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Efficient nitrogen remobilization and nitrogen
partitioning to seeds in Camelina sativa grown
under contrasting nitrogen regimes
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Abstract

Background Camelina (Camelina sativa) is an emerging intermediate oilseed crop, commonly grown between

main crops for biofuel production. A related Brassica oilseed, canola, exhibits low nitrogen remobilization efficiency.
To evaluate the possibility of a similar limitation in camelina, nitrogen remobilization and partitioning to seeds was
examined by growing plants under starkly contrasting nitrogen regimes. Camelina variety ‘Suneson’was grown on
nutrient film tables, using nutrient solutions containing 6.5 mM (HN) or 0.65 mM (LN) nitrogen. Nitrogen was either
removed at the onset of flowering or continued until plant maturity (four treatments). Single leaves, entire shoot and
root systems, silicles (fruit pericarp), and seeds were harvested in weekly intervals starting with the onset of flowering,
and analyzed for dry weight, carbon, and nitrogen contents.

Results Nitrogen treatments profoundly affected plant development, with reduced branching, reduced height,
smaller leaves, and strongly accelerated shoot and leaf senescence observed under LN. Nitrogen was efficiently
remobilized from leaves, shoots, and silicles to seeds, with residual nitrogen concentrations as low as 0.3% of dry
weight observed in mature shoot systems of LN-removed plants, and a nitrogen harvest index of 0.6 to 0.7 depending
on treatment. N regimes strongly influenced seed yield and composition, with seed N between 2.8% (HN-removed)
and 4.5% of dry mass (HN-continued), while seed oil varied between 25% (HN-continued) and 45% (HN-removed).

Conclusions Camelina exhibits efficient nitrogen remobilization and partitioning to seeds under starkly contrasting

nitrogen regimes, supporting its reputation as a low-input crop and justifying renewed interest in this emerging
agricultural commodity.
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Background

Camelina (Camelina sativa) is an underdeveloped oil-
seed crop in the Brassicaceae family that is being grown
as an intermediate crop to produce biofuel, industrial
bioproducts, and for human and animal consumption [1].
Camelina was most likely first cultivated in the Cauca-
sus region [2], and is cold and drought tolerant, making
it a candidate crop for the climate of the northern Great
Plains, USA [3]. Camelina oil can provide a beneficial
nutritional supplement for humans and animals due to
high concentrations of omega-3 fatty acids and antioxi-
dants [4, 5]. Camelina oil is also suited for use in biofuel
applications, and many contemporary projects involving
camelina oil are focused on potential use as an aviation
biofuel. Tests with military and commercial airplanes
have been successful, and compared to petroleum jet
fuel, camelina-derived jet fuel blends can produce a 70%
reduction in particulate emissions [6], a 50% reduction
in carbon monoxide emissions [7], and 75% lower life-
cycle carbon dioxide emissions [8]. All these results have
increased interest in camelina as an intermediate crop for
the northern Great Plains.

For most commercial field crops, nitrogen is the yield-
limiting nutrient. The challenge of increasing yields while
lowering nitrogen inputs has become a major focus of
modern agriculture [9]. Camelina is less nitrogen inten-
sive than many other field crops, but high yields still
require significant fertilization in most field applications,
making nitrogen fertilizers the most expensive input [10,
11]. In the Great Plains, camelina is usually grown in
rotation, double cropping, or relay cropping with cereals
as an alternative to fallow [12, 13]. However, the extra fer-
tilizer costs discourage farmers from adding it to a cereal
rotation, and are a major roadblock to increasing cam-
elina acreage in the Great Plains [10.

In oilseed crops, nitrogen availability significantly influ-
ences both seed composition and yield [14]. Oil and stor-
age proteins are the main components of oilseeds [15],
with high protein typically associated with lower oil
content [16]. Nitrogen availability also affects the rate
of senescence in most field crops, particularly delaying
senescence under conditions of high availability [17].

The effect of nitrogen on plant development and yield
is often understood through the concept of nitrogen use
efficiency (NUE). NUE describes how efficiently a plant
uses nitrogen throughout its life cycle and contains sev-
eral sub-components, including nitrogen remobilization
efficiency (NRE). NRE quantifies the efficiency of nitro-
gen recycling between old (senescing) and young plant
organs during vegetative growth, and specifically the effi-
ciency of nitrogen remobilization to reproductive organs
during flowering and seed filling [18]. Senescence and
NRE are key topics for improving NUE in field crops [9,
19]. NRE is a known yield-limiting factor in canola [20,
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21], with low NRE due to nitrogen loss in fallen leaves
[22].

