatments (N
limited and NS limited). Biomass allocation to leaves was 4% and 6% for optimal NS
treatment and S limited, respectively, in carinata plants. Biomass production for leaves
did not show any statistically significant difference between the optimal NS treated napus
plants (10.2 g) and S limited plants (11.5 gm). Leaves were absent in the case of N limited
and NS limited treatments. The total biomass allocation in leaves was 9% and 11% for
optimal NS treatment and S limited napus plants. The biomass production of leaves
differed significantly between the two species, with carinata having 53% lower overall
biomass in leaves than napus (Table 2). The root:shoot ratio for S limited, N limited, and
NS limited plants was significantly greater than the optimal NS treated carinata plants. The
N limited carinata plants showed 59% greater root:shoot ratio followed by NS limited and
S limited condition with 41% and 18% higher root:shoot ratio, respectively, compared to the
optimal NS treated plants. A similar trend of root:shoot ratio for S limited, N limited, NS
limited, and optimal NS treatment was observed for napus plants. The NS limited napus
plants showed 88% greater root:shoot ratio followed by N limited and S limited plants
with 71% and 35% higher root:shoot ratio, respectively, than the optimally NS treated
plants (Table 2).
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Figure 2. Effects of nitrogen (N) and sulfur (S) nutrition on temporal variation of plant height (A,B), meristem node number
(C,D), and cumulative leaf abscission (E,F) in B. carinata and B. napus measured at 7 days interval till 132 days after planting
and 94 days after nutrient treatment.

3.3. Nitrogen-Sulfur Uptake

The concentration of N and S in different plant parts such as roots, stems, leaves,
and reproductive structures for different NS treatments was assessed for carinata and
napus with reference to optimal NS condition. Both carinata and napus were significantly
influenced by a treatment effect for different NS treatments (Table 3). The nitrogen uptake
for carinata differed among NS treatments (Table 3). The greatest nitrogen uptake was
observed in reproductive structures among all the plant parts of carinata and napus. The
nitrogen uptake in reproductive parts of carinata was greatest for optimal NS treated plants
at 3.37 g and significantly differed from S limited plants by 43%, N limited plants by 88%,
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and NS limited plants by 89%. Similarly, in napus, the nitrogen uptake in reproductive parts
was highest for optimal NS treated plants at 3.75 g and significantly differed by 36% for S
limited, 90% for N limited, and 87% for NS limited plants (Table 3). The nitrogen uptake
value for roots was highest at 0.22 g for optimal NS treated carinata with no significant
variation from S limited carinata having a value of 0.21 g. The nitrogen uptake significantly
decreased by 67% for both N limited and NS limited plants in roots for carinata. In the
case of napus, the nitrogen uptake value for roots was highest at 0.2 gm for optimal NS
treated napus with no significant variation from S limited napus having a value of 0.19 g.
The nitrogen uptake significantly decreased by 97% and 96% for N limited and NS limited
plants, respectively, showing N as the primary limiting factor while the presence or absence
of S did not have an effect. For stems, the nitrogen uptake was similar between optimally
NS treated (0.36 gm) and S limited (0.33 gm) plants while a significant decrease of 78% was
observed among N limited and NS limited carinata plants. In napus, the nitrogen uptake in
the stem was similar between optimal NS treated (0.34 gm) and S limited (0.28 gm) plants,
while a significant decrease of 82% and 88% was observed for N limited and NS limited
plants, respectively. The nitrogen uptake for leaves in carinata was highest in optimally NS
treated plants (0.30 g) followed by a decrease of 13% in S limited, 97% in N limited, and
93% in NS limited plants. In napus, nitrogen uptake for leaves was highest in optimally
NS treated plants (0.35 g) followed by a decrease of 26% in S limited, 94% in N limited, and
97% in NS limited plants. The weighted average value for nitrogen uptake was highest for
optimally NS treated carinata (2.37 g) and decreased by 47%, 88%, and 89% for S limited, N
limited, and NS limited treatments, respectively. The weighted average value for nitrogen
uptake in napus was highest for optimal NS treated napus (2.83 g) and decreased by 36%,
90%, and 86% for S limited, N limited, and NS limited plants, respectively.

