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Abstract

Camelina (Camelina sativa) is an emerging industrial oilseed crop because of its potential for
double cropping, fallow year production, growth on marginal lands, and multiple uses of seed oils
and meals. To realize the potential for sustainable production of camelina, a better understanding
of how camelina seed oil production and composition respond to low input environments is
desired. Phosphorus (P) is one of the least available essential macronutrients to plants with finite
worldwide supply. This study investigated seed oil production and lipid composition of camelina
in field settings and under greenhouse conditions in response to P deficiency. Lipidomic profiling

"Corresponding author: wangxue@umsl.edu; fax 314-587-1519.

Co-first authors
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Intellectual property

The authors confirm that they have given due consideration to the protection of intellectual property associated with this work and
that there are no impediments to publication, including the timing of publication, with respect to intellectual property. In so doing they
confirm that they have followed the regulations of their institutions concerning intellectual property.

Authorship

All listed authors meet the ICMJE criteria. We attest that all authors contributed significantly to this manuscript, each having fulfilled
criteria as established by the ICMJE. The authors confirm that the manuscript has been read and approved by all named authors. The
authors confirm that the order of authors listed in the manuscript has been approved by all named authors.

CRediT authorship contribution statement

J. Li: performed experiments in greenhouse conditions, collected data, analyzed seed oil content and fatty acid composition of

field- and greenhouse-grown camelina, and wrote the manuscript. Y. Su: did lipidomic profiling, GC performance, data analysis and
edited the manuscript. DP. Schachtman: supervised the field experiments and data collection and edited the manuscript. C. Shapiro:
developed the multi-P level site and consulted on the field planting, fertilization, seed collection, and edited the manuscript. X. Wang:
proposed and oversaw the overall study and edited the manuscript.

Declaration of competing Interest
No conflict of interest exists

Appendix A. Supplementary data
Supplementary material related to this article can be found, in the online version, at doi:



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Lietal. Page 2

reveals that P deficiency in field settings triggered extensive leaf lipid remodeling that decreased
the ratio of phospholipids to non-P-containing galactolipids from 30% to 5% under P sufficient
to deficient conditions. P deficiency increased seed oil content per seed weight by approximately
25% and 20% in field and greenhouse settings, respectively. In addition, P deficiency altered
seed fatty acid composition, with increases in monounsaturated 18:1 and 20:1 and decreases in
polyunsaturated 18:3. Total seed production was decreased by 10- to 15-fold under P deficiency
and the decrease resulted from reduced seed numbers without affecting seed weight. The results
from field and greenhouse conditions indicate that P deficiency increases seed oil content, alters
fatty acid composition, and decreases greatly seed production, suggesting that achieving a high
yield and quality of camelina seed oil is positively linked to P status of soil.
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1. INTRODUCTION

Camelina (Camelina sativa) was an ancient oilseed crop, and its cultivation was later
replaced by more productive Canola. The interest in camelina as an industrial and bioenergy
crop has increased in recent years because of its potential for fallow year production,
growth on marginal lands, and versatile applications of the oil seeds (Gebauer et al., 2006;
Ruiz-Lopez et al., 2014; Neupane et al., 2022). Camelina oil is favored as an alternative
feedstock for non-food applications, such as soaps, varnishes, and biodiesel production
due to its low-cost, high-energy content, and fatty acid composition (Moser and Vaughn,
2010). The oil content of camelina seeds ranges from 30% to 46%, and the majority (80—
90%) of fatty acids of the oil is unsaturated, which includes a high level of a-linolenic
acid (30-40% of total oil content), an omega-3 fatty acid valuable for human and animal
nutrition (Moser, 2014; Campbell et al., 2013). Camelina can be grown with few input
costs and under marginal conditions further enhances interest in camelina production as an
industrial oil crop. However, how nutrient limitations in fields affect seed oil content and
fatty composition, the critical value traits of camelina, remains to be characterized.

