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Abstract

Background Seed oils are widely used in the food, biofuel, and industrial feedstock industries, with their utility and
value determined by total oil content and fatty acid composition. Current high throughput seed oil analysis methods
either lack accuracy in total fatty acid profiling or require extensive labor for lipid extraction prior to derivatization to
fatty acid methyl esters (FAME) and quantification by gas chromatography (GC). Alternatively, direct whole seed FAME
production methods have been developed for the very small seeds in the model species Arabidopsis thaliana but
these have generally not been adapted to larger seeds of most oilseed crops.

Results High-throughput direct whole seed FAME production methods were optimized for seeds up to 5 mg each
utilizing acid-catalyzed esterification. For the oilseed species Camelina sativa, Thlaspi avernse (pennycress), Cuphea
viscosissima, and Brassica napus (var. Canola), the total seed fatty acid content and composition from direct seed
esterification to FAME matched that of lipid extract derivatization demonstrating the accuracy of the methods. In
combination with seed phenotyping using GridFree, this approach enabled the development of a rapid pipeline
for simultaneous seed weight, count, size/shape phenotyping, and oil analysis. For the larger and tougher seeds
produced by Limnanthes alba (Meadowfoam) and Cannabis sativa L. (hemp) the whole seed acid-based method
proved insufficient, and prior laborious homogenization of seeds was required. Therefore, a rapid one-tube bead
homogenization and base catalyzed-esterification method was developed. Base-derived fatty acid esterification
cannot derivatize free fatty acids leading to slightly lower total seed fatty acid than acid-catalyzed methods, however
the seed oil content and fatty acid composition that is valuable for screening large numbers of samples in research
populations was accurately measured.

Conclusions New rapid whole seed fatty acid esterification and phenotyping protocols were developed to
accurately assess oilseed lipid content. These methods are particularly valuable in oilseed research, breeding, and
engineering applications where efficient analysis of large numbers of samples and accurate oil fatty acid profiling
is essential. While having been developed for current and emerging oilseed crops, these methods also provide a
foundation from which protocols might be established for new and emerging crop species.
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Background

Seed oils are a critical agricultural resource, essential for
producing a wide range of products, including cooking
oils, biofuels, and various industrial compounds such as
lubricants, industrial precursors, cosmetics and bioplas-
tics [1, 2]. The suitability of a specific seed’s oil for any
application is dependent on the fatty acid composition
which determines its physicochemical properties and
potential uses [3, 4]. In response, plant breeding/engi-
neering of oilseed crops focuses on both lipid accumu-
lation and fatty acid composition to improve both the
harvestable yield and oil value [5, 6]. A range of seed oil
analysis techniques exist, each with their strengths and
weaknesses including non-destructive whole seed imag-
ing/spectroscopy, lipid extraction followed by gravimet-
ric quantification or subsequent derivatization and fatty
acid quantification, or in situ lipid derivatization and
subsequent fatty acid quantification. Non-destructive
spectroscopy techniques (that can also be high through-
put) such as Near Infrared spectroscopy [7] or Nuclear
magnetic resonance [8, 9] quantify oil content, whereas
Magnetic Resonance Imaging [10] is proficient at quanti-
fication of oil distribution. However, these techniques are
limited by the accuracy of measured fatty acid composi-
tion especially for minor components [7—9] which can be
especially important for breeding or engineering plant
oils with unique/tailored fatty acid content. In direct
opposition are the labor-intensive total lipid extraction-
based methods, often regarded as the ‘gold standard’
for quantifying both oil content and composition when
coupled with gas chromatography (GC, for review see; [4,
11]). Prior to GC analysis of fatty acid content, seed lipids
must be derivatized to a more volatile form, most com-
monly fatty acid methyl esters (FAME). Many FAME pro-
duction methods exist and typically involve methanol as
the methyl donor combined with a strong acid or strong
base as the catalyst [12]. Acid-based methods perform
transesterification of ester bonds and direct esterification
of carboxylic acids (e.g. produce FAME from both glycer-
olipids and free fatty acids) whereas base-catalyzed meth-
ods only perform transesterification and thus will not
derivatize free fatty acids. Accurate measurement of the
total fatty acid composition of seed oils requires first total
lipid extraction; second, isolation of the oil (triacylglyc-
erol, TAG) fraction from membrane lipids or other non-
TAG neutral lipids; third, derivatization to FAME; and
finally, quantification by GC coupled with either mass
spectrometry (GC-MS) or flame ionization detection
(GC-FID) [13]. However, prior lipid extraction and TAG
isolation require significant investment of expertise, time,
materials, and labor. Alternatively, because seed oil fatty

acid content is typically>90% esterified within the TAG
fraction, direct seed tissue derivatization to FAME can be
utilized to more rapidly determine seed oil amount and
fatty acid composition [14, 15]. While direct transesteri-
fication of plant tissue is more efficient than prior lipid
extraction and more sensitive than non-destructive tech-
niques, it can be limited by the efficiency of the whole tis-
sue derivatization conditions that simultaneously extract
and derivatize the lipids within a complex biological tis-
sue. In particular seed size and strength of seed coat can
limit extraction/derivatization.