NRE has not previously been analyzed in camelina, and
there are few studies investigating the plasticity of cam-
elina growth, yield, and seed composition in response to
nitrogen fertilization [23-25]. Therefore, the goal of this
study was to investigate camelina NRE, and specifically to
examine if camelina experiences low NRE as previously
observed in canola [20, 21]. To this end, we analyzed
NRE under strongly contrasting pre- and post-flowering
nitrogen fertilization regimes, using a hydroponic culture
system to strictly control nitrogen availability through-
out the plant life cycle and particularly after the onset of
flowering.

Methods

Plant material and growing conditions

Camelina variety ‘Suneson’ was chosen for the main trial
of the study because it is a well-established cultivar devel-
oped for the northern Great Plains, and is also a model
for molecular genetic studies in camelina [26]. Three
additional lines (‘3] ‘20, and ‘53’) were selected for a sec-
ond trial from a panel of 222 accessions grown in field
studies based on visual variations in growth habit and
other traits to expand the main Suneson trial [27]. Line
‘3’ is from Kyrgyzstan and is also known as ‘Kirgizskij.
Line 20’ is from Germany, and was obtained from the
Deutsche Saatveredelung in Lippstadt, Germany; it is
also known as ‘Lindo’ Line ‘53’ is also from Germany and
was obtained from the Leibnitz Institute of Plant Genet-
ics and Crop Plant Research in Gatersleben, Germany; it
is also known as ‘PRFGL54"

Camelina seeds in all trials were germinated in
flats with 200 rockwool cubes manufactured by Gro-
dan (Byhalia, MS) in a growth chamber set at 12 °C to
encourage slow and even germination, a photosyntheti-
cally active radiation (PAR) of ~100 umol m~2 s™!, and
a 16 h/8 h day-night cycle. The flats of rockwool cubes
were submerged in a half-strength formulation of the
high nitrogen (HN) Hoagland solution (see below). After
two weeks of germination, seedlings that had not yet
developed true leaves were transferred to nutrient film
tables (NFTs) in a climate-controlled growth room set at
22 °C and a humidity of ~60%. The growth room lights
were Philips Greenpower toplighting 200-400v LED rails
providing between 300 and 500 pmol m~2 s™! PAR at the
level of growing plants, with 16 h/8 h day-night cycles
maintained. The hydroponic system used was an eight
channel NFT system. Each channel was 2.5 cm deep and
10.2 cm wide, with 2.5 cm square holes in the covers for
each plant. Each channel held 18 plants and a total of 144
plants were grown under each nutrient treatment (four
treatments for the main Suneson trial and two treatments
in the expanded trial). The nutrient solution reservoir
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was a black 100 L covered tub. The nutrient solution was
cycled through the channels using a 1400-liter per hour
pump (Ecoplus: Vancouver WA), and the reservoir was
aerated by two air stones fed by a Tetra whisper aquar-
ium air pump (model 60).

Nutrient solution

The nutrient solution used in each trial was a modi-
fied Hoagland solution that was completely changed
weekly throughout the duration of each experiment; the
composition is provided in Supplemental Table S1. The
treatments were chosen to advance the physiological
understanding of nitrogen remobilization efficiency in
camelina, and to determine how nitrogen availability at
pre- and post-flowering stages influences yield compo-
nents. The high nitrogen (HN) treatment represents a full
strength Hoagland recipe, containing 6.5 mM nitrogen in
a combination of 5.5 mM nitrate and 1 mM ammonium
[28]. The low nitrogen (LN) treatment used the same
recipe, but all nitrogen minerals were lowered by a fac-
tor of 10. The concentration of nitrogen was reduced to
0.65 mM in a combination of 0.55 mM nitrate and 0.10
mM ammonium. Potassium nitrate (KNO;) and calcium
nitrate (Ca[NO;s],) were replaced with KCI and CaCl, to
maintain identical K and Ca levels. Levels of additional
Cl” in the solution were 4.05 mM under LN and 4.5 mM
in N-removed treatments, below the threshold of poten-
tial chloride toxicity [29, 30]. Both the HN and LN treat-
ments were either continued after the onset of flowering,
or the nitrogen in the solution was removed after flower-
ing, using the N-removed recipe shown in Table S1. This
created four treatments: HN-removed, HN-continued,
LN-removed, and LN-continued.

Tissue collection

Plants were harvested weekly starting with the onset of
flowering (recorded as ‘week zero’). The beginning of
flowering was defined as the point when half the plants
on the NFT had at least one flower that had completely
opened and revealed petals. In all 4 trials, this stage
occurred on either the 42" or 43" day after the seeds
were germinated and after four complete nutrient solu-
tion changes. Plants (20 plants per sampling time point)
were harvested following a randomized complete block
design with each channel of the NFT serving as a block.
The first 10 plants had their entire root systems removed,
rinsed to remove any residual nutrient solution, and
placed in a paper bag for drying; all aboveground tissue
was then photographed. After photographing, all silicles
were removed (if present, regardless of developmental
stage) and placed in envelopes. The remaining aboveg-
round tissue (stems and leaves, including fallen leaves)
was defined as the ‘shoot system’ and was placed in a
paper bag for drying. For the second series of 10 plants,
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each leaf of the primary stem was removed and photo-
graphed in a line. Leaves 2, 8, 13, and 19 were placed into
15 ml test tubes for drying. Plants were harvested until
maturity, defined as the point when all main and second-
ary stems had visually senesced. When growing lines 3,
20, and 53, Suneson was included for comparison. These
plants were only harvested when all lines had reached
maturity (week fourteen after flowering under HN-con-
tinued, and week five for HN-removed); tissues were col-
lected in the same manner as the Suneson-only trials.