Table 2. Effects of nitrogen (N) and sulfur (S) nutrition on B. carinata and B. napus biomass production, allocation, and root
shoot ratio at 132 days after planting and 94 days after nutrient treatment along with ANOVA Table. Means of a parameter
within a column followed by the same letter were not statistically different (p > 0.05).

Species Treatment *

Biomass Production Biomass Allocation
Root

Shoot
Ratio

Roots Stems Leaves
Reproductive

Total Roots Stems Leaves
Reproductive

Structures Structures

gm Plant−1 %

Carinata +N+S 14.9 b 31.6 a 4.2 b 53.6 ab 104.3 ab 14 de 31 bc 4 d 51 a 0.17 d
+N−S 16.7 ab 26.6 b 5.9 b 48.7 b 97.9 b 17 cde 27 cd 6 c 50 a 0.20 cd
−N+S 6.9 c 13.9 de - 11.8 c 32.5 c 21 abc 42 a - 36 b 0.27 ab
−N−S 7.2 c 17.2 cd - 13.0 c 37.4 c 19 bc 46 a - 35 b 0.24 bc

Napus +N+S 16.4 ab 29.8 ab 10.2 a 58.7 a 115.1 a 14 e 26 cd 9 b 51 a 0.17 d
+N−S 19.4 a 20.6 c 11.5 a 51.3 ab 102.9 b 19 bc 20 d 11 a 50 a 0.23 bc
−N+S 6.4 c 9.9 e - 12.3 c 28.6 c 22 ab 35 b - 43 ab 0.29 ab
−N−S 6.8 c 9.0 e - 12.0 c 27.8 c 24 a 32 bc - 44 ab 0.32 a

ANOVA Species 0.389 0 <0.0001 0 0.8491 0.083 0.0001 0.083 0.119 0.0815
Treatment <0.0001 <0.0001 0 <0.0001 <0.0001 0.0001 <0.0001 0.0001 0.0014 0.0002
Species *

Treatment 0.53 0 1 1 0.0756 0.3739 0.3292 0.3739 0.4133 0.3249

* +N+S denotes optimum NS treatment (100% N and 100% S), −N+S denotes N limited treatment (0% N, 100% S), +N−S denotes S limited
treatment (100% N, 0% S), −N−S denotes NS limited treatment (0% N and 0% S).

Sulfur uptake in carinata and napus showed a significant difference among treatments.
The highest sulfur uptake was observed in reproductive structures among all the plant parts
of carinata. The sulfur uptake in reproductive parts was highest for optimally NS treated
plants at 0.89 g and significantly differed by 82% for S limited plants and by 84% for both
N limited and NS limited plants (Table 3). Sulfur uptake in the reproductive parts of napus
was highest for optimal NS treated napus plants at 0.72 g and significantly differed by 76%,
82%, and 79% for S limited, N limited, and NS limited plants. The sulfur uptake value for
roots was highest at 0.05 g for optimally NS treated carinata and decreased significantly
by 56%, 52%, and 60% for S limited, N limited, and NS limited plants, respectively. In
napus, the sulfur uptake value for roots was highest at 0.046 g for optimal NS treated
napus and decreased significantly by 57%, 52%, and 57% for S limited, N limited, and
NS limited plants, respectively. In stems, the sulfur uptake value differed significantly
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among optimally NS treated (0.11 g) and S limited, N limited, and NS limited plants with a
decrease of 91%, 55%, and 64%, respectively. In stems of napus, the sulfur uptake value
differed significantly among optimal NS treated (0.09 gm) and S limited, N limited, NS
limited plants, demonstrated by a decrease of 78%, 67%, and 78%, respectively. The sulfur
uptake for leaves was highest in optimally NS treated plants (0.07 g) followed by a decrease
of 71% in S limited, 86% in both N limited and NS limited plants. Sulfur uptake in leaves
of napus was highest in optimal NS treated plants (0.15 g) followed by a decrease of 87% in
S limited, 80% in N limited, and 93% in NS limited plants. In both the species, S uptake
in leaves was significantly affected by a species × treatment interaction. The weighted
average value for sulfur uptake was highest for optimally NS treated carinata (0.62 gm)
and decreased by 84% for both S limited and N limited and 87% for NS limited plants.
The weighted average value for sulfur uptake was highest for optimal NS treated napus
(0.54 g) and decreased by 76% for S limited, 83% for N limited, and 88% for NS limited
plants (Table 3).