Seed-specific methodologies have largely focused on
hydrochloric acid or sulfuric acid as a catalyst to produce
FAME from either small seeds or ground plant tissue to
ensure total tissue derivatization. Additionally, co-sol-
vents such as toluene have aided in the concomitant lipid
extraction/solubilization and derivatization of seed tissue
[14, 16]. Most direct whole seed derivatization to FAME
protocols have focused on small seeds such as Arabidop-
sis thaliana where the very small size allows for efficient
simultaneous tissue disruption, lipid derivatization, and
extraction. Development of whole seed direct FAME pro-
duction protocols for larger seeds has been limited. The
goal of the current study was to develop direct whole seed
derivatization to FAME protocols for seeds from current
and emerging oilseed crops and experimental systems by
optimizing in situ lipid derivatization to FAME reaction
conditions for larger/tougher seeds. Methods were devel-
oped for high throughput seed phenotyping and direct
esterification to FAME in oilseeds with an ~900-fold
difference in single seed weight ranging from very small
(20 pg/seed), to relatively large (18 mg/seed), including:
Arabidopsis thaliana and a variety of current and upcom-
ing research crops including Camelina sativa (Camelina),
Thlaspi arvense (pennycress), Brassica napus (Canola),
Cuphea viscosissima (Cuphea), Limnanthes alba (mead-
owfoam), and Cannabis sativa L. (hemp), that represent a
variety of seed shapes and sizes (Fig. 1).

The results herein demonstrate optimized direct trans-
methylation methods that account for: acid or base
catalysis, co-solvent concentration, incubation time, and
suitability of different seeds for whole seed FAME pro-
duction or the requirement of seed homogenization.
The high throughput methodology utilizes image-based
seed counting and size measurements, and the output
includes total seed fatty acid composition, total seed
fatty acid amount per seed and by seed weight, seed size,
and weight per seed. For all species tested to assess the
accuracy of the direct tissue esterification to FAME, the
optimized methods were compared to FAME production
from a total lipid extract from those seed tissues. These
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a Seed size comparison
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Single seed weight (mg)

Fig. 1 Comparison of agronomically important oil seeds. The average single seed weight (a) and morphology (b) of the model species Arabidopsis thali-
ana (Arabidopsis) and oil crops with current or upcoming agronomic importance: Camelina sativa (Camelina), Thlaspi avernse (Pennycress), Brassica napus
(Canola), Cannabis sativa (Hemp), and plant species with unique lipid compositions Cuphea viscosissima (Cuphea) and Limnanthes alba (Meadowfoam).
Data is presented as mean + standard deviation, n =6+ scale bar =0.5 cm



Garneau et al. Plant Methods (2025) 21:67

species-specific optimized methods may also provide a
basis for the adaptation of tissue direct fatty acid analysis
for a wide variety of species with seeds of similar sizes.

Methods

Total seed lipid extraction and acid-based esterification to
FAME as control

Total lipids were extracted from Arabidopsis thali-
ana (eco. Columbia-0), Camelina sativa (cv. Suneson),
Thlaspi avernse (pennycress, cv. Spring 32), Cuphea vis-
cosissima, and Brassica napus (Canola, cv. Griffin) by first
quenching 50-100 mg of seeds in 1 mL of 85 °C isopro-
panol for 15 min in an 8 mL glass tube with PTFE-lined
cap. For Cannabis sativa L. (hemp, cv. Hlesia) and Lim-
nanthes alba (meadowfoam, cv. Foamore), 15 (~250—
330 mg) and 4 seeds (~40-50 mg) were taken for lipid
extraction, respectively, and quenched as above. Lipids
were extracted from seeds using a method modified from
Folch et al. [17]. First, quenched samples were ground
in a polytron (PT 10-35 GT, Kinematica, NY, USA),
followed by the addition of chloroform, methanol, and
water to produce a single-phase solvent mixture of chlo-
roform: methanol/isopropanol: water (v/v/v) at a ratio of
2:1:0.1. After mixing well the samples were centrifuged at
2500 x g for 5 min. The supernatant was transferred to a
new 13 mL glass tube and the solvent extraction above
was repeated with an additional 6 mL 2:1 chloroform:
methanol and centrifuged again. The supernatants were
combined and 0.8% KCl was added to form a phase sepa-
ration with chloroform: methanol: aqueous/KCl ratio of
2:1:0.8 (v/v/v), samples were shaken well, and the lower
organic phase separated from the upper aqueous phase
by centrifugation at 2500 x g for 5 min. The organic
phase was collected with a Pasteur pipet and the total
extraction was dried down under N, and resuspended
in toluene containing +0.005% butylated hydroxytoluene
(BHT).

To quantify the total fatty acid content and composi-
tion of the lipid extracts, an aliquot of the lipid extract,
40 pg of a Tripentadecanoin (15:0) internal standard dis-
solved in 50 uL toluene, and 1 mL of 2.5% (v/v) sulfuric
acid in methanol were added to 8 mL glass vials with
PTFE lined caps. The samples were derivatized to FAME
by heating to 85 °C for 50 min. The resulting FAMEs were
collected in hexane by the addition of 1 mL 0.8% (w/v)
KCl, mixing well, and 0.5 mL hexane and centrifugation
for 5 min at 2500 x g.