Phosphorus (P) is one of the least available essential macronutrients to plants, and it is
not a renewable resource due to the finite supply (Gilbert, 2009; Lopez-Arredondo et al.,
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2013; Heuer et al., 2017). Approximately 70% of global cultivated land is deficient in
available P (L6pez-Arredondo et al., 2014). The widespread application of P fertilizers not
only increases crop production costs, but also aggravates the environmental burden and
accelerates the depletion of finite P reserves (Cordell et al., 2009; Scholz et al., 2013;
Hartley et al., 2013). Camelina was reported to produce moderate yields on poor soils
(Putnam et al., 1993; Wojtkowiak et al., 2009), and field tests suggested that camelina
responded to P fertilizer when soil P levels were 12 ppm (part per million) or less under
Montana field conditions (Jackson, 2008; McVay and Lamb, 2008). However, the effect of P
deficiency on camelina seed oil production remains largely unknown.

Phospholipids contain a significant pool of cellular P, constituting approximately 1/3 of
organic P in plants (Gaude et al., 2008; Tjellstrom et al., 2008). Under P shortage, one of
the overt metabolic changes in plants is membrane lipid remodeling by which phospholipids
decrease to allow limited P available for other vital cellular needs, while non-P-containing
lipids increase to maintain the membrane function (Hértel et al., 2000; Andersson et al.,
2003; Li et al., 2006; Moellering and Benning, 2011; Okazaki et al., 2013; Su et al.,

2018). Specifically, the common phospholipids, such as phosphatidylcholine (PC), decrease
whereas non-phospholipids, such as digalactosyldiacylglycerol (DGDG), increase (Hartel

et al., 2000; Li et al., 2006; Moellering and Benning, 2011; Okazaki et al., 2013). Fatty
acids in plants are synthesized in chloroplasts, exported to the endoplasmic reticulum (ER),
and incorporated into PC (Bates et al., 2012; Tjellstrom et al., 2015). PC may provide
diacylglycerol (DAG) directly for triacylglycerol (TAG) synthesis catalyzed by PC: DAG
cholinephosphotransferase. In addition, PC serves as the substrate in ER for producing
polyunsaturated fatty acids (PUFAS), such as linoleic (18:2) and linolenic (18:3) acids,
which constitute more than 50% fatty acids of camelina seed oil (Haslam et al., 2016). The
multi-faceted roles of PC in fatty acid desaturation and trafficking, and TAG synthesis could
mean that the PC decrease under P deficiency might affect the seed oil content and fatty acid
composition that determines the value of seed oil. Therefore, this study was undertaken to
determine the effect of P deficiency on lipid remodeling, seed oil production, and fatty acid
composition under P-deficient field and controlled greenhouse conditions.

MATERIALS AND METHODS

Field experiment conditions

The field experiment was conducted at the Haskell Agricultural Laboratory of the University
of Nebraska-Lincoln, Concord, NE. The study was planted in a field located at 42°23’40”
N/96°57°21” W, which was in a long-term P management study since 1989. The soils at
the site are from the Crofton silt loam (Fine-silty, mixed, superactive, calcareous, mesic
Udic Ustorthents) and Nora silty clay loam (Fine-silty, mixed, superactive, mesic Udic
Haplustolls) soil series. Prior to this study, the field was planted with corn (Zea mays.)
except for 2006 and 2016 when the field was planted with soybeans (G/ycine max.). In
2002 a factorial arrangement of P application method was initiated with Starter (s) (in

the row next to the seed), Knife (k) (applied 75 mm in the soil midway between two
rows), and broadcast (b) (applied evenly across the whole field) was applied in the spring
at two P rates, 16.6 and 33.2 kg ha™! elemental P as either ammonium polyphosphate
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(10-34-0, N-P,05-K) or superphosphate (0-46-0). The starter and knife treatments were the
ammonium polyphosphate treatments and the broadcast was the superphosphate. There were
two controls, a no nitrogen (N) with 16.6 P Starter treatment and a no N, no P control. N
was applied so that a total of 168 kg ha~1 as ammonium nitrate, adjusted to include the N