Tissue analysis

The root and shoot systems in paper bags were dried
at 43 °C and less than 10% humidity for at least a week.
Silicles were dried at room temperature for at least two
weeks and then crushed and filtered through 1 mm and
0.8 mm sieves to separate all present seeds. The dry tis-
sues were then weighed and ground. Root system, shoot
system, and silicle tissues were ground in a Thomas Wiley
Mill Model 4 (Swedesboro, NJ) and filtered through a
0.5 mm sieve. Seeds were stored in 15 ml test tubes and
weighed before analysis. Individual leaves (2, 8, 13, and
19) were ground by hand using a Foredom model DD
rotary hand drill with plastic pestles in a 1.5 ml Eppen-
dorf tube. Analysis of total carbon and total nitrogen was
performed by a Costech Analytical Technologies ECS
4010 elemental combustion analyzer at the Environmen-
tal Analytical Laboratory at Montana State University,
Bozeman, MT and at the Stable Isotope Core Laboratory
at Washington State University, Pullman, WA. Samples
consisting of ~ 2 mg dry tissue (or 2-3 seeds) were used
for each elemental analysis.

Seed oil concentration was determined by NMR analy-
sis (Oxford Instruments model MQC, Abingdon, UK) of
~ 2 mg samples at 40 °C based on a standard curve of ref-
erence camelina oil. Fatty acid analysis was conducted via
gas chromatography (Shimadzu model GC- 2010, Kyoto,
JP) of fatty acid methyl esters as described by Lu et al.
[31]. Statistical analyses were completed in R; 95% con-
fidence intervals were two-sided, and all compact letter
displays were produced via one-way ANOVA and Tukey’s
honest significance test at a 95% confidence interval
using the multcomp R package [32]. Graphs were made
in R with the ggplot2 package [33].

Results

Nitrogen regimes determine plant architecture and leaf
senescence rate

Across all treatments, plants began flowering on the
42™ or 43 day after germination. Plants reached matu-
rity at 70 days (LN-removed), 78 days (HN-removed and
LN-continued), and 140 days (HN-continued). When
examining entire shoot systems (Fig. 1), it was visually
apparent that nitrogen treatments profoundly affected
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Fig. 1 Camelina plants grown under four nitrogen regimes are shown in weekly intervals, starting with the onset of flowering (week zero). One repre-
sentative harvested plant is shown in each case
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overall plant morphology. LN resulted in visibly reduced
branching, plant height, and leaf size, and strongly accel-
erated shoot and leaf senescence (Figs. 1 and 2). In both
N-removed and N-continued treatments, a larger frac-
tion of the shoot system and leaves had senesced under
LN than HN at week zero (Figs. 1 and 2). Additionally,
under both LN and HN, observable shoot and leaf senes-
cence was greatly accelerated by nitrogen removal at
the onset of flowering. At week zero the LN-continued
treatment displayed a higher number of visibly senesced
leaves than the HN-removed treatment, but by week four
the HN-removed plants had completely senesced while
LN-continued plants still showed some green shoots and
leaves (Figs. 1 and 2). The largest visual difference in leaf
senescence rate was seen between the HN-continued and
LN-removed treatments (Fig. 2).

Camelina leaves, shoots, and silicles efficiently remobilize
nitrogen

When examining nitrogen concentrations in main stem
leaves (Fig. 3), the patterns of nitrogen removal matched
visual leaf senescence symptoms (Fig. 2). At week zero,
nitrogen percentage in leaf 2 was at or below 2% across
all treatments. It quickly decreased to 1% or lower in
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subsequent weeks (Fig. 3). Higher (younger) main stem
leaves displayed larger changes in nitrogen concentration
as leaf senescence initiated after the onset of flowering.
Across all treatments, nitrogen percentages in leaves 8,
13, and 19 decreased, but the rate varied between treat-
ments (Fig. 3). HN-continued produced leaves with the
lowest senescence rate; leaves 8, 13, and 19 still displayed
nitrogen percentages above 1% by six weeks after the
onset of flowering (Fig. 3A). In all treatments except HN-
continued, nitrogen percentages in all leaves were below
1% at five weeks post-flowering, regardless of the per-
centage at week zero.

