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Abstract 

Assessing central carbon metabolism in plants can be challenging due to the dynamic range in pool sizes, with low 
levels of important phosphorylated sugars relative to more abundant sugars and organic acids. Here, we report a 
sensitive liquid chromatography–mass spectrometry method for analysing central metabolites on a hybrid column, 
where both anion-exchange and hydrophilic interaction chromatography (HILIC) ligands are embedded in the sta-
tionary phase. The liquid chromatography method was developed for enhanced selectivity of 27 central metabolites 
in a single run with sensitivity at femtomole levels observed for most phosphorylated sugars. The method resolved 
phosphorylated hexose, pentose, and triose isomers that are otherwise challenging. Compared with a standard HILIC 
approach, these metabolites had improved peak areas using our approach due to ion enhancement or low ion sup-
pression in the biological sample matrix. The approach was applied to investigate metabolism in high lipid-producing 
tobacco leaves that exhibited increased levels of acetyl-CoA, a precursor for oil biosynthesis. The application of 
the method to isotopologue detection and quantification was considered through evaluating 13C-labeled seeds from 
Camelina sativa. The method provides a means to analyse intermediates more comprehensively in central metab-
olism of plant tissues.

Keywords:  Central metabolism, ion suppression and enhancement, isomer separation, isotopic labeling, liquid 
chromatography–mass spectrometry, metabolite quantification, mixed-mode column chromatography, oilseeds.

Introduction

Compared with other global profiling ‘omics’ approaches, 
metabolomics offers a direct and comprehensive snapshot of 
stationary cellular phenotypes (Allwood et al., 2011; Allen, 

2016; Fessenden, 2016; Doerr, 2017) and is used as a component 
of functional genomics (Fiehn et al., 2000; Bino et al., 2004; 
Fernie et al., 2005; Quanbeck et al., 2012; Schilmiller et al., 2015;  
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Vallarino et al., 2018; Wu et al., 2018). The profiling and quan-
tification of metabolites can provide a first approximation of 
what network pathways are metabolically active (Roessner 
et al., 2001; Daloso et al., 2015; Kim et al., 2015; Liu et al., 
2017; Mansfeld et al., 2017). Changes in metabolite level are 
suggestive if not indicative of changes in metabolism; how-
ever, as a pool size measurement is reflective of one time and 
encompasses all events that led up to the measurement, it is 
not inherently correlated with metabolic flux through a cell. 
Changes in metabolite pool sizes may occur without differ-
ences in flux, and alternatively more flux through a pathway 
does not require a particular increase or decrease in steady 
state metabolite levels. Therefore, to increase understanding in 
metabolism and resolve complex metabolic networks, stable 
isotopes (e.g. 13C and 15N) are supplied exogenously and the 
isotopologues can be similarly quantified as an extension 
of metabolite analysis (Giavalisco et al., 2011, 2009; de Jong 
and Beecher, 2012; Fernie and Morgan, 2013; Heise et al., 
2014). The incorporation of isotopes provides dynamic infor-
mation to decipher the altered rates of synthesis or degrad-
ation. Generally this is done within steady state metabolism 
where pools do not change (Allen et al., 2009; Fan et al., 2012; 
Higashi et al., 2014; Allen, 2016); however, labeling of metab-
olite pools that are changing in size has also garnered atten-
tion (Antoniewicz, 2013).

When isotopes have been used, plant studies have inferred 
metabolic operation from the labeling directly (Roessner-
Tunali et al., 2004; Huege et al., 2007; Hasunuma et al., 2010; 
Weissmann et al., 2016; Arrivault et al., 2017; Dethloff et al., 
2017; Koley et al., 2019; Simpson et al., 2021) or used compu-
tational approaches including isotopically stationary metabolic 
flux analysis (Allen and Young, 2013; Masakapalli et al., 2014b; 
Tsogtbaatar et al., 2020), isotopically non-stationary metabolic 
flux analysis (INST-MFA) (Ma et al., 2014; Xu et al., 2021), 
kinetic flux profiling (Szecowka et al., 2013), or other kin-
etic approaches (e.g. Colón et al., 2010). Studies have focused 
on central carbon metabolism, which includes glycolysis, the 
Calvin–Benson cycle, the pentose phosphate pathway, and the 
Krebs cycle (Petucci et al., 2016), because central metabolism 
is the source of metabolic precursors needed for growth, de-
velopment, and reproduction processes. Dependent on the sci-
entific question and constraints imposed by the plant organ, 
steady state labeling or transient isotopic labeling may be re-
quired (Allen, 2016). Amino acids within proteins can be la-
beled over long periods of steady state, resulting in quantitative 
assessments of metabolism in seeds and cells (Allen et al., 2009; 
O’Grady et al., 2012). However, many tissues have limited dur-
ations of isotopic steady state, for example the diurnal photo-
synthetic metabolism in leaves, which requires INST-MFA 
approaches (Shastri and Morgan, 2007; Ma et al., 2014, 2017; 
Xu et al., 2021). The additional information in transient la-
beling can also be used to infer labeling of atoms and to fur-
ther postulate about metabolic operation (Arrivault et al., 
2017; Allen and Young, 2020; AuBuchon-Elder et al., 2020).  