in the P treatments to all N receiving treatments. When corn or soybean were grown, the
field was not tilled. In 2017 the field was disked and rolled after the herbicide Trifluralin
(a,a,a-trifluoro-2,6-dinitro-N, N-dipropyl-p-toluidine) was applied (April 11, 2017.) No P
was applied in 2017 and based on recommendations for camelina 40 kg ha~1 of ammonium
nitrate was applied on April 17, 2017.

After 27 years of P treatments the soil in November 2016 varied by P treatments. The

soil Olsen P content ranged from 4 ppm for the No N, No P treatment to 21 ppm for the
Knife 33 kg ha~1 P treatment. Other P treatments were 7, 17, 6, 14, 8, 21, and 4 ppm

for the 34s, 68s, 34b, 68b, 34k, 68k, and the N but no P control treatments. Other soil
parameters for the control treatment were 3.4% soil organic matter, pH 7.6, and 161 ppm
potassium (ammonium acetate extraction). The experiment was a completely randomized
block design with four replications in field plots at the University of Nebraska — Lincoln
Haskell Agricultural Laboratory, near Concord, NE. The GPS coordinates location of the
field are 42°23°40” N and 96°57°21” W. Individual plot areas were 6.1 m (8 rows) wide x
12.2 m in length. The experiment was planted on 4/14/17 with the camelina cultivar Midas
with a Tye drill. The crop was harvested on July 24th. The most recently matured whole
leaves were collected from each treatment to measure lipid composition. C. sativa seeds
were harvested, dried, and measured seed yield per hectare when plant totally matured.
Yields were reduced due to drought conditions with growing season precipitation being 222
ml between April 1 and July 31, 2017.

Plant materials and growth conditions in greenhouse

For greenhouse experiments, seeds of Licalla and Suneson ecotypes were sown in pot

(8.5 x 8.5 x 8.5 cm; length x width x height) filled with soil of 1:1(v/v) vermiculite and
perlite. Plants were grown in the greenhouse at Donald Danforth Plant Science Center, St.
Louis, MO, under the following conditions: 20-21°C, 50% humidity, 16-hr light/8-hr dark
cycle, supplemental light threshold of 566 pmol/m?2/s (supplemental lights turned off when
outside solar radiation was 566 pmol/m?/s or above), 100% shading with shade cloth when
solar radiation at 1415 pmol/m2/s or above, and 50% shading at 1132 pmol/m?/s or above
(Li et al., 2015). Six plants were randomly harvested as a repeat. Seedlings were watered
using half-strength Hoagland nutrition solution (Hoagland and Arnon, 1950) with varying P
concentrations (25, 50, and 500 pM) during the first 3 weeks, then with 50, 100, and 1000
UM P afterwards, respectively. Trays were dipped in the nutrition solution for 10 min as one
fertilization treatment. Seedlings were fertilized once a week during the first three weeks,
and every three days for the rest of time until the end of the experiments. Plant materials
were collected and analyzed at 21 days for vegetative growth parameters. Fresh weight of
shoots (leaf and stem) was measured, and then the samples were dried in an oven set at
105°C for 30 minutes, and at 80°C for 48 hours. The biomass was measured as dry weight.
When plants grew completely matured, plant height and branch number were measured and
counted.
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2.3. Membrane lipid profiling