The shoot system (including all stems and leaves) fol-
lowed a pattern of nitrogen remobilization which was
similar to individual leaves. After the onset of flower-
ing, nitrogen concentrations in both N-removed treat-
ments dropped rapidly for the first two weeks, and
continued to decrease more slowly over the following
two to three weeks (Fig. 4A). Shoot nitrogen percent-
ages reached <0.5% at weeks five (HN-removed) and four
(LN-removed) post-flowering (Fig. 4 A). HN-continued
displayed a drop in nitrogen percentage one week after
flowering, which stabilized between weeks one and three
(Fig. 4 A), before continuing to decline to a value of 0.87%
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Fig. 2 Main stem camelina leaves from plants grown under four nitrogen regimes are shown in weekly intervals, starting with the onset of flowering
(week zero). Leaves from one representative harvested plant are shown in each case
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Fig.3 Nitrogen concentrationsin leaves 2,8, 13,and 19 of camelina main stems are shown in weekly intervals, starting with the onset of flowering (week
zero). Lower numbers designate older leaves, with leaf 1 as the first true leaf. A, HN-continued; B, HN-removed; C, LN-continued; D, LN-removed. Boxplots
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at week fourteen (Table S2). The LN-continued treat-
ment exhibited a declining nitrogen percentage until four
weeks post-flowering followed by an increase, which was
the only increase in shoot system nitrogen percentage
observed across all treatments, and led to the only final
shoot nitrogen concentration > 1% (Fig. 4 A)

Nitrogen concentrations in silicles showed patterns
which are similar to the other aboveground tissues. The
N-removed treatments showed substantial remobiliza-
tion of silicle (fruit pericarp) nitrogen, and both treat-
ments produced a nitrogen percentage below 1% at week
three post-flowering (Fig. 4B). Nitrogen percentages con-
tinued to decrease to ~0.4% at weeks four and five under
the LN-removed and HN-removed treatments, respec-
tively (Fig. 4B). The LN-continued treatment followed a
similar trend; nitrogen percentage in silicles decreased
to ~0.7% at five weeks post-flowering (Fig. 4B). The
HN-continued plants showed slightly increasing silicle
nitrogen percentages during the first weeks before nitro-
gen concentrations began to fall (Fig. 4B). At fourteen
weeks post-flowering, the HN-continued silicles con-
tained ~ 1.2% nitrogen, higher than in shoots (Table S2).
All treatments except HN-continued produced silicles

with <1% nitrogen at the end of senescence, similar to
individual leaves.

Seeds began to form in the first week after the onset
of flowering, and at week one post-flowering, all seeds
contained between ~3.5% and ~5% nitrogen which
remained largely unchanged as more seeds were pro-
duced and seed filling progressed (Fig. 4 C and Table S2).
The lowest nitrogen concentration was seen in mature
seeds of plants grown under HN-removed (~2.8%) (Fig.
4C). Nitrogen percentages decreased in root systems
under the N-removed treatments, and increased after
two weeks post-flowering in HN-continued (Fig. 4D).
Root nitrogen percentages in mature plants were higher
than aboveground vegetative tissues across all treatments
(Fig. 4D).

Nitrogen remobilization is efficient in multiple camelina
lines

Analysis of nitrogen allocation was expanded to include
three additional lines (see ‘Materials and Methods’).
Residual nitrogen concentrations in shoot systems of
mature plants were similar in all germplasm tested (Fig.
5A). Nitrogen concentrations were also similar in sil-
icles, although Suneson exhibited the lowest silicle N



Dlaki¢ et al. BMC Plant Biology (2025) 25:1740 Page 7 of 14

Shoot System Silicle

e Treatment
c6 A A HN - continued | © B
D 4 HN - removed
o5 LN - continued |5
= @ LN - removed
>4 4
g 5 282 |,
8 1 '\t\‘ 1 ‘\-\\Ej\‘
; 0 0.279 04381 0 0.411" 0405
o 0 1 2 3 4 5 6 0 1 2 3 4 5 6
E Seed Root System
c
o
= 6/ C 6/ D
=
c
8 5 '\‘—l/k;/é4.99 5 -
S a4 4 = 4.1
8 ;\\ 3.28

3 2.82 3
% 2 2 -\.\;\\:si‘\,
(o)) 1.63

®1.46
21 1
Zo 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6

Weeks Post-Flowering

Fig. 4 Nitrogen concentrations in camelina plant organs are shown in weekly intervals, starting with the onset of flowering (week 0). A, shoot systems
including all stems and leaves; B, silicles (fruit pericarp); C, seeds; D, root systems. Mean values (n=10) and error bars representing a 95% confidence
interval are shown

z .