Such transient labeling methods require identification and 
quantification of isotopologues of intermediates in central me-
tabolism, which are assessed through nuclear magnetic reson-
ance (Kim et al., 2010, 2011; Masakapalli et al., 2014a; Heux et 
al., 2017; Schwechheimer et al., 2018; Millard et al., 2021) or 
through mass spectrometry (MS) with electrospray ionization 
(ESI)-based liquid chromatography tandem mass spectrometry 
(LC-MS/MS) being the most common approach (Balcke et 
al., 2014, 2017; Dias et al., 2015; Jorge et al., 2016; Choi and 
Antoniewicz, 2019; Subbaraj et al., 2019; Czajka et al., 2020). 
ESI-MS has emerged as an important analytical tool to measure 
central metabolites like sugars, phosphorylated sugars, and or-
ganic acids (Milne et al., 2013). To increase our understanding 
of dynamic metabolic processes, there remains a need to im-
prove measurements of the intermediates of central pathways 
accurately (Nöh and Wiechert, 2006; Toya et al., 2010).

The development of ESI technology by Fenn et al. (1989) 
that could be linked to MS was transformative for studies 
in metabolism. Liquid chromatography using ESI is a gentle 
method that is less apt to degrade molecules containing po-
tentially labile groups such as phosphate or thiol bonds while 
enabling the desolvation of metabolites resulting in ions in 
the gas phase that could be transferred to the MS. Detecting 
phosphorylated analytes and other central metabolites is often 
challenging due to co-eluted metabolites and ion suppres-
sion from sample matrices (Kebarle and Tang, 1993; Annesley, 
2003; Sarvin et al., 2020). Though many compounds can be 
resolved by differential mass separation in the MS, key cen-
tral carbon metabolites consist of different structural isomers 
such as hexose phosphates (e.g. fructose 6-phosphate, glu-
cose 1-phosphate (G1P), and glucose 6-phosphate (G6P)), 
pentose phosphates (e.g. ribose 5-phosphate and ribulose 
5-phosphate), and triose phosphates (e.g. dihydroxyacetone 
phosphate (DHAP) and glyceraldehyde 3-phosphate (GAP), or 
2-phosphoglycerate (2PGA) and 3-phosphoglycerate (3PGA)) 
that have equivalent compositions and thus identical masses. 
As a subset of these isomers are present in individual path-
ways (e.g. 3PGA, but not its isomer, is an intermediate of the 
Calvin–Benson cycle in chloroplasts of plant leaves), studies 
would benefit from resolving the structurally different chem-
ical species. Hence, resolving these isomers with good peak 
shapes can enrich the understanding of biochemical processes 
in subcellular compartments.