Table 3. Nitrogen and sulfur uptake of B. carinata and B. napus roots, stems, leaves, and reproductive structures varied
with nutrient availability 132 days after planting and 94 days after nutrient treatment. Whole plant nutrient uptake is
the weighted average over all plant parts. Means of a parameter within a column followed by the same letter were not
statistically different (p > 0.05).

Species Treatment *

Nitrogen Uptake Sulfur Uptake

Roots Stems Leaves Reproductive
Structures

Weighted
Average Roots Stems Leaves Reproductive

Structures
Weighted
Average

gm

Carinata +N+S 0.22 a 0.36 a 0.30 ab 3.37 a 2.37 ab 0.050 a 0.11 a 0.07 b 0.89 a 0.62 a
+N−S 0.21 a 0.33 ab 0.26 b 1.93 b 1.25 c 0.022 b 0.01 d 0.02 cd 0.16 c 0.10 b
−N+S 0.06 b 0.08 c 0.01 c 0.40 c 0.29 d 0.024 b 0.05 c 0.01 cd 0.14 c 0.10 b
−N−S 0.06 b 0.08 c 0.02 c 0.38 c 0.25 d 0.020 b 0.04 c 0.01 d 0.14 c 0.08 b

Napus +N+S 0.20 a 0.34 ab 0.35 a 3.75 a 2.83 a 0.046 a 0.09 b 0.15 a 0.72 b 0.54 a
+N−S 0.19 a 0.28 b 0.26 b 2.39 b 1.81 bc 0.020 b 0.02 d 0.02 cd 0.17 c 0.13 b
−N+S 0.06 b 0.06 c 0.02 c 0.36 c 0.28 d 0.022 b 0.03 d 0.03 c 0.13 c 0.09 b
−N−S 0.07 b 0.04 c 0.01 c 0.48 c 0.40 d 0.020 b 0.02 d 0.01 d 0.15 c 0.12 b

ANOVA Species 0.5325 0.0933 0.3876 0.2021 0.068 0.351 <0.0001 <0.0001 0.123 0.8626
Treatment <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Species *

Treatment 0.8645 0.9167 0.6551 0.6813 0.5339 0.9543 0.0466 <0.0001 0.0348 0.3865

* +N+S denotes optimum NS treatment (100% N and 100% S), −N+S denotes N limited treatment (0% N, 100% S), +N−S denotes S limited
treatment (100% N, 0% S), −N−S denotes NS limited treatment (0% N and 0% S).

Sulfur uptake by stems differed significantly between the two species, with napus
having 33% lower sulfur uptake in stems than carinata. A species × treatment interaction
influenced sulfur uptake in stems. There was a 12%, 40%, and 50% lower S uptake in napus
for optimal NS, N limited, and NS limited treatments, respectively, compared to carinata.
Sulfur uptake in stems in napus under S limited condition was 100% higher with respect to
carinata. Similarly, the S uptake in leaves in napus was 53% and 67% higher for optimal
NS and N limited carinata (Table 3).

3.4. Pigments

The concentration of Chla, Chlb, total leaf chlorophyll, carotenoids, and SPAD was
estimated to investigate the effect of nitrogen and sulfur treatments in carinata and napus.
All pigment concentration was significantly influenced by different treatments. Chla
concentration was found to be greatest in optimal NS treated carinata plants (18.5 µg/cm2)
and did not vary for the S limited carinata (17.0 µg/cm2; Table 4) while a significant
decrease of 42% and 37% in Chla concentration was observed for N limited and NS limited
carinata plants showing the limiting effect of N. In napus, the concentration of Chla was
greatest in optimal NS treated napus plants (18.6 µg/cm2) and did not differ significantly
from the S limited (17.9 µg/cm2; Table 4) conditions. A significant decrease of 25% and
27% in Chla concentration was observed for N limited and NS limited napus plants with
reference to the optimally NS treated plants. Chlb content of carinata plants showed a
decrease of 11%, 54%, and 27% in its content among S limited, N limited, and NS limited
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treatments compared to the optimal NS treated (3.7 µg/cm2) plants. Estimation of Chlb
content of different treatments on napus plants showed a significant decrease of 32% and
35% in Chlb content among N limited and NS limited conditions compared to the optimal
NS treated plants.