i‘; Shoot System Silicles Seeds

>

S1.25A 1.25|B - 5.00( B

o Line st

E =20 ? - ﬁ

S 1.00 .gs 1.00 ) 4.00

z + Suneson

20.75 ! 0.75 -

5 1 x 3.00

% 050 - 0.50 x N
:i; .§§+ t
S 0.25 0.25 2.00

o HN continued HN removed HN continued HN removed HN continued HN removed
g

2 Treatment

P4

Fig.5 Residual nitrogen concentrations in camelina plant organs of three representative lines and Suneson are shown at maturity (fourteen weeks after
the onset of flowering under HN-continued, and five weeks under HN-removed). A, shoot systems; B, silicles; C, seeds. Mean values (n = 5) and error
bars representing a 95% confidence interval are shown. Stars indicate significant differences (p < 0.05; determined by Tukey’s honest significance test)
between lines under the same nitrogen treatment



Dlaki¢ et al. BMC Plant Biology (2025) 25:1740

concentration under HN-removed (Fig. 5B). Seed N
concentrations were similar across lines under HN-con-
tinued, and Suneson was the lowest under HN-removed
(Fig. 5C). Together, data presented in Fig. 5 suggests that
nitrogen remobilization and allocation patterns analyzed
in detail for variety Suneson (Figs. 3 and 4) are represen-
tative of those in other camelina lines.

Whole plant nitrogen partitioning controls seed yield and
seed composition

Tracking changes in tissue nitrogen concentrations pro-
vides an understanding of camelina NRE, while analysis
of dry mass and nitrogen mass in the different plant parts
over time delineates nitrogen partitioning and yield for-
mation [34]. N-continued treatments showed increas-
ing root system nitrogen mass post-flowering, while
N-removed treatments exhibited little change (Fig. 6 A,
Fig. S2A, Fig. S3A, and Fig. S4A). Root system carbon
mass and biomass increased over time across all treat-
ments except LN-removed, where it began to decrease
after week two (Fig. 6B, Fig. S1A, Fig. S2B, Fig. S3B, Fig.
S4B). Root system biomass was below 10% of total plant
biomass in all treatments except LN-continued (Fig. 6B
and J and Fig. S2B).

Shoot nitrogen mass partitioning and biomass were
sharply different between LN and HN treatments, as HN
plants had much larger shoot systems and higher shoot/
root ratios than LN plants (Figs. 1 and 6). After the first
week post-flowering, shoot nitrogen mass decreased in
the HN-removed plants until it reached the level of the
LN-continued treatment, below 40 mg plant™" (Fig. 6C,
Fig. S2C, Fig. S3C). The HN-continued plants exhibited
an increase of shoot nitrogen mass post-flowering that
plateaued after week four (Fig. 6C). In the LN treat-
ments, shoot nitrogen mass deviated after week three,
when the LN-continued plants increased shoot nitrogen
mass to above 20 mg plant™! (Fig. 6 C, Fig. S2C, Fig. S4C).
Shoot biomass at maturity was over half of the total plant
biomass in all treatments except LN-continued (Fig. 6D
and J, and Table S2). There was a distinct separation in
shoot biomass between HN and LN treatments, with
HN-continued plants reaching>25 g plant™! (Table S2)
and HN-removed reaching>7 g plant™!, while both LN
treatments remained below 3 g plant™! (Fig. 6D). Shoot
carbon mass followed a similar pattern to dry mass
across all treatments, and was approximately one third of
the total plant biomass (Fig. 6D and Fig. S1B).

Nitrogen mass in silicles increased as silicles formed
and nitrogen was remobilized from shoot tissues after
week 0, but remained lower than nitrogen in the other
plant parts (Fig. 6). Silicle nitrogen mass continued to
rise until the end of senescence in both N-continued
treatments (Fig. 6E and S2E), and began to decrease after
week two in the N-removed treatments (Fig. S3E, and
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S4E). Silicle mass and number increased until senescence
arrested plant growth (Figs. 6 F and 7; Table 1)

Nitrogen regimes influence yield indices, seed
composition, and oil quality

Patterns of seed nitrogen allocation over time diverged
from those of all other plant organs. Once seeds began to
form after week one post-flowering, seed nitrogen mass
increased strongly until plant maturity in all treatments
(Fig. 6G; Fig. S2G, S3G, and S4G). Unlike seed nitrogen
mass, seed carbon mass and dry weight (seed yield) were
<50% of total plant carbon and biomass, but followed a
similar pattern of increasing steadily from week one until
plant maturity (Fig. 6 and Fig. S1). Continued nitrogen
availability after the onset of flowering resulted in higher
total seed yields under both HN and LN conditions. The
difference in seed yield between LN-removed and HN-
removed was ~ 14-fold, while an ~ 6-fold difference was
observed between the LN-continued and HN-continued
treatments (Table 1).