The number of analytes that can be detected and sensitively 
quantified can be optimized by considering interactions be-
tween analytes and their derivatives with the stationary phase 
of the column such that elution individually and in a discrete 
fashion results in resolved sharp peaks with the best signal to 
noise ratio. Detection of hydrophilic metabolites from reversed-
phase chromatography can be challenging because polar mol-
ecules have limited retention on the column (Xhaferaj et al., 
2020; Iturrospe et al., 2021), which can lead to poor separ-
ation. Chemical derivatization techniques have partially over-
come this issue (Kwon and Kim, 1993; Castells et al., 2002;  
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Nordström et al., 2004; Rende et al., 2019; Higashi and Ogawa, 
2020), but can be tedious or result in losses due to additional 
processing, incomplete reactions, or instability. In addition, 
multiple derivatization reagents are required for central me-
tabolites since they contain a wide range of different chem-
ical groups. Ion-pairing approaches, where a component (e.g. 
tributylamine) is added to the buffer, can help polar metabolite 
retention on a reversed-phase column by neutralizing charges 
(Coulier et al., 2006; Arrivault et al., 2009; Ma et al., 2014, 
2017) though ion pairing reagents leave behind a residue that 
is difficult to remove from the column and LC system even 
with repeated cleaning. The strong contaminating signal results 
in ion suppression in subsequent non-ion pairing runs which is 
problematic when the instrument is not dedicated exclusively 
for ion pairing use. The contamination can also affect chroma-
tography of other columns and negatively impact instrument 
performance. More recently, hydrophilic interaction chroma-
tography (HILIC) methods were developed to separate polar 
compounds using compositionally similar buffers as typical 
reversed-phase chromatography. Partially water-soluble polar 
analytes are retained on the hydrophilic stationary phase and 
eluted by increasing water in the mobile phase. Organic solvent 
concentrations are higher at the start of the run; thus, the sample 
must be solubilized in a more organic solution to avoid pre-
cipitation upon injection and ensure binding to the column. 
Solubilization of the sample in greater concentrations of organic 
phase is not ideal for polar compounds such as phosphorylated 
sugars, which readily dissolve in more aqueous phases (Johnson 
et al., 2010; Jandera, 2011), but is necessary for HILIC column 
binding. Acknowledged poor peak shapes of charged metab-
olites (especially metal-sensitive analytes) have been reported 
when using a HILIC column (Myint et al., 2009; Heaton and 
McCalley, 2016) indicating the tradeoff. Some of the more re-
cent developments with HILIC technology use zwitterionic 
stationary phases and medronic acid as additives in the buffer 
at micromolar levels resulting in better separation of isomers 
and improved peak shapes (Hsiao et al., 2018; Czajka et al.,  
2020); however, the interaction between highly polar com-
pounds and the zwitterionic hydrophilic stationary phase can 
be excessively strong and prevent elution resulting in carryover.

Ion exchange chromatography (IEC) provides a sensi-
tive approach for the analysis of phosphorylated compounds 
and can be better suited for analysing phosphorylated sugars. 
IEC methods are capable of separating most of the analytes 
involved in central carbon metabolism with good reproduci-
bility (Kvitvang et al., 2014; Schwaiger et al., 2017; Fan et al., 
2018). Buffers for IEC including potassium hydroxide are not 
generally MS-compatible, and hence additional membrane 
devices for proton–potassium exchange to prevent potassium 
hydroxide from entering the MS system and to remove car-
bonates are required, adding to the cost and maintenance of the 
system, and detracting from routine use by non-MS specialists. 
Previously published IEC methods to separate phosphorylated 
sugars and detect organic acids in a single run have advanced 

the field (van Dam et al., 2002; Kiefer et al., 2007; Alonso et al., 
2010; Kvitvang et al., 2014; Wang et al., 2014); however, run 
times can become extensive (42–85 min), reducing throughput 
and increasing solvent costs. Additionally, most sugars are neu-
tral to weak acids with high dissociation constants of 12–14 
(e.g. pKa of sucrose is 12.62) and thus may be difficult to retain 
and detect on the same run as other polar central metabolites. 
To address these methodological issues without compromising 
sensitivity, a mixed-mode column was used that is typically run 
as an anion exchange column for analysing organic acids. We 
established a novel HPLC method for the analysis of a wide 
range of polar central metabolites by exploring the unique 
characteristics of this hybrid IEC–HILIC system. The method 
was validated by comparing high lipid-producing tobacco leaf 
tissue with wild-type and analysing 13C-labeling data from the 
oilseed camelina (Camelina sativa). The resolution of isomers 
and sensitive detection of low abundance metabolites resulted 
in the detection of approximately 27 metabolites and can pro-
vide a more complete survey of central carbon metabolism in 
different plant tissues.

Materials and methods

Chemicals and reagents
All phosphorylated sugar, sugar, organic acid, and amino acid stand-
ards analysed were purchased from Sigma-Aldrich (St Louis, MO, USA) 
as was ammonium acetate (NH4CH3CO2) and ammonium formate 
(NH4HCO2). HPLC-grade acetonitrile (ACN) and methanol (CH3OH) 
were obtained from Honeywell Research Chemicals, while formic acid 
(HCOOH, 88%) was obtained from Aqua Solutions, Inc. (Deer Park, TX, 
USA) and InfinityLab Deactivator Additive (medronic acid, 5 mM stock) 
from Agilent Technologies, Inc. (Santa Clara, CA, USA).

Plant growth and collection
Camelina sativa plants (var. Suneson) were cultivated from seed in a green-
house. The growth conditions were 22/20 °C temperature (day/night), 
40–50% relative humidity, and 16 h day/8 h night photoperiod. Day light 
condition was maintained at minimum 250 µmol m−2 s−1 coming from 
a combination of 600 W high pressure sodium and 400 W metal halide 
bulbs, while the light intensity varied up to 450 µmol m−2 s−1 on bright 
days through control by a shade cloth. Fifteen-day-old siliques were har-
vested for isotopic studies in which entire cut siliques were placed in 
5 mM MES medium containing [U-13C]glucose for 6, 8, and 10 h under 
continuous light with the stem protruding into the medium and the 
silique above the liquid surface exposed to ambient air conditions con-
sistent with greenhouse growth. Samples were flash-frozen in liquid ni-
trogen after the culturing period and stored at −80 °C until extraction. 
Seeds from each camelina silique were dissected on dry ice before sample 
extraction.

