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Abstract
Pennycress (Thlaspi arvense  L.), a plant naturalized to North America, accumulates high levels of erucic acid in its 
seeds, which makes it a promising biodiesel and industrial crop. The main carbon sinks in pennycress embryos were 
found to be proteins, fatty acids, and cell wall, which respectively represented 38.5, 33.2, and 27.0% of the biomass 
at 21 days after pollination. Erucic acid reached a maximum of 36% of the total fatty acids. Together these results 
indicate that total oil and erucic acid contents could be increased to boost the economic competitiveness of this crop. 
Understanding the biochemical basis of oil synthesis in pennycress embryos is therefore timely and relevant to guide 
future breeding and/or metabolic engineering efforts. For this purpose, a combination of metabolomics approaches 
was conducted to assess the active biochemical pathways during oil synthesis. First, gas chromatography�mass 
spectrometry (GC-MS) pro�ling of intracellular metabolites highlighted three main families of compounds: organic 
acids, amino acids, and sugars/sugar alcohols. Secondly, these intermediates were quanti�ed in developing pen-
nycress embryos by liquid chromatography�tandem mass spectrometry (LC-MS/MS) in multiple reaction monitoring 
mode. Finally, partitional clustering analysis grouped the intracellular metabolites that shared a similar pattern of 
accumulation over time into eight clusters. This study underlined that: (i) sucrose might be stored rather than cleaved 
into hexoses; (ii) glucose and glutamine would be the main sources of carbon and nitrogen, respectively; and (iii) 
glycolysis, the oxidative pentose phosphate pathway, the tricarboxylic acid cycle, and the Calvin cycle were active in 
developing pennycress embryos.
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Introduction
Petroleum is the largest energy source in the USA, account-
ing for 28% of all energy consumed in 2013 (www.eia.gov). 
The fact that petroleum-based fuels will eventually be depleted 
requires the development of renewable fuels. Indeed, biofuel 
production has attracted considerable research attention in 

both developing and industrialized countries (Demirbas, 
2009). In addition to its ability to mitigate the approaching 
shortage of petroleum, renewable energy has the additional 
environmental bene�t of being a low contributor of green-
house gases (Kim and Dale, 2005). Biofuel is a renewable fuel 
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Abbreviations: DAP, days after pollination; DW, dry weight; FAMEs, fatty acid methyl esters; MCW, methanol:chloroform:water; MRM, multiple 
reaction monitoring; MSTFA, N-methyl-N-trimethylsilytri�uoroacetamide; TMCS, trimethylchlorosilane; OPPP, oxidative pentose-phosphate 
pathway; TCA, tricarboxylic acid.
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Results
Biomass accumulation in developing pennycress 
embryos

Biomass components are the �nal products of central 
metabolism, and their relative abundance re�ects the alloca-
tion of carbon by primary metabolic pathways. In order to 
characterize the main carbon sinks and their accumulation 
rates, pennycress embryos were dissected at different stages 
(Fig.�1A) and then dried prior to biomass sequential extrac-
tion (Cocuron et�al., 2014). Fatty acids, proteins, starch, and 
cell wall were quanti�ed as described in the Materials and 
methods. A�pennycress embryo grew on average 50.2��g (DW 
d�1 (R2=0.97), accumulating fatty acids, protein, cell wall, and 
starch with the rates of 16.8 (R2=0.94), 19.3 (R2=0.95), 12.8 
(R2=0.95), and 1.9��g d�1 (R2=0.97), respectively (Fig.� 1B). 
The protein:fatty acid ratio in pennycress embryos dropped 
from 8.0 at 11 DAP to 1.2 at 21 DAP, indicating an increase 
in oil accumulation (Fig.� 1C). Fatty acid composition var-
ied across developmental stages to reach a steady state at 15 
DAP. Indeed, linoleic acid (C18:2) was found to be the most 
abundant at 11 DAP (33.8 – 1.5) whereas erucic acid (C22:1) 
was under the limit of detection. Then, at 19 DAP, erucic acid 

became the most abundant fatty acid, reaching a plateau at 
36% (Supplementary Fig. S2 at JXB online).

Metabolite pro�ling in pennycress embryos

During the developmental process, embryos produce a wide 
variety of metabolites in a temporal fashion as a result of 
changes in their metabolism. Metabolite pro�ling, also 
known as untargeted metabolomics, enables the detection 
of intracellular compounds at a given time. Through this 
approach one can gain qualitative (rather than quantitative) 
information about speci�c classes of intermediates accu-
mulating at the same time as the synthesis of a product of 
interest. In this study, metabolite pro�ling was used to char-
acterize all the compounds that were present during fatty 
acid synthesis. For this purpose, intracellular metabolites 
were extracted from 17 DAP pennycress embryos with cold 
methanol:chloroform:water (MCW 2.5:1:1, v:v:v) (Fiehn, 
2006) or boiling water (Alonso et�al., 2010b) and then were 
chemically modi�ed with MSTFA+1% TMCS (Koek et�al., 
2006). Through the comparison between GC-MS pro�les 
of the derivatized metabolites, boiling water was shown to 
be the most suitable method, enabling the detection of 385 

Fig.�1.  Biomass composition of pennycress embryos at different stages of development. (A) Pictures of the embryos at different stages of 
development under a dissecting microscope. (B) Biomass accumulation rate of pennycress embryos. The orange circles, purple squares, green 
squares, red triangles, and blue triangles, respectively, represent the dry weight, the amounts of protein, fatty acid, starch, and cell wall accumulating 
in a pennycress embryo (n=4 biological replicates). (C) Biomass abundance in pennycress embryo. The purple, green, red, and blue bars are 
associated, respectively, with the percentage (w/w) of protein, fatty acid, starch, and cell wall characterizing a single embryo. Error bars are the SD of 
four biological replicates.
