Seed phenotyping prior to fatty acid quantification using
computational analysis

Seed length, width, area, and number were determined
using the image-based seed size and counting soft-
ware GridFree [18]. A photography workflow setup was
built to image small seeds at low magnification with
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high resolution. First, a digital single-lens reflex cam-
era (DSLR; Rebel T7i, Canon, NY, USA) was fitted with
a macro-photography Lens (EF-S 35 mm F/2.8 Macro IS
STM, Canon) and placed on an overhead tabletop cam-
era mounting stand with built-in photography lighting
(Fig. S1). Next, the camera and lens optics were adjusted
to take a clear 5x3 cm image while still able to move a
disposable plastic weigh dish under the lens. The cam-
era and lens were both set to manual, image size set to
1920 x 1280 pixel resolution, and settings/lighting were
adjusted once to produce consistent in focus high con-
trast seed images for image analysis. Large (330 mlL)
white square plastic weigh dishes were then marked
with a 5x3 cm rectangle using white tape to provide a
size reference and background for seed imaging. During
high throughput sampling, a scoop of Arabidopsis seeds
(~5 mg) or 5-15 seeds for lager oilseeds (see Table 1)
were spread into the weigh boat within the 5x3 cm
tape rectangle, a photo was then taken, and the photo-
graph number recorded for that sample. Seeds were then
weighed and placed in an 8 mL glass tube for oil analy-
sis. Following sampling, seed sample images were pro-
cessed using GridFree software program following the
authors instructions [18]. If seed size analysis was used in
the GridFree program the 5x 3 cm rectangle was used to
calculate pixel length and determine seed size. For seed
counting of large numbers of samples irrespective of seed
size batch counting mode was used.

General direct seed transesterification using sulfuric acid/
methanol

Direct seed transesterification was developed based off
a protocol described in [14] with optimization for larger
sample sizes. Arabidopsis seed aliquots of 5 mg were first
transferred to 8 mL glass vials with PTFE lined caps. An
internal standard of 50 pg of Tripentadecanoin (15:0)
dissolved in 50 pL toluene and 1 mL of freshly made 5%
sulfuric acid (H,SO,) in methanol were added to each
sample. Next, additional toluene was added as a co-sol-
vent to improve reaction efficiency. To determine the
optimal addition of toluene ratios of 10:1 to 2:1 (5% sul-
furic acid/methanol: toluene) were tested. Samples were
then incubated at 85 °C for times ranging from 30 min to
3 h to identify the optimal incubation times. Seed FAMEs
were separated by the addition of 1.5 mL 0.8% (w/v) KCl
and 1 mL hexane followed by centrifugation for 5 min at
2500 x g.

For larger seeds the Arabidopsis protocol above was
adapted through increasing volume of 5% sulfuric acid in
methanol at a rate of 0.1 mL per each mg of tissue. Ali-
quots of 15 seeds (=15 mg) were tested for Camelina,
pennycress, hemp while in larger seeds (Cuphea and
Brassica) 10 seeds aliquots were used (30—-45 mg). Tolu-
ene concentration was tested again with Camelina seeds
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Table 1 Optimized methods for whole seed direct acid-catalyzed derivatization to FAME

Species

Separation

Incubation time at 85 °C (h)

Reagent Volumes (mL)

Seed weight/

count

centrifuge at 2500 x g for

Mix the following reagents and

5 min following addition of:

standard (0.8 g/L 15:0-TAG in toluene)

5% H,SO, in MeOH

0.8% KClI
(mL)

Hexane (mL)

Toluene

Standard in toluene

(2025) 21:67

1.5
1.5
1.5
1.5

04
04
04
0.8
0.8

0.1

200)
15mg)
15mg)
25 mg)
30 mg)

5mg seed (
15 seeds (
15 seeds (
10 seeds (
10 seeds (

Arabidopsis
Camelina

2 (mix/0.5 h)

0.2

2-3 (mix/0.5 h)
2 (mix/0.5 h)

0.2
0.2

Pennycress

Cuphea
Canola

2mL
3mL

— N N NN

1.5-2 (mix/0.5 h)

0.2
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(~50 fold larger than Arabidopsis, Fig. 1) and subse-
quently the ratio of 5% sulfuric acid in methanol: toluene
(2—-3:1) was used for all other seeds to efficiently deriva-
tize seed lipids. For all seed samples except Arabidopsis,
sample tubes were inverted at half hour intervals during
the incubation and/or pre-homogenization of the tissue
was also tested. After derivatization, FAMEs were sepa-
rated by the addition of both 0.8% (w/v) KCl and hexane
(for volumes specific to different oilseeds see Table 1) fol-
lowed by centrifugation for 5 min at 2500 x g. The opti-
mized reaction conditions for each species can be found
in Table 1.