The newest fully expanded leaves were collected in the field-grown plants from each
treatment to measure lipid composition. Leaf samples were frozen in liquid nitrogen
immediately and subjected to lipid extraction afterwards in the lab as described previously
(Welti et al., 2002; Su et al., 2018) with some modifications. Samples were immersed into
3 ml of pre-heated isopropanol solution with 0.01% butylated hydroxytoluene (BHT) in
screw-cap tubes at 75°C. The samples were incubated at 75°C for at least 15 minutes, and
then 1.5 ml of chloroform and 0.6 ml of water were added and mixed. After agitated (120
rpm) at room temperature for 1 hour, each sample solution was transferred to another fresh
glass tube, and 4 ml of chloroform: methanol (2:1 v/v) with 0.01% BHT was added into
the original glass tubes and agitated for 30 minutes. The extraction process was repeated
until the leaf samples turned completely bleached (3~4 times), followed by one-time wash
with 1 ml of 1M KCL and 2 ml of water, respectively. Lipid extracts were then dried
under streams of nitrogen gas. Leaf samples after lipid extraction were dried in oven at
105°C overnight and dry weight was measured. The dried lipid samples were dissolved

in chloroform proportionally based on the dry weight of leaf samples. Lipid extracts with
a mixture of internal lipid standards were introduced into the electrospray source of a
triple quadrupole mass spectrometer (AP14000; Applied Biosystems, Foster City, CA) by
continuous infusion, and data were processed and analyzed using Analyst software (v1.5.1)
as described previously (Welti et al., 2002).

2.4. Seed oil content and fatty acid measurements

For one sample, five camelina seeds were put in labeled glass tubes with Teflon-lined screw
caps, and then 2 mL of methanol with 1.5% H,SO,4 and 0.01% BHT was added using a glass
pipette. Twenty-five microliters of 16.2 umol/ml heptadecanoic acid (C17:0) were added as
the internal standard for each sample. The samples were incubated in 90°C for 2 hours for
oil extraction and transmethylation. After cooling down, 1 ml of autoclaved ddH,0 and 1 ml
of hexane were added using a glass pipette. After vortexing, the samples were centrifuged

at 900 rpm for 5 minutes. The supernatant was transferred into a labeled vial, and stored in
a box at —20°C until ready for gas chromatography (GC) analysis. Fatty acid methyl esters
(FAMES) were loaded onto a GC equipped with a SUPELCOWAX-10 (0.25 mm x 30 m)
column using helium as a carrier gas at 20 ml/min and underwent flame ionization. The
column temperature was maintained at 170°C for 1 min and gradually increased to 210°C at
3°C per minute. FAMEs from seed lipids were identified by comparing their retention times
to those of standards. Six biological repeats were performed for all samples. Oil content was
expressed as % per seed weight and fatty acid composition was expressed in mol% of total
fatty acids detected.

2.5. Statistical analysis

One-way ANOVA with Duncan’s new multiple range test (IBM SPSS Statistics 24.0) was
performed to analyze the data from the field, lipid profiling, and greenhouse experiment
data. Values are means + standard deviation (SD) with biological repeats ranging from 3
to 6, depending on the experiments as specified in figure legends. Different letters indicate
significantly differences at p < 0.05 by one-way ANOVA.
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3. RESULTS AND DISCUSSION

3.1.

3.2.

Impaired camelina growth and seed production in P-deficient fields

To test the effect of soil P levels on camelina production, we used a well-managed P-
deficient field site at University of Nebraska-Lincoln field station. Except for the low P
level, other soil parameters, such as total nitrogen (N) level, pH, soil organic matter, or
potassium level, were comparable between P-deficient and -sufficient fields. Camelina was
planted in plots: 1) PO — no P applied; 2) P38 — 38 kg/ha P applied, and 3) P76 — 76 kg/ha P
applied. P76 was regarded as sufficient P level as suggested by Montana field trials showing
that camelina yield responded with up to 70 kg/ha P (Jackson, 2008; McVay and Lamb,
2008). The b, k, and s following the level of P, such as P38b and P76s (Fig. 1B), were used
to designate the methods for P application, b for broadcast, k for knife, and s for starter.