Wild-type (Wisconsin 38) and transgenic high lipid-producing (HLP) 
Nicotiana tabacum plants overexpressing WRINKLED1 (WRI1), acyl-
CoA:diacylglycerol acyltransferase1 (DGAT1), OLEOSIN, and LEAFY 
COTYLEDON2 (LEC2) (Vanhercke et al., 2017) were germinated in a 
greenhouse at 27/25 °C day/night conditions with 60–90% relative hu-
midity before being transplanted into larger pots 3 weeks after sowing. Plants 
were grown in the winter under a 12 h/12 h light/dark photoperiod, with 
supplemental lighting activating whenever natural light conditions dropped 
below approximately 500 µmol m−2 s−1. At early afternoon 56 d after sowing 
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(a few weeks before flowering), samples were collected from the tip of the 
top expanded leaf using a metal plate freeze-clamp pre-chilled in liquid ni-
trogen to quench metabolism. The frozen samples were coarsely ground on 
a separate pre-chilled metal plate before being stored at −80 °C.

Sample extraction
Metabolites were extracted from ~25 or 100 mg (fresh weight) powdered 
camelina seeds or tobacco leaves, respectively, in 1200 µl cold 7:3 (v/v) 
methanol: chloroform solution on a rotator at 4 °C for 2 h before adding 
480 µl chilled ddH2O to separate the upper aqueous phase (modified 
from Ma et al., 2017). The aqueous phase was dried overnight in a speed 
vacuum concentrator and resuspended in either 50 µl of 50% methanol 
with 0.2% formic acid for the camelina samples or 50 µl of 50% methanol 
for the tobacco samples. The tobacco samples were then split into 2 × 24 
µl aliquots and brought up to a 30 µl final volume in either 50% methanol 
(for HILIC runs) or 50% methanol with 0.2% formic acid (for ion ex-
change runs). All samples were passed through 0.8 µm polyethersulfone 
clarifying filters (Sartorius) before analysis.

Liquid chromatography method
For chromatographic separation of central metabolites, a 3 µl sample was 
injected onto an Imtakt Intrada Organic Acid column (150 ×  2 mm, 
3 µm; Kyoto, Japan) held at 40 °C using a Shimadzu Prominence-xR 
UFLC system. The mobile phase solvents were 100 mM ammonium for-
mate in 10% ACN for A, and 1% final concentration of formic acid (v/v) 
in 10, 30, 50, 70, 75, 80, 85, or 90% ACN for the various B solvents tested, 
with 75% ACN being the optimal ACN concentration used for all plant 
samples. The following LC gradient was used: an initial concentration of 
100% B held for 1 min, a linear ramp down to 88% B over 4 min, a hold 
at 88% B for 2 min, another ramp down to 84% B over 1 min, a hold at 
84% B for 2 min, a ramp down to 75% B over 3 min, a ramp down to 0% 
B over 2 min, a hold at 0% B for 4.5 min for cleaning and column regen-
eration, followed by a ramp back up to 100% B over 30 s, and a final hold 
at 100% B for 5 min for equilibration. The total run time was 25 min, 
with a flow rate of 0.225 ml min−1 used until the start of the final drop 
to 0% B when it was temporarily increased to 0.25 ml min−1 during the 
column wash until the end of the run. The procedure has been deposited 
at protocols.io: dx.doi.org/10.17504/protocols.io.b3mvqk66.

For HILIC runs, 3 µl of sample was injected onto an Agilent Technologies 
InfinityLab Poroshell 120 HILIC-Z column (2.1 × 100 mm, 2.7 µm) 
with an Agilent InfinityLab Poroshell 120 HILIC-Z guard column 
(2.1 × 5 mm, 2.7 µm) held at 40 °C. Mobile phase solvents and gradients 
were as previously described (Czajka et al., 2020).