Base transmethylation of hemp and meadowfoam seed
lipids
Bead mill homogenization and base transmethylation
of hemp and meadowfoam seed lipids was performed
following the method of Vick et al. [19], with modifica-
tions to facilitate high-throughput screening of hemp
seed samples. Briefly, approximately 15 hemp seeds
(~250-300 mg) or 4 meadowfoam seeds (~40-45 mg)
were transferred into VWR® Reinforced 2 mL Bead Mill
Tubes (Cat. No: 10158-556). An internal standard of
150 pg tripentadecanoin (15:0), dissolved in toluene con-
taining 0.005% butylated hydroxytoluene (BHT), was
added. To homogenize the seeds, five 2 mm metal beads
(VWR® Metal Beads size 2.4 mm; Cat. No: 10158-550)
were added to each tube, and the samples were homog-
enized using a VWR bead mill (Cat. No. 75840-022) at
the following settings: speed (S): 6:00; cycle time (T):
2:00; number of cycles (C): 1; pause dwell (D): 0:00. Fol-
lowing homogenization, the tubes were centrifuged at
12,000 rpm for 1 min to pellet the crushed seed material.
For transmethylation, 1.5 mL of 0.5 N sodium methox-
ide in methanol (Sigma Cat. No: 403067) was added
to the tubes containing the crushed seed residue and
extracted lipids. The tubes were vortexed thoroughly
and incubated at 45 °C with vigorous shaking (1,500—
2,000 rpm) in a thermomixer for 2 h to prevent sedimen-
tation. After incubation, the tubes were centrifuged at
11,000 x g for 4 min to pellet the seed debris. The super-
natant was transferred to an 8 mL Teflon-lined screw-
capped glass tube. FAMEs were separated by adding 1.5
mL of 0.88% KCl and 3 mL of hexane, followed by vortex-
ing and centrifugation at 2,000 x g for 3 min. The upper
hexane layer, containing FAMEs, was transferred to gas
chromatography (GC) vials for further analysis. Addi-
tionally, the effect of co-solvents, such as toluene (30%
of the total reaction volume), was evaluated to enhance
transesterification efficiency. Acid-based transesterifica-
tion method of whole seeds (as above for Camelina) and
crushed seeds were also carried out for comparison.
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Fatty acid methyl ester quantification by GC-FID

FAMEs generated from seed lipids were separated and
quantified against the 15:0 internal standard using an
Agilent model 7890 GC-FID utilizing a DB HEAVYWAX
UI column (Agilent, Santa Clara, CA, USA; 30 m length,
0.25 mm inner diameter, 0.25 um film thickness). The
GC-FID was run in split mode at 1:20 for lipid extracts,
1:40 seed samples with the exception of hemp which was
run at a 1:90 split ratio. Both the GC injector and flame
ionization detector were held at 255 °C with a helium
flow of 1.05 mL/min. GC oven temperature started at
140 °C and increased at 20 °C/min to 200 °C, then at 5 °C/
min to 260 °C, followed by a 3 min hold.

Statistical analysis

All data in this publication is expressed mean +stand
deviation with statistical significance analyzed using
GraphPad Prism Version 10.4.0 using one-way ANOVA
followed by a Holm-Sidak multiple comparison test. All
pairwise comparisons were analyzed by Welches t-test.

Results

Developing high throughput Arabidopsis seed analysis

For Arabidopsis, techniques for seed oil analysis by direct
seed lipid transmethylation to FAME have been devel-
oped [14, 15]. Our enhanced methodology focuses on
developing a pipeline for image based rapid seed pheno-
typing to both count seeds and quantify seed size prior to
oil quantification. The optimized seed phenotyping pipe-
line was designed around widely available commercial
lenses for macrophotography and a DLSR camera to take
consistent low magnification, high contrast seed images
(Fig. 2a, S1). First, ~5 mg of seed tissue (roughly one
micro-sampling spoon) was spread in a 3x5 cm frame
outlined by tape in a weigh boat (Fig. 2a), a picture was
taken, and the exact seed weight measured on an analyti-
cal balance. Image quality and seed counting/phenotyp-
ing were enhanced through consistent lighting and focal
distance between sample and camera (Fig. S1). Clear
seed images enabled accurate calculation of both seed
number and seed size using the seed counting program
GridFree [18] (Fig. 2a). From GridFree software output
data the seed length, width, and area were quantified
(Fig. 2b) in tandem with whole seed fatty acid analysis
(Fig. 2¢). Due to the very small size of Arabidopsis seeds,
obtaining accurate oil analysis requires a large number
of seeds, making manual counting of 100 or more seeds
across numerous samples highly laborious. The image-
based counting and seed phenotyping allows for rapid
and accurate counting of Arabidopsis seeds, and deter-
mining seed shape phenotypes (length, width, area) are
valuable when characterizing mutant or transgenic lines
that may alter seed morphology. For larger studies batch
analysis can be used for seed counting but will not output
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seed area data. Using the same setup as Arabidopsis, high
throughput phenotyping is also possible for larger seeds
such as Camelina (Fig. S2).