P levels had profound impacts on camelina growth in fields. Plant growth in the PO treatment
was much slower (Fig. 1A righf) than that in fields supplied with P fertilizer (Fig. 1A

lef?). Seed yields ranged from 16 kg/ha in PO to 231 kg/ha in P76k (Fig. 1B). With P38
application to the field, the seed yield was 52 kg/ha for P38b, 125 kg/ha for P38s, and 155
kg/ha for P38K, representing more than 3-, 7-, and 9-fold increase over PO, respectively.
With P76, the seed yield further increased to 172 kg/ha for P76b, 229 kg/ha for P76s,

and 232 kg/ha for P76k, constituting approximately 10-, 14-, and 15-fold increase over PO,
respectively. The results also showed that the methods of P fertilizer application affected
seed yields significantly. Among the three P placements tested, broadcasting was least
efficient while knife-in produced the highest seed yield (Fig. 1B). With the same amount of
P applied to the field, P38k produced 3-fold more seed yield than P38b (155 vs. 52 kg/ha)
whereas P76k yielded 35% more than P76b (232 vs. 172 kg/ha; Fig. 1B).

Membrane lipid remodeling associated with the level of P deficiency

To assess lipid remodeling of camelina plants grown in fields with different P levels

and placements, the most recently expanded leaves of each treatment were harvested

from the field for quantitative lipid profiling using tandem mass spectrometry (Fig.

2). Camelina leaves contained relatively high levels of the plastidic lipids DGDG,
monogalactosyldiacylglycerol (MGDG), and phosphatidylglycerol (PG) (Fig. 2). In
particular, the non-P-containing MGDG and DGDG in samples from PO constituted
approximately 95 mol% of total glycerolipids analyzed (Fig. 2A) whereas the phospholipids,
PC, phosphatidylethanolamine (PE), phosphatidylinositol (P1), phosphatidylserine (PS), PG,
and phosphatidic acid (PA) made up only about 3 mol% (Fig. 2B,C). P applications
decreased the level of non-P-containing galactolipids relative to phospholipids. At 38 kg/ha,
the mol% of MGDG and DGDG was 82% for P38s, 88% for P38b, and 84% for P38k. At
76 kg/ha, the mol% of galactolipids decreased further to 76% for P38s, 78% for P76b, and
80% for P76k (Fig. 2). Conversely, PO leaves had a lower level of all phospholipids tested,
including PG, PI, PC, PE, PS, and PA, while plants grown at P76 had the highest level of
phospholipids regardless of the methods of P applications (Fig. 2)

Membrane lipid remodeling in response to P deficiency is well documented in plants grown
under laboratory conditions (D6rmann and Benning, 2002; Li et al., 2006). Leaves from

Plant Sci. Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

3.3.
fields

Page 7

field-grown camelina plants displayed both common and unique lipid remodeling. The
common changes are decreases in phospholipids with an increase in galactolipids under P
deficiency, but the increase in galactolipids was mostly due to the increase of MGDG, rather
than DGDG reported for plants in laboratory conditions (Benning and Ohta, 2005, L.i et

al., 2006; Okazaki et al., 2017). The high levels of plastidic lipids could be a result from
field-grown conditions with high levels of sunlight. In addition, our results indicated that the
degree of lipid remodeling was associated with the seed yield under different P treatments.
Specifically, leaves from PO had the smallest phospholipids (PL; 7.e. PC, PE, PG, PI, PS, and
PA) to galactolipids (GL; MGDG and DGDG) ratio which was about 0.05. The PL/GL ratio
of samples from P38 ranged from 13% to 21%, while PL/GL ratio of P76 samples varied
from 25% to 33% (Fig. 2D), indicating the more severe P scarcity was, the more intense the
lipid remodeling was triggered.