Table 4. Pigment concentration and SPAD measurements of B. carinata and B. napus as a function of
nitrogen and sulfur nutrition at 132 days after planting and 94 days after nutrient treatment along
with ANOVA Table. Means of a parameter within a column followed by the same letter were not
statistically different (p > 0.05).

Species Treatment *
Chla Chlb Chla + b Carotenoids

SPAD
µg cm−2

Carinata +N+S 18.5 a 3.7 a 22.4 a 5.1 a 47.7 b
+N−S 17.0 a 3.3 ab 20.5 a 4.3 b 50.5 b
−N+S 10.7 c 1.7 d 13.2 c 3.3 d 41.3 cd
−N−S 11.6 c 2.7 bc 14.5 bc 3.7 d 38.2 e

Napus +N+S 18.6 a 3.4 ab 22.2 a 4.6 b 55.0 a
+N−S 17.9 a 3.3 ab 21.4 a 4.2 bc 57.6 a
−N+S 13.9 b 2.3 c 16.4 b 3.4 d 43.6 c
−N−S 13.6 b 2.2 c 16.0 b 3.5 d 39.9 de

ANOVA Species 0.0028 0.9017 0.0179 0.1207 <0.0001
Treatment <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Species *

Treatment 0.1087 0.1732 0.2017 0.4288 0.0105

* +N+S denotes optimum NS treatment (100% N and 100% S), −N+S denotes N limited treatment (0% N, 100% S),
+N−S denotes S limited treatment (100% N, 0% S), −N−S denotes NS limited treatment (0% N and 0% S).

The effect of NS treatment on leaf total chlorophyll content did not vary between
optimal NS treated (22.4 µg/cm2) and S limited (20.5 µg/cm2) carinata plants. Significant
decreases of 41% and 35% in leaf total chlorophyll content were observed for N limited
and NS limited plants, respectively. Similarly, the effect of NS treatment on total leaf
chlorophyll content did not vary between optimal NS treated (22.2 µg/cm2) and S limited
(21.4 µg/cm2) napus plants. Significant decreases of 26% and 28% in leaf total chloro-
phyll content were observed for N limited and N S limited conditions, respectively. The
carotenoid concentration decreased significantly by 16%, 35%, and 27% among S limited, N
limited, and N S limited carinata plants, respectively, compared to the optimal NS treated
carinata (5.1 µg/cm2). There were similar trends of carotenoid concentration decreasing
significantly by 9%, 26%, and 24% among S limited, N limited, and NS limited plants,
respectively, compared to the optimal NS treated (5.1 µg/cm2) observed in napus. The
SPAD readings did not vary between optimally NS treated (47.7 µg/cm2) and S limited
(50.5 µg/cm2) carinata plants while a significant decrease of 13% and 20% was observed
for N limited and NS limited plants, respectively. A similar trend was observed for napus
where SPAD readings did not differ between optimal NS treated (55.0 µg/cm2) and S lim-
ited (57.6 µg/cm2) napus plants while a significant decrease of 21% and 27% was observed
for N limited and NS limited plants, respectively, indicating that N is the primary limiting
factor while the presence or absence of S did not have an effect.

An overall comparison of the values of different pigment concentrations of carinata
and napus with reference to different treatments showed that concentration of Chla, total
leaf chlorophyll, and SPAD readings of napus were 11%, 8%, and 10% greater than carinata,
respectively. In contrast, Chlb and carotenoids concentrations of napus were 2% and 4%
less than carinata, respectively (Table 4). SPAD readings were 13%, 12%, 5%, and 4% lower
for optimal NS, S limited, N limited, and NS limited treatment, respectively, in carinata in
comparison to napus.
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3.5. Gas Exchange and Light Response Curves