Oil quantification was then optimized for 5 mg sam-
ples of seed samples post phenotyping. Seed lipids were
derivatized to FAMEs using 1 mL 5% H,SO, in methanol
with increasing concentrations of toluene as a co-solvent,
incubated for 2 h, and compared to extracted lipids from
the same seed stock as a control (Fig. 3). The most effi-
cient derivatization was found with the addition of 500
pL toluene (33% of reaction volume) (Fig. 3a). Using
the optimized reaction conditions (1.5 mL 5% H,SO,
in methanol, 500 pL toluene) incubation time was then
tested. Total seed lipids were completely esterified to
FAMEs after heating for 1 h at 85 °C (Fig. 3b). The fatty
acid composition of direct whole seed esterification of
lipids after 1 h was consistent with lipids extracted from
the same tissue (Fig. 3c), which confirms the accuracy of
the method.

Method optimization for multiple Brassicaceae oilseed
crops

The direct seed quantification method developed from
Arabidopsis was adapted to the emerging oil crop Cam-
elina sativa. First, 10 crushed and 10, 15, 20 or 25 whole
Camelina seeds were derivatized using the direct seed
FAME protocol established for Arabidopsis. No signifi-
cant difference was observed between measurements
from 10 crushed and whole seeds (Fig. S3). To minimize
the effects of seed-to-seed variability in individual sam-
ple measurements, subsequent analyses used 15 seeds
per sample. Additionally, the method was further opti-
mized by comparing to extracted lipids to establish con-
ditions for total lipid fatty acid derivatization. Total fatty
acid content of whole Camelina seeds was also lower
than lipid extract, therefore, a whole seed Camelina
method was further optimized. To ensure efficient and
total transesterification of lipids in 15 seed samples, 5%
H,SO, in methanol was increased to 1.5 mL and the con-
centration of toluene and incubation time were tested.
The addition of 600 pL toluene as a co-solvent (Fig. 4a)
and a 2 h incubation time including mixing by inversion
of samples every 0.5 h (Fig. 4b) produced the same total
fatty acid content as the lipid extract control. It is impor-
tant to note that prolonged incubation times of 3 h and
longer reduced total fatty acid content, possibly due to
sample degradation enhanced by components inherent
in Camelina seeds. This result further emphasizes the
importance of species-specific methodology for whole
seed fatty acid derivatization methods. The Camelina
method was then adapted to pennycress which have a
similar size and shape (Fig. 1b). The incubation time for
15 whole pennycress seeds was tested with the reaction
mix from Camelina (1.5 mL 5% H,SO,, 600 uL toluene)
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Fig. 2 Workflow of Arabidopsis seed phenotype and oil characterization. An optimized workflow for Arabidopsis for seed phenotyping and analysis (a),
demonstrates how seeds are weighed and photographed for image analysis of seed number as well as seed size/area (b, =230, scale bars=0.5 mm).
Qil content was then analyzed through direct derivatization of whole seed tissue and compared to oil extracts from the same tissue (¢, n=5). Data is
presented as mean +standard deviation
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at 85 °C. Similar to Camelina, whole pennycress seed
transmethylation produced the same quantity of FAME
as the lipid extract control with a 2 h incubation, and
slightly more with incubation extended to 3 h (Fig. 4c).
Additionally, the fatty acid composition was consistent
with lipid extracts for both Camelina (Fig. 4d) and penny-
cress (Fig. 4e) which demonstrates that direct seed esteri-
fication is accurate for larger seeds.

The Camelina protocol was adapted to the oilseed crop
Canola. The volume of both 5% sulfuric acid in metha-
nol and toluene co-solvent were increased to 3 and 1 mL,
respectively, to account for larger seed size. Addition-
ally, only 10 seeds were used for each reaction. Whole
seeds and seeds ground with a polytron homogenizer
were compared to lipid extracts (Fig. 4f) and no signifi-
cant change was found between methods. Derivatization
incubation time for the whole seed method was tested
between 1 and 3 h and the optimal incubation time was
90 min (Fig. 4g). Lastly, fatty acid composition of lipid
extracts was also compared to whole and ground seeds
and no change was seen (Fig. 4h) supporting that direct
seed transmethylation of 10 Canola seeds is consistent
with lipid extraction methods.

Developing methods for the derivatization of oil in hemp
and Meadowfoam seeds

Seeds of hemp and meadowfoam plants differ greatly
from those of the Brassicaceae family. Chiefly, these
seeds are much larger (Fig. 1) and include a tough outer
hull as well as specialized metabolites such as terpenes,
phytosterols, tocopherols, phenolic compounds and can-
nabinoids (hemp) [20, 21] each of which could affect
direct seed transesterification. The direct seed quanti-
fication method developed for Brassicaceae crops was
attempted for hemp (cv. Hlesia) and meadowfoam seed.
First, 15 whole hemp seeds or 4 meadowfoam seeds were
derivatized using the direct seed esterification protocol
developed from Camelina and compared to that of lipid
extract (Fig. 5a, c). For both sets of seeds, direct whole
seed acid-catalyzed derivatization to FAME only pro-
duced ~16-25% as much FAME as the extracted lipid
controls, however homogenization of the hemp and
meadowfoams seeds prior to derivatization recovered
the seed oil content (Fig. 5a, c). These results suggest the
much larger seed size and/or tough outer hulls limit the
efficacy of direct whole seed derivatization methods.