At molecular species level, MGDG accumulation mainly came from 36:6 species, while
34:3 DGDG contributed most to the increase of DGDG (Fig. 3A,B). For phospholipids,

the reduction of PC, PE, PG and PI levels was due to the decrease of each molecular

species in general (Fig. 3C—F). Interestingly, nearly all PC species, particularly the two most
abundant ones 34:3 PC and 34:1 PC, displayed incremental decreases in response to PO vs.
P38 vs. P76 whereas the significant decreases of PE, PI, and PG species occurred only on
selected species and also depended on P levels. For example, most PG species did not show
incremental decreases between P32 and P76, but dramatically dropped between PO and P38
(Fig. 3C). The results suggest that decreases in PC species may be a better indicator of field
P deficiency than other phospholipid species.

Increased seed oil content and altered fatty acid composition under P deficiency in

To address how P deficiency affects camelina seed oil content and fatty acid composition,
we performed the seed oil analysis using camelina seeds collected from the field plots
fertilized with different levels of P and different application methods (Fig. 4). The seed oil
content was significantly higher in the lower P levels PO and P38 than that in P76 across
three P placements (Fig. 4A). The oil content per seed weight in P38s, P38b, and P38k was
28%, 23%, and 20% higher than that of P76s, P76b, and P76k, respectively (Fig. 4A). The
oil content in PO tended to be higher than that in P38, but the difference was significant
only with that of P38b. The results indicate that P deficiency increases seed oil content in
camelina seeds.

In addition, the P deficiency altered fatty acid composition with an increase in
monounsaturated fatty acids (MUFAS), oleic (18:1) and eicosenoic (20:1) acids, and a
decrease in PUFAs 18:2 and 18:3 (Fig. 4B). At PO, the mol% of monounsaturated 18:1 and
20:1 fatty acids was approximately 10% and 20% higher than at the high P76 regardless

of the P fertilization methods. Conversely, the mol% of polyunsaturated 18:2 and 18:3 fatty
acids at PO was approximately 5% and 10%, respectively, lower than that measured in
sufficient P76. The mol% of saturated palmitic acid (16:0) was also lower at PO than P76.
When P38 and P76 were compared within the same P placement, the same held with some
deviations. On average, seed oil from the lower P level P38 had higher mol% of 18:1 and
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20:1 with a lower mol% of 18:2 and 18:3 fatty acids than that at the higher P level P76.
However, depending on the P placement methods, there were some deviations, such as the
mol% of 18:2 fatty acid was similar between P38k and P76k and that of 18:1 fatty acid was
similar between P38s and P76s (Fig. 4B).

3.4. Effect of P deficiency on seed oil content and composition of camelina in

greenhouse

The field results showed that P deficiency increased the seed oil content but decreased

the PUFA level. To verify the effect of P deficiency on seed oil traits, we grew two more
camelina ecotypes, Suneson and Licalla, at three P levels, 1000 (P1000), 100 (P100), and

50 (P50) uM in greenhouse. Compared to the same genotype at sufficient P (P1000),

the oil content at P50 and P100 increased by approximately 18% in Suneson and Licalla
(Fig. 5A). These results indicate that P deficiency increases the seed oil content, which is
consistent with our data from fields. However, the oil contents of P100 and P50 were similar,
suggesting a limit of further P deficiency on further increasing seed oil content.

Fatty acid composition was also altered by the P deficiency under the climate-controlled
growth condition. Compared to that at sufficient P1000, the mol% of 18:1 fatty acid at P100
and P50 increased significantly by about 20% and 27%, respectively in Suneson, 13% and
11%, respectively, in Licalla, (Fig. 5B, C). Similarly, the mol% of 20:1 fatty acid displayed
significant increases at P100 and P50 over P1000. Conversely, the mol% of 18:3 fatty acid
at P100 and P50 was significantly lower than that at P1000 in both Suneson and Licalla
(Fig. 5B, C). The total amount of unsaturated fatty acids accounted for more than 86% of
the total fatty acids in camelina seeds, among which the level of PUFAs was higher than that
of MUFAs (sFig. 1). P deficiency increased the proportion of MUFASs by 17% and 10% in
seed oil of Suneson and Licalla, respectively, while PUFA levels were decreased by 9% and
5% in Suneson and Licalla, respectively. However, the total level of unsaturated fatty acids
remained the same under the sufficient and deficient P conditions. These results suggest that
P deficiency affects the percentage of MUFAs and PUFAs and the quality of seed oil.