Gas exchange and photosynthesis parameters such as net photosynthesis rate, stom-
atal conductance, transpiration rate, internal CO2 concentration, electron transport rate,
and fluorescence were measured for carinata and napus as a function of nitrogen sulfur
treatments at 90 days after planting or 52 days after nutrient treatment. Both the species
showed significant species × treatment interaction for different NS treatments as shown
in Figure 3. The net photosynthesis rate for the optimally NS treated carinata was found
to be highest, with a value of 23.1 µmol CO2 m−2 s−1 (Figure 3). A decrease of 10%, 48%,
and 39% in the net photosynthesis was were observed for S limited, N limited, and NS
limited plants, respectively, compared to optimally treated carinata plants. Similarly, in
the case of napus, a significant decrease of 14%, 43%, and 57% in net photosynthesis rate
was observed with respect to the optimally NS treated napus plants showing N as the
primary limiting factor while the presence or absence of S did not have an effect (Figure 4).
Estimation of stomatal conductance for different treatments in carinata plants showed
a decrease of 18%, 61%, and 55% in stomatal conductance among S limited, N limited,
and NS limited plants in comparison to the optimal NS treated (0.77 mol H2O m−2 s−1)
carinata. The value of stomatal conductance decreased significantly by 29% for S limited,
43% for N limited, and 57% for NS limited plants compared to the optimal NS treated
napus (0.72 mol H2O m−2 s−1). Transpiration rate for the optimal NS treated (11.4 mmol
H2O m−2 s−1) and S limited (10.9 mmol H2O m−2 s−1) carinata did not vary while there
was a decrease of 37% and 24% in transpiration rate for N limited and NS limited plants,
respectively, in comparison to the optimally NS treated carinata plants. Transpiration rate
decreased by 11% for S limited, 23% for N limited, and 32% for NS limited plants compared
to the optimally NS treated (11.4 mmol H2O m−2 s−1) napus plants. Internal CO2 concen-
tration decreased by 27% and 22% for N limited and NS limited treatments, respectively,
compared to the optimal NS treated (334.7 µmol mol−1) carinata plants. Limiting S did not
influence internal CO2 concentration for carinata. Internal CO2 concentration decreased by
6%, 19%, and 27% for S limited, N limited, and NS limited plants, respectively, compared
to the optimally NS treated (335 µmol mol−1) napus plants. The electron transport rate
of plants showed a decrease of 14% for S limited, 46% for N limited, and 42% for NS
limited plants with respect to the optimal NS treated carinata plants (139.5 µmol electrons
m−2 s−1), while the electron transport rate of experimental napus plants showed a decrease
of 10% for S limited, 45% for N limited, and 46% for NS limited treatments with respect to
the optimal NS treated napus plants (149.8 µmol electrons m−2 s−1). The Fv/Fm ratio for
optimally NS treated (0.58 Fv’/Fm’) and S limited (0.60 Fv’/Fm’) carinata plants did not
differ, while there was a decrease of 14% in the Fv/Fm ratio for N limited and NS limited
plants with respect to the optimally treated carinata plants. The Fv/Fm ratio for napus
showed a decrease of 8% for S limited, 18% for N limited, and 22% for NS limited plants
with respect to the optimal NS treated napus plants (0.65 Fv’/Fm’; Figure 3).

At low photosynthetically active radiation (PAR; <200 µmol m−2 s−1), the net pho-
tosynthesis rate for all the NS treatments in carinata did not vary (Figure 4). Beyond
PAR > 500 µmol m−2 s−1, the effect of the treatments was evident. The average net pho-
tosynthesis rate of NS limited carinata was 13 µmol CO2 m−2 s−1 and increased to
22.5 µmol CO2 m−2 s−1 for optimally NS treated carinata. The average net photosyn-
thesis rate declined by 34% and 9% for N limited and S limited conditions, respectively,
compared to optimal NS treated carinata (Figure 4). At low photosynthetically active
radiation (PAR; <200 µmol m−2 s−1), the net photosynthesis rate for all the NS treatments
in napus showed a similar trend as carinata (Figure 4). The effect was more significantly
evident beyond PAR > 500 µmol m−2 s−1 when the average net photosynthesis rate of NS
limited napus was 22 µmol CO2 m−2 s−1 which increased to 26.4 µmol CO2 m−2 s−1 for
optimally NS treated napus. The average net photosynthesis rate declined by 47% and 28%
for N limited and S limited conditions, respectively, in comparison to optimal NS treated
napus (Figure 4).
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An overall comparison of the average value of different gas exchange and photo-
synthesis parameters of carinata and napus for the different treatments showed that the
rate of net photosynthesis, electron transport, and fluorescence in napus was 12%, 8%,
and 5% greater than carinata, respectively. At the average net photosynthesis rate at
PAR > 500 µmol m−2 s−1, the net photosynthesis rate of napus was 13% higher in compari-
son to carinata (Figure 4). In contrast, the overall value for stomatal conductance decreased
by 5% in napus with respect to carinata (Figure 3).
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3.6. Correlation Analysis between Traits