Mass spectrometry parameters
The eluants were detected on a SCIEX hybrid triple quadrupole-linear 
ion trap MS (i.e. QTRAP 6500) equipped with a Turbo VTM ESI source 
run in negative ionization mode. The ion source conditions used an ion 
spray voltage of −4500 V and a source temperature of 450 °C, with the 
curtain gas set to 30 (arbitrary units) and the two ion source gases at 30 
and 35, respectively. The diagnostic fragments and collision energies for 
each metabolite were determined via direct infusion of standards to gen-
erate a list of species for a targeted multiple reaction monitoring approach 
(Supplementary Table S1). All peak areas were integrated using the quan-
titation wizard in Analyst (v.1.6.2) software (SCIEX, Concord, Canada) 
and exported to Microsoft Excel for calculation.

Method validation and sensitivity
A 250 μM mix of phosphorylated sugars, sugars, organic acids, and some 
amino acids in 50% methanol with 0.2% formic acid was serially diluted 

2-fold in 50% methanol with 0.2% formic acid down to approximately 
122 nM to prepare 12 concentrations of standards. Limits of detection 
(LOD) and quantitation (LOQ) for each metabolite were calculated by 
multiplying the standard deviation from the lowest concentration on the 
curve that showed a peak area change by 3 (for LOD) or 10 (for LOQ) 
and dividing by the slope of the standard curve (Nam et al., 2020). A 62.5 
μM concentration of standard mix was injected 12 times on the same 
day and five times on different days representing different batch runs to 
determine intraday and interday precisions (i.e. relative standard devi-
ation), which are indications of the repeatability and within-laboratory 
reproducibility of the method. Relative response factors were calculated 
based on the percentage of the peak area of a specific metabolite relative 
to the metabolite with the highest peak area, in this case UDP-glucose 
(UDPG), at 62.5 μM concentration for each. The sample matrix effect for 
a phosphorylated sugar was determined by the following formula:

Matrix ef fect (%) =
C − (A− B)

C
× 100

Where A is the peak area of an analyte in a biological tobacco sample that 
has been spiked with 150 pmol of its standard, B is the peak area of that 
analyte in the same biological sample without addition of the standard, and 
C is the peak area of 150 pmol of the analyte standard alone (Zhou et al.,  
2017). The precision and accuracy for the isotopic analysis were calcu-
lated from the injections of 10 unlabeled biological seed samples collected 
from camelina plants and compared with theoretical calculation of natural 
13C abundance levels in metabolites using IsoCor (Millard et al., 2012). 
Isotopologue distribution of a metabolite was calculated as the percentage 
of corrected abundance for each isotopologue as a fraction of the total 
abundances for all possible isotopologues present in the metabolite.

Results and discussion

Development of a LC method for efficient analysis 
of polar central carbon metabolites in the negative 
ionization mode of ESI-MS

Traditional anion-exchange columns are polymer-based and 
incompatible with buffers containing a high percentage of or-
ganic solvents; however, the hybrid column used in this study 
is silica-based similar to many HILIC columns. The use of buf-
fers with a high organic component during the start of runs 
allows for the retention of metabolites with higher isoelectric 
points such as sugars that would otherwise elute in the void 
volume. Thus, the HILIC properties of the column can be util-
ized for aqueous normal phase chromatography via polarity to 
alter the elution of compounds in combination with the ion-
exchange ligand to retain negatively charged acidic analytes 
that are subsequently eluted by increasing ionic strength in the 
mobile phase. The multi-modal properties of the column were 
therefore explored to improve the chromatography of polar 
compounds in central carbon metabolism. Instead of using 
conventional MS-incompatible salts (potassium hydroxide) 
for ion-exchange, a high concentration of ammonium for-
mate was used for gradually increasing the ionic strength of 
the mobile phase to elute metabolites of interest and to re-
generate the column by removing tightly bound molecules. 
Additionally, the inclusion of 1% formic acid in the solvent 
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B (starting mobile phase) improved ionization and created an 
acidic environment early in the run that promoted electrostatic 
interactions between the ion exchange ligand and the analytes.

A 25 min-long LC method was developed for the efficient 
separation of phosphorylated sugars, sugars, organic acids, and 
certain free amino acids on the column that were detected in 
the negative ionization mode of ESI-MS. A low concentra-
tion (10%) organic solvent in both buffers has previously been 
used to measure polar analytes in this column (Watanabe et al., 
2021); however, retention of sugars and separation of phos-
phorylated sugar isomers were not achievable in these con-
ditions. A wide range (10, 30, 50, 70, and 90%) of acetonitrile 
(ACN) in the starting buffer was tested as the first step of opti-
mization in this study. Increasing the organic phase in solvent B 
resulted in greater peak sensitivities and signal-to-noise ratios 
(Fig. 1). While disaccharides and monosaccharides were not 
retained in the column using 10% ACN in the mobile phase, 
increasing the organic phase led to retention of sugars and their 
elution via increasing aqueous phase, resembling the elution 
in a typical HILIC column by altering polarity of the mo-
bile phase. An ACN concentration of 70% yielded 10–47% 
greater peak intensities of most metabolites compared with 
their peaks using the traditional 10% organic phase concen-
tration. As further ACN increases caused reductions in peak 

intensities, a narrower range between 70 and 90% (i.e. 75, 80, 
and 85%) ACN concentration in B was examined for further 
optimization. Optimal sensitivity that captured the best peak 
intensities for a wide range of central metabolites utilized 75% 
ACN starting conditions.