HN-continued produced the highest average oil yield,
significantly higher than HN-removed (Table 1). Among
the LN treatments, LN-continued produced a higher
average oil yield than LN-removed (Table 1). How-
ever, this pattern of similar seed yield and seed oil yield
obscured differences in seed composition. Plants grown
under the HN-removed treatment produced seeds with a
considerably higher oil concentration (44.8%) than plants
grown under HN-continued (25.4%) (Table 1). In con-
trast, seeds from plants grown under LN contained simi-
lar oil concentrations of 37.3% (LN-removed) and 38.1%
(LN-continued) (Table 1). This trend in seed oil was
reflected in seed carbon concentrations (Fig. S5C).

Harvest index (HI) is a descriptive statistic that reflects
resource partitioning to seeds by measuring the fraction
of aboveground biomass that is contained in seeds [35].
The HN treatments showed no significant difference in
HI when nitrogen was removed or continued (Table 1).
The highest HI was seen for the LN-continued treatment,
significantly higher than the LN-removed treatment
(Table 1). HI can also be measured in terms of nitro-
gen, as nitrogen harvest index (NHI). NHI compares the
ratio of nitrogen present in seeds to nitrogen present in
all aboveground biomass, and a high NHI indicates high
nitrogen remobilization efficiency [36]. All treatments
produced an NHI of >0.59 (Table 1). The HN treatments
differed significantly in NHI; nitrogen removal or contin-
uation led to an NHI of 0.68 and 0.59, respectively (Table
1). The LN-removed treatment produced a similar value
to HN-removed (0.72), and LN-continued presented a
significantly lower NHI (0.61), similar to HN-continued
(Table 1).

Oil composition was also significantly affected by
nitrogen treatment. In the HN-continued treatment,
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pericarp); G, H, seeds; |, J, total plant nitrogen mass and dry weight. Mean values (n=10) and error bars representing a 95% confidence interval are shown
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Treatment

600

4+ HN - removed

@ LN - removed

400

200

Silicle Count

4 HN - continued

LN - continued

490

354 L1

0 1 2

3 4 5 6

Weeks Post-Flowering

Fig. 7 Silicles per plant, shown in weekly intervals starting at week 1 after the onset of flowering. Mean values (n=10) and error bars representing a 95%

confidence interval are shown

Table 1 Mean values (n=10) of seed oil and yield traits at maturity. HN-continued is shown at fourteen weeks, HN-removed and
LN-continued are shown at five weeks, and LN-removed is shown at four weeks after the onset of flowering. Different letters indicate
significant differences between treatments (p < 0.05) based on Tukey’s honest significance test. TSW, thousand seed weight

Seed Yield (g plant™") TSW Silicles Seed Oil QOil Yield Harvest Index Nitrogen Harvest Index
(9) (per plant) (%) (g plant™")
HN-continued ~ 9.59¢ 123¢  874¢ 25.44" 245¢ 0.238 0.59"
HN-removed 3.118 0918 3548 4483¢ 1398 0.248 0688
LN-continued 1.64%8 0.99® 1774 38.118 0.64" 0.30¢ 0614
LN-removed 023" 073" 45 37.26° 0.08" 0.20" 0.728

saturated fatty acids including palmitic acid (16:0), stearic
acid (18:0), and arachidic acid (20:0) contributed a larger
fraction than is seen under HN-removed (Table 2). In
contrast, the monounsaturated oleic acid (18:1) was more
abundant in seeds harvested from plants grown under
HN-removed than under HN-continued conditions
(Table 2). All other fatty acids that significantly contrib-
ute to camelina oil composition including linoleic acid
(18:2), linolenic acid (18:3), and eicosenoic acid (20:1)
were present at similar percentages between the HN-
continued and HN-removed treatments. Oil composition
differences between the LN-removed and LN-continued
treatments were minor, with only stearic acid (18:0) and
linoleic acid (18:2) displaying a significant difference in
percentage (Table 2). Thus, the two LN treatments pro-
duced seeds with a similar composition despite a large
difference in total seed yield per plant and thousand
seed weight (Fig. 6H; Tables 1 and 2, Fig. S2H and S4H).
In contrast, seed lipid concentration, lipid composition,
and nitrogen concentration were substantially different
between the two HN treatments.

In summary, the HN-removed treatment produced
seeds with the highest oil and carbon concentrations
alongside the lowest nitrogen concentration and an aver-
age seed weight of 0.91 mg. Conversely, the HN-contin-
ued treatment produced seeds with the lowest oil and
carbon concentrations alongside the highest nitrogen
percentage and an average seed weight of 1.2 mg. The LN
plants produced similar oil, carbon, and nitrogen con-
centrations that fall between the two HN treatments. The
only significantly different seed trait under LN conditions
was seed weight; plants grown under LN-removed condi-
tions produced the smallest seeds of all treatments (0.73
mg) (Table 1). Regardless of nitrogen treatment, all seeds
contained > 2.8% nitrogen (Fig. 4 C; Table S2). Plants that
were nitrogen stressed before or during flowering also
produced seeds with a higher oil percentage, significantly
higher than the low (25.4%) oil concentration found
under HN-continued (Table 1). The low oil concentration
under HN-continued was offset by increased seed yield
that led to the highest oil yield per plant of all treatments.
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22 52t h s Discussion