Pearson correlation analysis identified significant positive correlations among various
traits in the current analysis. Photosynthesis and fluorescence were positively correlated
(r = 0.91; p < 0.001) followed by the biomass and N content (r = 0.90; p < 0.001) and height
and node number (r = 0.91; p < 0.001; Table 5). Other trait combinations with significant
positive correlations were SPAD and N content (r = 0.88; p < 0.001), and Chla and carotenoids
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(r = 0.87; p < 0.001). Both N and S showed significant correlation with Chla, carotenoids,
and net photosynthesis rate and fluorescence (r ≥ 0.80; p < 0.001; Table 5).
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Table 5. Correlation analysis between different vegetative, pigments, and photosynthesis related traits.

Plant
Height

Node
Number Biomass Nitrogen Sulfur Chla Chlb Carotenoids SPAD Photosynthesis Chlorophyll

Fluorescence

Plant height -
Node number 0.89 -

Biomass −0.15 −0.21 -
Nitrogen −0.2 −0.29 0.9 -

Sulfur −0.26 −0.37 0.85 0.87 -
Chla −0.33 −0.35 0.82 0.85 0.85 -
Chlb −0.14 −0.17 0.71 0.74 0.7 0.78 -

Carotenoids 0.03 −0.06 0.77 0.81 0.8 0.87 0.82 -
SPAD −0.45 −0.49 0.78 0.88 0.76 0.79 0.62 0.59 -

Photosynthesis −0.34 −0.36 0.81 0.82 0.81 0.72 0.51 0.63 0.78 -
Chlorophyll
Fluorescence −0.36 −0.41 0.76 0.81 0.7 0.74 0.49 0.56 0.83 0.91 -

- denotes correlation between same traits. Highlighted numbers show significant interactions (r > 0.8, p < 0.001).

4. Discussion

Carinata has emerged as a biofuel source due to its high erucic acid content, making it
desirable for various industrial applications. Nitrogen along with sulfur is required as a
primary source of nutrition for the growth and development in oilseed crops, and their
utilization is interdependent. The effect of S availability on seed yield and oil quality has
been studied extensively in most oilseed crops, but its interactive impact with N remains
poorly reported. Knowledge of the impact of NS interaction on different growth stages
of carinata will help improve NS fertilization management strategy. The assimilatory
pathway for N and S is functionally convergent in nature and interlinked as availability of
one nutrient regulates the utilization of the other in plants. A synergistic and antagonistic
relationship of N and S use efficiency at optimal and excessive level has been reported
by Fismes et al. [32]. Nutrient deficiency at vegetative and reproductive stage can have a
detrimental effect on the overall growth potential of the crops [3].