For rapid screening of seed lipid amount and fatty acid
composition of a breeding population the homogeni-
zation of individual samples by hand or a polytron was
found to be time consuming, and acid-catalyzed trans-
methylation is not compatible with plastic tubes utilized
with bead mill homogenizers because it leads to plasti-
cizers contaminating the FAME extract. Alternatively, a
base-derived method of lipid esterification was attempted
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(See figure on previous page.)

Fig. 4 Optimization of seed oil quantification in Brassicaceae species. Camelina fatty acid content was measured in response to increasing concentra-
tions of toluene co-solvent (a; 1.5 mL 5% H,SO,, 2 h incubation). Fatty acid incubation times were then optimized for Camelina seeds (b) in a reaction
containing 600 pL toluene and 1.5 mL 5% H,SO,. As pennycress is similar in size to that of Camelina, its incubation time was optimized under camelina
reaction conditions (c). Fatty acid composition from the direct seed transmethylation under optimized conditions (600 L toluene, 2 h incubation) was
compared to that of total extracts for both Camelina (d) and pennycress (e). Methods of lipid quantification for larger Canola seed including whole seed
and ground seed acid transmethylation (3 mL H,SO,, 1 mL toluene) were compared to lipid extract (f). Incubation time for whole Canola seeds was
evaluated in comparison to lipid extract (g). The fatty acid composition of Canola was compared between directly transmethylated whole seeds, ground
seeds, and lipid extracts (h). Data is presented as mean +standard deviation n=4+, with significant differences from lipid extract measured by ANOVA

with follow-up multiple comparison test to WT using the Holm-Sidék method; *, p < 0.05; **, p < 0.01; **** p < 0.0001

using sodium methoxide (CH;ONa) as it allowed for
samples to be ground in a plastic tube with a commercial
bead mill to facilitate high-throughput sample homog-
enization. The resulting base-catalyzed FAMEs were
compared to extracted lipids using the same method as
well as acid catalysis (Fig. 5a, c). Measured fatty acid con-
tent (Fig. 5a, ¢) and composition (Fig. 5b, d) were consis-
tent between the base-esterified extracted lipid control
and homogenized seeds. However, total fatty acid levels
for base transmethylated hemp were ~10% lower than
the acid-catalyzed FAME production method likely due
to the inability of base-catalyzed transmethylation to
esterify free fatty acids. The base transmethylated mead-
owfoam was not significantly different than the acid
method, likely due to less free fatty acids in meadowfoam
seeds than hemp. The use of co-solvent toluene was also
tested with the sodium methoxide-based transmethyl-
ation for hemp, but it did not improve FAME vyield (Fig.
S4) and thus was not included in the optimized methods.
Overall, while acid-catalyzed derivatization lipid extracts
measured higher total oil content for hemp (but not
meadowfoam), the rapid sample processing of bead mill
homogenization combined with base esterification of
seed tissue allows for efficient analysis of seed oil amount
and fatty composition that is congruent with lipid
extracts (Fig. 5). Therefore, for rapid screening of breed-
ing or other research populations of plants that produce
larger/tougher seeds such as hemp or meadowfoam, the
higher throughput bead mill homogenization in plastic
tubes combined with base catalyzed-transmethylation
is suitable to determine the total fatty acid amount of
larger/tougher seeds with ~90-100% accuracy, and a
fatty acid composition that comparable to acid-catalyzed
methods. Additionally, our results indicate that con-
firmation of total seed fatty acid content of large/tough
seeds by acid-catalyzed derivatization to FAME meth-
ods can be done more quickly with direct derivatization
of crushed/homogenized seeds than the more laborious
total lipid extraction prior to derivatization methods.

Optimizing FAME methodology for Cuphea viscosissima

Direct fatty acid transmethylation was also adapted to
seeds of Cuphea viscosissima which produces unusual
medium chain fatty acids (MCFA). Recent research sug-
gests that engineering MCFA into high yielding oilseed

crops can be a valuable carbon source for sustainable avi-
ation fuel [22-24], and thus understanding lipid metabo-
lism in species such as Cuphea is gaining interest. Due to
the unique shape and size of Cuphea seeds (Fig. 1), both
Camelina (acid) and hemp (base) methodologies were
tested and compared to lipid extracts (Fig. 6a). Direct
seed transmethylation using sulfuric acid-based meth-
ylation was superior to the ground seed sodium methox-
ide method which demonstrated an ~10% decrease in
measurable fatty acid content (Fig. 6a). Further analysis
of fatty acid composition showed small albeit significant
shifts in fatty acid composition of the sodium methoxide-
catalyzed seed samples (Fig. 6b), that together with the
reduced total lipid content suggests that the base method
does not capture a free fatty acid fraction that contains
a significant amount of 8:0. Overall, acid-catalyzed direct
transmethylation of Cuphea seeds provides a nearly
accurate measurement of oil content and fatty acid com-
position, and demonstrates the method works well in
non-Brassicaceae seeds of similar size to that of Brassi-
caceae Crops.

The optimized methodology for direct whole seed lipid
derivatization to FAME for each species is summarized
in Table 1. Table 2 summarizes the methodology for
seeds that require prior crushing before derivatization by
either acid or base catalyzed methods.