3 GEJ N = o Nitrogen remobilization efficiency is higher in camelina

g § than in canola and arabidopsis

% = Efficient nitrogen remobilization from senescing plant
g § 2% he T organs to vegetative (e.g., developing leaves) and repro-
g |NS e oo ductive sinks (seeds) enhances plant NUE. Conceptu-
qC;J g ally, nitrogen in plants can be divided into mobilizable
e % and non-mobilizable fractions, with the latter consisting
3 E 2 R of cell wall proteins, components of the remobilization
"o |[N— — - machinery (e.g., proteases and transporters), and organ-
st elles maintaining cell function and energy metabolism
_gf % (nuclei, mitochondria) [37]. Realized nitrogen remobili-
2.2 RIS RS zation is influenced by the environment and plant devel-
gL [N oA opment, and thus may be substantially lower than the
% = theoretical limit dictated by the strictly non-mobilizable
S = fraction.

% g ai gy The present study assessed the range of camelina NRE
= é SRS g g under contrasting nitrogen conditions using a hydro-
5 ponic system to strictly control nitrogen availability both
g 2 before and after the onset of flowering. Remobilization
© % I from aboveground tissues and NHI were used to assess
2 % % RES % NRE. Main stem leaves 2, 8, 13, and 19 all terminated at
i = residual nitrogen levels below 1%; only leaves from the
s % HN-continued treatment maintained levels above 1% by
% = P six weeks after the onset of flowering, but shoot systems
£ g o § § § < of these plants reached ~ 0.9% when plants were fully
gy [T M mature at fourteen weeks (Fig. 3, Table S2). These values
g o indicate highly efficient nitrogen remobilization from
© 5 leaf tissues, defined as residual nitrogen < 1% [37]. NRE
g 2 NN from leaves and shoots of LN-removed and HN-removed
s g |¥nnno plants is very high, with values of 0.6%-0.95% in leaves
e g and < 0.5% in shoots (Fig. 4 A and Table S3) meeting the
= ~ 0.7% residual nitrogen threshold used to define ‘com-
= s STIVRNES plete’ remobilization (i.e., with only strictly non-mobi-
|5 gcj § SRR lizable nitrogen left) [37]. In canola, NRE is considered
g w low, with significant residual nitrogen in dropped leaves
) E [22, 38-40] and pods [40, 41] (Table S3). It is consistently
E"SJ % e at or above 1% [39, 40] and reaches values well above 2%
R e 333 of dry mass [22, 40, 42] under high nitrogen fertilization
§ = % AR in field and hydroponic studies (Table S3). The compari-
s & 2 son of residual leaf N concentrations reported for canola
i _q%’ g L [22, 39, 40, 42] and Arabidopsis thaliana (Arabidopsis)
° gy [43] with values for camelina reported here suggests that
R A A camelina remobilizes leaf nitrogen more efficiently, espe-
G Ué & cially when nitrogen is not limiting (Table S3).

=} S 2 The camelina shoot system, representing the largest
PoSes RAY fraction of plant biomass during the vegetative stage, also
— VY X|~=|0O 1n © © . . . e .

g3 displays efficient nitrogen remobilization. In all treat-
= % S ments except LN-continued the residual nitrogen per-
% 23 |4 - centage is 0.9% or lower, indicating NRE similar to or
2c3 § TS '§ higher than individual leaves (Fig. 4 and Table S2). Low
~ ; 3 § 2 2 E, 2 residual nitrogen concentrations were also found in the
s-20|z2% 28 shoot systems lines 3, 20, and 53 under HN-removed
CESolflEEZ3 and HN-continued conditions (Fig. 5 A). These values are
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comparable to residual nitrogen in field and greenhouse
grown canola [39, 41] and greenhouse grown Arabidop-
sis [43, 44] shoot systems under low nitrogen availability,
but lower than both species under a high nitrogen treat-
ment (Table S3).

Silicles also contain residual nitrogen concentrations
below 1.2% in all treatments, and the smallest nitrogen
fraction of all organ groups (Figs. 4 C and 6 and Table S2).
In lines 3, 20, and 53, residual nitrogen concentration in
silicles was more variable than in shoots, but still below
1.1% (Fig. 5B). Compared to similar studies in canola,
residual nitrogen in camelina silicles is lower under high
nitrogen treatments, and similar under low nitrogen
[40, 41] (Table S3). Silicles act as an important source
of assimilated carbon during seed filling, especially after
stem and leaf tissues have senesced, as shown in a previ-
ous study [45]. The different nitrogen treatments and var-
ied rates of senescence led to significant differences in the
number of silicles, rate of silicle development, duration
of silicle development, and ultimately seed yield. The link
between seed formation and pod development in Bras-
sicaceae is well documented [46]. Camelina appears to
follow this pattern of push-pull dynamics between leaves
and silicles with high efficiency as remobilization occurs.
Roots are the only organ group that does not display high
NRE post-flowering, which is consistent with previous
studies of camelina [47]. Nitrogen in root systems did
not decrease except for the LN-removed treatment, sug-
gesting that roots are not a significant source of nitrogen
remobilization during seed filling (Figs. 4D and 6 A, Fig.
S4A).