Branching is a key characteristic of plant architecture in different oilseed crops, includ-
ing brassicas, and is an important determinant of seed yield [43,44]. Branch development
in different oilseed brassicas is known to be affected by the supply of N [45]. Earlier
reports in carinata have shown an increase in the number of primary (vegetative) and
secondary (reproductive) branches in response to increased N fertilization [17]. An in-
crease in the number of branches and pods per plant was also reported for napus with
increased application of N fertilizer [46]. This trend was also observed in the current study,
where the absence of N resulted in a significant decline in the number of primary and
secondary branches for both carinata and napus. On the other hand, the presence of N
and S (+N+S; optimal conditions) together increased lateral bud development and, in turn,
the development of a significantly higher number of secondary branches compared to the
treatment with S limited conditions for both carinata and napus. From the perspective
of agronomic value, seed yield for oilseed brassica is usually determined by the number
of branches and their distribution, i.e., primary and secondary branches, which in turn
influences the number of siliques per plant [47–50]. Total leaf area is another important
factor influencing the photosynthesis rate and ultimately seed yield in oilseed crops. En-
hancement in leaf area is also known to minimize soil water loss through evaporation
and weed growth [17]. Change in nutrient content during pre− or post−anthesis period
influences the total number of leaves and leaf area in oilseeds [51]. The presence of N
and S (+N+S; optimal conditions) showed higher leaf area in napus and carinata plants,
depicting positive interaction between the nutrients. Leaf growth is particularly responsive
to N fertilization in oilseeds [17,51,52] which was not evident in the case of carinata and
napus in the present study where the leaf area for the treatment with high N or S limited
was significantly lower in comparison to N and S together (optimal conditions) for napus
and did not vary significantly in the case of carinata. Leaves play an important role in
recycling foliar compounds to sustain seed filling and result in higher seed yield in napus.
A decrease in 50% leaf content at the bolting stage resulted in a 30% decline in seed yield in
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oilseed napus [53]. Mobilization of S from vegetative tissue for seed filling is crucial and
that is evident in the current analysis.

The present study revealed that N limitation had a significant impact on biomass
production in both carinata and napus while the absence of S did not significantly impact
the process. Significant NS effect was observed in the case of stem biomass production
while the biomass production of other plant parts such as roots, leaves, and reproductive
structures did not show such effect. In the current study, N was the main nutrient factor
responsible for biomass production in roots, leaves, and reproductive structure and its
absence led to a significant decline in the total biomass production for both carinata and
napus. These results agree with Zhao et al. [54], findings where no significant interactions
were observed with the presence or absence of S for biomass production in napus. Optimal
N and S, which produced significantly higher stem biomass in the current study, emphasize
the role of S in optimizing NUE and their interactive effect for management of N and S in
oilseed crops [32,39,55–57]. Nitrogen stress in early growth stages can directly impact the
yield potential of the plant by affecting plant biomass. The present study revealed that S
limitation had no significant impact on N uptake in roots, stems, and leaves in carinata, but
affected N uptake in reproductive structures. These results agree with the study conducted
by Abdallah et al. [9] in napus. However, S limitations resulted in a significant impact on
N uptake in stems, leaves, and reproductive structures of napus without affecting roots.
The limited uptake of S in the absence of S and/or N in carinata and napus was reported in
other brassica family members that are known to be sensitive to S limitation. Reproductive
structures were found to have maximum uptake of N and S at 132 days after planting in
the current study compared to other plant parts.

Chlorophylls (Chla and Chlb) are the primary pigment responsible for photosynthe-
sis in plants. N is an essential component of the chloroplast tissue, and its limitation is
known to significantly affect the process of photosynthesis in plants [58]. In this study,
the impact of N on the pigment concentration of Chla, Chlb, and carotenoids was evident.
The concentration of all pigments decreased significantly in the absence of N. This, in turn,
impacted the different physiological activities of the plants in the current study. The rate
of net photosynthesis, stomatal conductance, rate of transpiration, internal CO2 concen-
tration, and electron transport rate declined significantly in the N limited conditions [59].
Reduction in the rate of photosynthesis is also known to impact the accumulation of dry
matter and nutrient uptake in crops [60] which is evident in the current analysis. Some
of the gas exchange parameters were significantly influenced by NS interaction such as
net photosynthesis, stomatal conductance, internal CO2 concentration, and chlorophyll
fluorescence where limitation of S had a significant effect in canola.

5. Conclusions

This study revealed a synergistic relationship between N and S when applied in
optimal amount (+N+S) for different vegetative, biomass, and photosynthesis−related
traits in carinata and napus. The study highlights the importance of balancing N and S input
for higher productivity rather than using any single element to increase the productivity
of the oilseed crops. It also provides a thorough understanding of the N and S uptake,
assimilation, allocation, remobilization, and its impact on various physiological processes.
It also highlights the importance of the NS interaction and the pivotal role it plays in NUE
and SUE.
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