The results from both field- and greenhouse-grown camelina showed that P deficiency
increased seed oil content significantly and the ratio of MUFAS to PUFAs. The increase

in 18:3 fatty acid in seeds from plant grown with increased P levels occurred also in

other plants, including soybean and flax seeds (Krueger et al., 2013; Xie et al., 2020). The
decrease in PUFASs under P deficiency may result from the P deficiency-induced decrease

in PC. PC is the substrate for desaturation for producing 18:2 and 18:3 fatty acids in ER
during seed oil synthesis. While the effect of P levels on camelina seed oil content was
previously unknown, reports on the P effect on other oil seeds varied in other plant species.
For example, the seed oil content in soybean tended to decrease with increased P levels (Yin
et al., 2016), however, another study reported that soybean oil content was not significantly
affected by P levels (Win et al., 2010). In crambe (Crambe abssynica Hoechst), increased P
levels had little effect on seed oil content (Rogério et al., 2013). In Arabidopsis, P starvation
enhanced the triacylglycerol accumulation significantly in both shoots and roots, although
the seed oil situation was not known (Pant et al., 2015). These discrepancies could result
from the different species involved and/or experimental conditions used, such as the severity
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of P deficiency or excess. The results from our current study using different P levels, P
placements, and different ecotypes, in the field and under laboratory conditions indicate that
P deficiency increases seed oil contents and decreases 18:3 levels.

3.5. Reduced seed number but not seed weight of camelina under P deficiency

P deficiency severely inhibited seedling growth and seed production (Fig 6A, B). Compared
to that of P1000, the seed yield at P100 and P50 was reduced by 3.5- and 7-fold in Suneson,
and 5- and 10-fold in Licalla, respectively (Fig. 6B). Above-ground fresh weight of 3-week-
old plants significantly decreased by 86% and 220% at P100 and P50, respectively in
Sunason, and 74% and 241.6%, respectively, in Licalla, compared to those at the sufficient
P1000 (sFig. 2). The dry biomass above ground exhibited the same tendency in the two
genotypes (sFig. 2). Plant height decreased sharply at P50 and P100 (Fig. 6C).

However, P deficiency in laboratory or field conditions did not alter seed size or seed weight
(Fig. 6E, F; sFig. 3), indicating that P scarcity reduced the number of seeds. Examination of
plant morphology indicated that P deficiency sharply decreased the number of branches and
seed pods per plant (Fig. 6D). The number of reproductive branches at P50 was decreased
by more than 70% in Suneson and Licalla compared to P1000 (Fig. 6D). Thus, P deficiency
decreased seed number drastically, but not seed weight, resulting in large decreases in seed
yield in camelina.

4. Conclusion

The results from the field and greenhouse conditions indicate that P deficiency increases
seed oil content per seed weight and alter fatty acid composition. The level of PUFAs,
particularly 18:3, decreases whereas MUFAS, such as 20:1, increase under limited P,

thus changing seed oil quality. P deficiency severely impairs camelina growth and seed
production, reducing overall oil production. Thus, achieving a high yield of camelina seed
oil is strongly linked to P status of soil. In addition, the data indicate that the magnitude of
membrane glycerolipid remodeling reflects the degree of P deficiency, and different methods
of P applications affected P efficiency for seed production with knife-in being most effective
among the methods tested. Taken together, this study suggests that under P;-deficient
conditions, even though seed oil content increases, this is not enough to compensate for

the large decrease in seed yield, thereby leading to a decrease in the overall oil production.
Increasing soil P;j levels enhance greatly camelina seed and oil production with a high level
of PUFA. Thus, achieving a high yield and quality of camelina seed oil is positively linked
to soil P levels.
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HIGHLIGHTS

P deficiency in field settings decreased the ratio of phospholipids to
galactolipids from 30% to 5% under P sufficient to deficient conditions in
leaves.