Ion exchange methods typically require long run times for 
good separation of isomers. As the IEC–HILIC hybrid column 
is primarily designed for detecting organic acids, citrate and 
isocitrate organic acid isomers were consistently separated in 
all buffer conditions (see Supplementary Fig. S1); however, 
phosphorylated sugars were not separated using the traditional 
10% ACN starting condition (Fig. 2). We observed that using a 
higher organic fraction in the starting solvent led to better sep-
aration of isomeric peaks without requiring an increased run 
time. This improved separation was potentially the combined 
effect of HILIC and ion exchange ligands as both the polarity 
and the ionic strength of the mobile phase were gradually in-
creased during the course of a chromatographic run. Using 
a starting ACN concentration of 75% yielded sufficient peak 
separation of triose phosphates (GAP versus DHAP and 3PGA 
versus 2PGA), pentose phosphates (ribose 5-phosphate versus 
ribulose 5-phosphate), and hexose phosphates (G6P versus 
G1P). Increasing the ACN concentration past 75% further im-
proved peak separation but at the expense of peak intensity 
and shape. Thus, a starting buffer condition of 75% ACN was 
judged to be optimal overall for central carbon metabolites. If 
further separation of multiple isomers is required, higher ACN 
concentrations can be utilized. For example, a 90% ACN con-
centration within an altered LC gradient can separate three 
different hexose phosphates (fructose 6-phosphate, galactose 
1-phosphate and galactose 6-phosphate) (Supplementary Fig. 
S2) that contribute to oligosaccharides and cell wall metabolism 
(ElSayed et al., 2014; Gangl and Tenhaken, 2016; Althammer et al.,  
2020; Kambhampati et al., 2021).

Validation of the method for metabolite quantification

The sensitivity of the method to quantify low concentrations of 
analytes was verified by calculating the LOD and LOQ for all 
metabolites. The lowest analyte concentrations distinguishable 
from the blank and background noise ranged from femtomole 
to low picomole levels. Sensitive detection of various phosphor-
ylated sugars that are intermediates of the Calvin–Benson cycle 
and glycolysis was observed with LOD values ranging from 
250 fmol to 1.31 pmol (Table 1). Most of the organic and amino 
acids were also detected at similar ranges. The nucleotide sugars 
ADP-glucose and UDPG were found to have low LOD values 
of 308 and 181 fmol, respectively, while the LOD values for di-
saccharides and monosaccharides were limited to 4.72 and 10.95 
pmol, respectively. Two internal standards (ribitol and PIPES) that 
are commonly used in aqueous phase extractions of polar metab-
olites were used in this study. The correlation coefficients of linear 
regression for three replicates of 12 different analyte concentra-
tions ranging from 0.37 to 750 pmol were generally around 0.98. 

Fig. 1. Optimization of solvent B conditions to retain sugars and obtain 
higher sensitivity of other metabolites. A value of 1 on the scale bar 
denotes the highest peak area of a specific metabolites obtained from 
the different solvent B conditions, with lower values being relative to this 
highest peak area. The results are based on the mean value of three 
technical replicates of a 62.5 µM concentration standard mixture. 2OG, 
α-ketoglutarate; 2PG, 2-phosphoglycolate; 3PGA, 3-phosphoglycerate; 
6PG, 6-phosphogluconate; AcCoA, acetyl-CoA; ADPG, adenosine 
diphosphate glucose; Asp, aspartate; E4P, erythrose 4-phosphate; 
FBP, fructose 1,6-bisphosphate; FUM, fumarate; Gln, glutamine; Glu, 
glutamate; HP, hexose phosphates; MAL, malate; OAA, oxaloacetate; P5P, 
pentose 5-phosphate; PEP, phosphoenolpyruvate; PYR, pyruvate; RUBP, 
ribulose 1,5-bisphosphate; S7P, sedoheptulose 7-phosphate; TP, triose 
phosphates; UDPG, uridine diphosphate glucose.
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The calibration analysis demonstrated linearity over a wide range 
of concentrations (Supplementary Fig. S3), indicating a reliable 
quantitative relationship between metabolite levels and mass spec-
trometry detection using current chromatographic conditions. To 
check the repeatability and within-laboratory reproducibility of 
the method, a 62.5 μM standard mixture was injected repeatedly 
throughout a day and across separate batches run over a more 
significant period (i.e. days to months). The resulting intraday 
and interday coefficients of variation for most of the metabol-
ites were less than the 15% standard value of the Food and Drug 
Administration (FDA) (U.S. Food and Drug Administration, 
2018), demonstrating the measurement precision of the method; 
however, some higher variation may also represent degradation of 
the standard due to repeated freeze–thaw cycles or keeping the 
standard mix for extended periods in the autosampler.