Discussion

Rapid direct seed transmethylation/esterification is a
viable strategy for oil and fatty acid quantification and is
adaptable to a range of oilseed species with diverse seed
sizes

To date, methods of detailed seed oil analysis for seeds
larger than Arabidopsis have been mostly dependent on
labor intensive lipid extraction prior to derivatization
and GC or less accurate non-destructive methods. Our
results demonstrate that a large variety of plant seeds are
amenable to acid-based direct seed lipid transmethyl-
ation including camelina, pennycress, canola, and cuphea
(Figs. 3, 4 and 6). Efficient derivatization of lipids in seeds
up to 5 mg in size is dependent on increasing reagent vol-
umes, utilizing toluene as a co-solvent, and increasing
incubation time with sample mixing during derivatiza-
tion (Figs. 3, 4, 5 and 6). The reagent volume of 5% sulfu-
ric acid in methanol was scalable at a rate of 0.1 mL per
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Fig. 5 Optimization of high throughput analysis of larger hemp and meadowfoam seeds. Total Seed lipids were quantified from hemp using 15 whole
and crushed seed transmethylation by acid (1.5 mL H,5S0, in methanol, 0.45 mL toluene, 2 h incubation) and base (1.5 mL 0.5 M CH;ONa in methanol,
50 pL toluene, 2 h incubation) and compared to lipid extracts derivatized by each method, respectively. The corresponding measurements are shown as
total lipid content (a) and fatty acid composition (b). The developed hemp method was then adapted to 4 seed meadowfoam samples to determine oil
content (c) and fatty acid composition (d). Data is presented as mean +standard deviation n=4, significant differences from lipid extract measured by
ANOVA with follow-up multiple comparison test to WT using the Holm-Sidak method; *, p < 0.05; **, p<0.01; ***, p<0.001; **** p<0.0001

mg sample in seed tissue (Fig. 3b and c 3f, 6a) and the vol-
ume of added toluene was also increased so it accounted
for 25-30% of total reagent volume. Aliquots of at least
10 + seeds were used, incubation times lengthened, and
samples were inverted every 30 min to improve reaction
efficiency and reduce variation in measured lipids. For

all seeds other than Arabidopsis, a single seed contains
enough lipid to measure directly. However, due to seed-
to-seed variability from a single plant, use of 10+ seeds
gives a better representation of the average seed lipid
content from the individual plant. When compared to
lipid extract controls direct whole-seed acid-catalyzed
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Fig.6 Optimized methods for Cuphea viscosissima.Total Seed lipids were quantified from cuphea using both direct whole seed transmethylation by acid
(2 mL of 5% H,5S0, in methanol, T mL toluene, 2 h incubation) and ground base (1.5 mL CH;ONa, 50 pL toluene, 2 h incubation) method and compared
to lipid extracts by total lipid content (a) and fatty acid composition (b). Data is presented as mean + standard deviation n=5, with significant differences
to lipid extract measured by ANOVA with follow-up multiple comparison test to WT using the Holm-Siddk method; *, p < 0.05; **, p < 0.01; **** p<0,0001

Table 2 Optimized acid- and base-catalyzed derivatization methods for ground seed tissue

Species; Seed weight/ sample prep Reagent Volumes (mL) Incubation time Separation
Mix the following regents and (h) centrifuge at 2500 x
standard (1.6 g/L 15:0-TAG in g for 5 min following
toluene) addition of:
Acid method
Reagent 5% H,S0, in Standard  Toluene  incubationat85°C  Hexane 0.8% KCl
MeOH in toluene (mL) (mL)
Meadowfoam; =100 mg tissue/ 4 seeds ground by polytron 3 0.2 0.8 2 (mix/0.5 h) 2 1.5
Hemp; =350 mg tissue/ 10 seeds ground by bead mill 3 0.2 0.8 2 (mix/0.5 h) 2 15
Base method
Reagent 0.5 M CH;ONa  Standard incubation at45°C  Hexane 0.8% KCl
(mb) (mL)
Meadowfoam; =100 mg tissue/ 4 seeds ground by polytron 1.5 50 pL 2 (continuous 3 1.5
mixing)
Hemp; =350 mg tissue/ 10 seeds ground by bead mill 1.5 50 ul 2 (continuous 3 1.5
mixing)

derivatization to FAME was able to accurately quan-
tify the total seed lipid content for all plant seeds tested
except hemp and meadowfoam. The fatty acid compo-
sition of these seed derivatization methods was also
consistent with the lipid extracts supporting that our
optimized methods (Table 1; Figs. 4d, e and h and 6b) are
an accurate measurement of total seed lipid amount and
fatty acid composition suitable for rapidly screening seed
lipid content within breeding or bioengineering research.

Interestingly, hemp and meadowfoam seeds were not
efficiently esterified using whole seed methods (Fig. 5a).
This is likely the result of the large seed size and thick
protective hull relative to the other tested seeds [20].