P deficiency increased seed oil content by approximately 25% and 20% in
field and greenhouse settings, respectively

P deficiency increased monounsaturated to polyunsaturated fatty acid ratios in
seeds.

The results indicate that P deficiency modifies camelina lipid composition, oil
content, and seed yield.
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Figure 1. Camelina growth and seed yield from plants harvested from fields with different P
applications.

A. Camelina seedlings growing in P-sufficient (/ef?) and —deficient (right) fields. B. Seed
yield from camelina plants harvested from field plots with different levels of P fertilizer and
placements. PO refers to no P fertilizer applied; P38 and P76 denote 38 kg/ha and 76 kg/ha P
fertilizer applied; and the small b, k, or s following P38 and P76, refer to P fertilized applied
by broadcast, knife, or starter, respectively. Values represent the average of four replicates +
standard error. Values followed by the same letters are not statistically different at p < 0:05
by one-way ANOVA.
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Figure 2. Membrane glycerolipid composition of camelina leaves from field plots with different
levels of P fertilizer and placements.

Lipids extracted from newest fully expanded leaves of plants were quantified by ESI-
MS/MS. A. Mole% of MGDG and DGDG of all PL (phospholipids) and GL (galactolipids)
analyzed. B and C. A. Mole% of different PL classes of all PL and GL analyzed.

D. Ratios of PL/GL. PL is the sum of phospholipids analyzed, including phosphatidic

acid (PA), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol
(PG), phosphatidylinositol (P1), and phosphatidylserine (PS), whereas GL is the sum

of digalactosyldiacylglycerol (DGDG) and monogalactosylglycerol (MGDG). Values are
means + SD (n = 5). Values with different letters show significantly differences at p < 0.05
by one-way ANOVA.
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Figure 3. Molecular species of glycerolipids of camelina leaves from field plots with different
levels of P fertilizer and placements.

Lipids from fully expanded leaves of camelina plants were quantified by ESI-MS/MS. A to
F, Lipid species of various phospholipid classes. Two numbers separated by a colon, such as
36:6. refer to total acyl carbons: total double bonds of two fatty acid esters. Major molecular
species are shown. Values are means + SD (n = 5), and values with different letters denote
significantly differences at p < 0.05 by one-way ANOVA.
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Figure 4. Seed oil content and fatty acid composition of camelina from field plots with different
levels of P fertilizer and placements.

Fatty acid methyl esters were prepared from dry seeds and analyzed using GC to calculate
oil content (A) and mol% of fatty acid composition (B). Values are means £ SD (n = 5), and
different letters indicate significantly differences at p < 0.05 by one-way ANOVA.
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Figure 5. Oil content and fatty acid composition of camelina seeds from plants grown in
greenhouse with different levels of P.

Fatty acid methyl esters from dry seeds were analyzed using GC to calculate oil content
(A) and mol% of fatty acid composition of ecotype Suneson (B) and Licalla (C). Values are
means + SD (n = 6), and different letters indicate significantly differences at p < 0.05 by
one-way ANOVA.
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Figure 6. Camelina growth, branch number, seed yield and seed weight of camelina plants grown
under different P levels.

A-E. Data collected from camelina plants grown in greenhouse with 50, 100, and 1000 uM
P. Values are means + SD (n = 3), and different letters indicate significantly differences

at p < 0.05 by one-way ANOVA. F. Seed weight of camelina plants from field plots with
different levels of P fertilizer and placements. Values are means + SD (n = 3).
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