Efficiency of the method over an alternative 
chromatographic approach on high lipid-producing 
tobacco leaf samples

Plant leaves have varied concentrations of primary metabol-
ites, with phosphorylated sugars present at lower concentra-
tions than sugars and organic acids. The phosphorylated sugars, 
however, are important intermediates comprising the CBC that 
describes photosynthetic metabolism in leaves, with the rapid 
rate of photosynthesis relative to other metabolism ensuring 
that these phosphorylated sugars do not accumulate to high 
levels and are correspondingly very sensitive to environmental 

effects such as shading. It is therefore essential to be able to 
measure their peaks in the same method as organic acids and 
sugars to accurately capture foliar autotrophic metabolism. The 
suitability of the current method for evaluating foliar metab-
olism was assessed by analysing central carbon metabolites in 
photosynthetically competent tobacco leaf samples. To under-
stand the efficiency of the method, leaf extracts were also run 
with a comparable HILIC-based method as referenced in 
‘Materials and methods’. Most of the phosphorylated sugars 
showed better peak area than their corresponding HILIC peaks 
when run with the hybrid column (Fig. 3). Hexose phosphates, 
sedoheptulose 7-phosphate, and phosphoenolpyruvate had 2- 
to 5-fold larger peak areas on the hybrid column, while 3PGA, 
fructose bisphosphate, 6-phosphogluconate, triose phosphates, 
and pentose 5-phosphates all had greater than 5-fold increase in 
peak areas. The peak intensities of photorespiratory intermedi-
ates such as 2-phosphoglycolate and glyoxylate were present at 
low levels on the hybrid column; however, the current approach 
can detect these peaks sensitively due to reduced background 
while the peaks were frequently indistinguishable from noise 
using the HILIC column. Signature metabolites of the Calvin–
Benson cycle such as the ribulose 1,5-bisphosphate (RUBP) 
substrate and 3PGA product of Rubisco and 2PGA, which 
provides information about glycolysis, do not give consistent 
peaks on the HILIC column. These key compounds showed 
significantly improved peak shapes and increased areas on the 
hybrid column (Supplementary Fig. S4). Peaks for some sugars, 
organic acids, and amino acids were reduced in comparison 

Fig. 2. Separation of phosphorylated sugar isomers. (A) Extracted ion chromatograms of the hexose phosphates glucose 1-phosphate (G1P) and 
glucose 6-phosphate (G6P) using different concentrations of acetonitrile in solvent B. The appearance of an additional peak at 90% acetonitrile may 
suggest peak splitting of G1P, an additional hexose phosphate form, or impurity in the original standard that was not resolved in lower acetonitrile 
concentrations. For comparison purposes, the peak areas represent the integration of all peaks. (B) Extracted ion chromatograms of the pentose 
phosphates ribose 5-phosphate (R5P) and ribulose 5-phosphate (Ru5P), the triose phosphates dihydroxyacetone phosphate (DHAP) and glyceraldehyde 
phosphate (GAP), and 2-phosphoglyceric acid (2PGA) and 3-phosphoglyceric acid (3PGA) with 75% acetonitrile in solvent B.
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with the HILIC column (Fig. 3), though these metabolites tend 
to be abundant in most plant tissues and therefore not prob-
lematic. Thus, the use of HILIC methods may be preferable for 
sugar and amino/organic acid studies, but the current method is 
beneficial for studies of autotrophic tissues such as leaves where 
analysis of phosphorylated sugars is of great importance.