Prior seed disruption (crushing/homogenization) before
derivatization by acid- or based-catalyzed methods was
required to accurately quantify total seed lipid content
compared to the extracted lipid controls (Fig. 5a and c).
As an alternative, a one-tube method utilizing a bead mill
for high throughput homogenization and subsequent
transmethylation was developed to improve speed and
reduce data variability associated with grinding seed tis-
sue and transfer of ground seed meal to reaction tubes.
To avoid concerns of polypropylene plastic tube degrada-
tion from solvents (such as toluene and hexane; [25] and
the resultant degradation products affecting both equip-
ment and sample analysis, a base-catalyzed derivatization
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method was developed that is plastic tube compatible
and accurately measures both oil content and fatty acid
composition (Table 2; Fig. 5). A drawback of base-cata-
lyzed transesterification is that free fatty acids are not
esterified. Therefore, the total fatty acid content of a tis-
sue will only reflect the esterified fatty acids (e.g. oils and
membrane lipids) and the variability of measured fatty
acid content will be dependent of the free fatty acid con-
tent of the seed. For hemp this accounted for an ~10%
reduction in measured fatty acid content with the base-
catalyzed method, however meadowfoam fatty acid
content was not statistically different utilizing the base-
catalyzed method likely indicating less free fatty acids in
meadowfoam seeds than in hemp seeds. Alternatively
for hemp, the base-catalyzed method gives a better esti-
mate of the actual oil fraction of the seed that is likely
preferred in breeding programs. Together, both acid- and
base-catalyzed methods are high-throughput seed proce-
dures for seed lipid derivatization to FAME that are scal-
able to various oilseeds. These methods are valuable for
plant breeding and engineering research where accurate
seed oil amount and fatty acid composition of many indi-
vidual plants are needed.

Quality of high throughput seed phenotyping data is
dependent on both image quality and repeatability
In addition to oil content, seed size and shape are often
key attributes investigated within oilseed basic research
or breeding and engineering efforts. Determining these
features on large numbers of seeds can be especially dif-
ficult with smaller seeds, whose size make physically
measuring individual seed exceedingly difficult. Addi-
tionally, it is useful to be able to correlate the seed size,
shape, weight, and lipid content for the same sample. Our
optimized workflow (Fig. 2a) has greatly increased the
speed of producing these combined data sets. We took
advantage of the seed counting software GridFree which
was originally designed for larger seeds such as black
bean, corn, chickpea, and lentil [18] and adapted it to
count a large number of small seeds captured under rela-
tively low magnification using a macrophotography lens
(Fig. 2). The GridFree software gives a rapid analysis of
seed length, width, and area (although volume cannot be
determined from a 2D image). Using this methodology,
we were able to design a high throughput counting work-
flow that eliminates the need to either physically count
seeds or use more labor-intensive image analysis tools
(such as Image] [26]), to manually measure seed area.
However, for accurate seed counting and phenotyp-
ing consideration needs to be taken into account when
designing a camera for consistent seed images. Rather
than a high-resolution camera sensor, investment into
high quality macrophotography lens, lighting and station-
ary camera mount are especially important. The above
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study used stationary lighting and camera mount to con-
trol image quality and improve the repeatability of seed
image lighting and staging to ease computer processing.
For example, during batch analysis the camera settings
(e.g. image ISO, F-stop settings) and the lens focus were
controlled manually for consistent high contrast images.
During image processing, high resolution images were
found to increase the load on the analysis software with
no benefit to seed analysis. Therefore, image resolution
was reduced from camera maximum to 1920x 1280 to
lower the computational requirements and increase the
throughput speed. Using these common settings for a
large sample batch allowed for accurate automated seed
counting and reduced the error rate of the GridFree soft-
ware batch analysis system. It should be noted that these
settings may be unique to each individual setup depend-
ing on the amount of directed and incidental light and a
test seed batch may be helpful when validating the seed
counting functions and optimizing any seed counting
system.

Conclusions

Breeding and engineering research on oilseeds requires
accurate analysis of both oil yield and fatty acid composi-
tion. Since these analyses often involve examining large
sample sets, a reliable and high-throughput methodology
is essential. We have developed improved in situ oil anal-
ysis methods for multiple oilseed crops that can provide
in-depth total lipid content and fatty acid composition
analysis without the time consuming and costly resource
expenditure for prior lipid extraction. When coupled
with the seed counting and phenotyping software Grid-
Free, this analysis workflow can serve as a valuable tool
for characterizing breeding and engineered populations
of seeds. The methodology is optimized for small num-
bers of seeds from various crop plants (Tables 1 and 2).
We demonstrated the precision of the method with just
4 replicates from a single seed stock. Under field condi-
tions the environment can affect the plant-to-plant vari-
ability of seed oil content, and thus the number of plants
analyzed should be considered when designing field
experiments. The value of the methods optimized here
allows for a rapid analysis of only a few seeds from each
plant to facilitate processing of the large numbers of sam-
ples from many individual plants in a breeding popula-
tion. Here we optimized direct seed tissue derivatization
to FAME methods for seven oilseed species, establishing
a framework for optimization across many other oilseed
species. Finally, the adoption of consistent accurate and
high throughput methodology between research groups
will provide enhanced reliability when comparing results
between different oilseed research studies including
breeding, oilseed engineering, or the responses of oil
content various biotic and abiotic stresses.
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FAME  Fatty acid methyl esters
GC Gas chromatography

MS Mass spectrometry

FID Flame ionization detection
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