Seeds are the primary nitrogen sinks during reproduc-
tive growth. Seed nitrogen concentrations at maturity
varied between 2.8% (HN-removed) and 4.5% (HN-con-
tinued), demonstrating that, despite high NRE, continued
N availability during reproductive growth strongly influ-
ences this trait (Fig. 4C, Table S2). Higher seed protein
content often positively influences seed vigor [48], sug-
gesting a negative impact of post-flowering nitrogen limi-
tation on seed quality.

NHI is a useful metric to assess NRE during reproduc-
tive growth. Camelina NHI was relatively high across all
treatments when compared to other dicot field crops [36].
Canola has a low NHI that varies with nitrogen treat-
ment, representing another indicator of low NRE. NHI
values in camelina (0.59-0.68 under HN and 0.61-0.72
under LN) were substantially higher than those reported
in greenhouse grown canola under high nitrogen treat-
ments and/or in N-inefficient cultivars (consistently
below 0.4), and were similar or higher than N-efficient
cultivars grown under low nitrogen treatment, which can
reach between 0.5 and 0.6 [49, 50] (Table S3). Camelina
NHI values were also higher than those reported for Ara-
bidopsis [44, 51] (Table S3). Both N-removed treatments
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produced a significantly higher NHI than the continued
treatments, and NHI was lowest under HN-continued.
This suggests that nitrogen availability during repro-
ductive growth has a larger effect on NHI (and NRE by
extension) than nitrogen availability during vegetative
growth

Nitrogen regimes determine seed yield

Camelina has been promoted as a low-input crop [52],
but, unsurprisingly, yield is increased in response to high
nitrogen conditions [25, 53]. Plants reached maturity
within the normal range for dryland conditions (60—100
days) [3, 11, 54], except under HN-continued (140 days),
which resulted in delayed maturity due to the continuous
supply of water and high nitrogen post-flowering. In the
present study, seed yield per plant is strongly improved in
response to greater nitrogen availability (Table 1), likely
due to enhanced growth/branching, delayed senescence,
and an extended reproductive growth phase due to the
continuous supply of water and high nitrogen post-flow-
ering (Figs. 1 and 2). Seed vyield closely followed silicle
number (Fig. 7) across all treatments. The large differ-
ences between N-removed and N-continued conditions
under both LN and HN suggest that, despite efficient N
remobilization, continued N availability from root uptake
post-flowering substantially contributes to camelina
reproductive growth and seed yield

Nitrogen regimes influence seed composition and oil yield

While seed yield followed expected trends related to
nitrogen regimes, seed composition also responded to
nitrogen availability. LN-grown plants produced simi-
lar oil concentrations, and were within the typical range
based on reports from field studies (36%-40%) [23, 55].
Oil concentration under HN-removed was higher (44.8%)
than the reported range, while HN-continued produced
a concentration substantially below that range (25.4%),
suggesting that oil concentration in camelina grown
under high fertilization is strongly influenced by nitro-
gen availability after flowering. Increased nitrogen fertil-
ization leading to seeds with a higher protein but lower
oil concentration has previously been seen in field stud-
ies of camelina [24, 53] and other oilseed crops includ-
ing canola [56, 57]. The HN-removed plants senesced
faster, yielded considerably less, but produced seeds with
a much higher seed oil concentration (Figs. 1 and 2; Table
1). The HN-removed treatment also produced oils with a
lower fraction of saturated fatty acids than the HN-con-
tinued treatment. This change of oil composition under
high nitrogen has also seen in canola [58]. Therefore,
nitrogen availability during reproductive growth had
a significant effect on seed oil concentration, yield, and
composition.
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Conclusions

Despite being less nitrogen intensive than some other
field crops, it is apparent that camelina suffers a yield
penalty when grown in fields with low nitrogen avail-
ability [23]. Currently, fertilizer cost represents the pri-
mary obstacle to the profitability of camelina grown on
the northern Great Plains [10], limiting acreage. In the
present study, camelina exhibited a high NRE compared
to that reported in canola, justifying renewed interest in
camelina as a low-input intermediate oilseed crop. Data
presented in this study also enhance our understanding
of the relationships between nitrogen availability, seed
yield, and seed composition. Further research is needed
to decipher the molecular mechanisms governing NUE
and to provide suggestions for camelina plant manage-
ment and sustainable production.
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