The difference in peak area of phosphorylated sugar stand-
ards between the run on two columns showed less variation 
compared with the value obtained from biological samples 
(Table 2). For example, fructose 1,6-bisphosphate and RUBP 
standards had approximately 2.5-fold smaller peak inten-
sities on the hybrid column relative to the HILIC; however, 
the same compounds had larger peak areas within biological 
samples. This implies that the differences are likely due to in-
creased signal to noise ratios and decreased suppression of ion 

signals in the sample during the elution of phosphorylated 
sugars from the hybrid column. Background noise due to the 
mobile phase (or from medronic acid addition in the HILIC 
method) that can also reduce ion signal during elution of 
these analytes was low for the hybrid column (Supplementary 
Fig. S4). Further, the effect of sample matrix competes with 
analytes for ionizing charges (Matuszewski et al., 2003; Furey 
et al., 2013; Panuwet et al., 2016; Zhou et al., 2017) and may 
be chromatographically resolved with the hybrid system. To 
elucidate the effect of matrix on metabolites within the hy-
brid column, a mixture of standards was spiked into extracted 
biological samples and compared with runs of the standards 
at the same concentration as described by Zhou et al. (2017). 
The amount of ion suppression was less than 20% for all 
phosphorylated sugars (Fig. 4), confirming a reduced matrix 

Table 1. Performance validation of 27 analytes for quantitative analysis

Metabolites Relative response factor (%) Precision (RSD%) LOD (pmol) LOQ (pmol) Correlation coefficient (R2) 

Intraday Interday 

2OG 4 10 13 1.25 4.16 0.9973
2PG 7 6 6 0.63 2.09 0.9928
2PGA 6 3 10 0.47 1.56 0.995
3PGA 3 6 5 0.80 2.66 0.9716
6PG 2 9 12 1.30 4.35 0.9832
AcCoA 4 31 15 3.73 12.42 0.9354
ADPG 98 7 9 0.31 1.03 0.9639
ASP 9 11 10 0.36 1.19 0.9658
DHAP 3 3 14 0.61 2.03 0.995
E4P 1 3 17 0.78 2.59 0.9921
FBP 13 5 9 0.37 1.25 0.9764
FUM 1 16 14 4.93 16.43 0.943
G1P 13 6 13 0.31 1.03 0.978
G6P 28 9 12 0.15 0.51 0.9786
GAP 2 5 17 1.31 4.37 0.9913
Gln 5 9 8 0.78 2.59 0.9655
Glu 13 9 18 0.59 1.98 0.9723
Glycerate 4 15 7 2.09 6.96 0.9519
Hexose 2 22 19 10.95 36.51 0.9306
MAL 2 8 11 1.80 6.01 0.9828
Ru5P 11 3 17 0.33 1.09 0.9909
PEP 6 8 13 0.61 2.02 0.9986
RUBP 4 8 24 0.25 0.84 0.9931
S7P 13 6 18 0.30 1.01 0.9864
Succinate 13 19 8 0.71 2.36 0.9444
Sucrose 39 4 8 4.72 15.74 0.957
UDPG 100 5 13 0.18 0.60 0.9662
PIPES∗ 75 4 15 0.17 0.58 0.9652
Ribitol∗ 2 12 11 0.39 1.31 0.9374

Relative response factors (relative to the metabolite with the highest peak area) and intraday precision were calculated from 12 injections of a 62.5 µM 
standard mixture while interday precision was calculated from five injections of the same standard mixture, as described in ‘Materials and methods’. For 
other parameters, three injections of a serially diluted standard mixture ranging from 0.12 to 250 µM were used to determine the calibration curves for 
calculating LOD, LOQ, and correlation coefficients using the lowest concentration that still showed a peak area change. Asterisks (∗) mark analytes used 
as internal standards in plant sample extraction. Relative standard deviation (RSD) %=(SD×100)/mean. 2OG, α-ketoglutarate; 2PG, 2-phosphoglycolate; 
2PGA, 2-phosphoglycerate; 3PGA, 3-phosphoglycerate; 6PG, 6-phosphogluconate; AcCoA, acetyl-CoA; ADPG, adenosine diphosphate glucose; 
Asp, aspartate; DHAP, dihydroxyacetone phosphate; E4P, erythrose 4-phosphate; FBP, fructose 1,6-bisphosphate; FUM, fumarate; G1P, glucose 
1-phosphate; G6P, glucose 6-phosphate; GAP, glyceraldehyde phosphate; Gln, glutamine; Glu, glutamate; MAL, malate; PEP, phosphoenolpyruvate; 
Ru5P, ribulose 5-phosphate; RUBP, ribulose 1,5-bisphosphate; S7P, sedoheptulose 7-phosphate; UDPG, uridine diphosphate glucose.
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Fig. 3. Comparison of mixed-mode and HILIC chromatography using high lipid-producing (HLP) and wild-type (WT) tobacco leaves. The central 
metabolism model of a leaf was modified from previous studies (Ma et al., 2014; Vanhercke et al., 2017; Xu et al., 2021; Chu et al., 2022). The same 
sample was injected three times for both mixed-mode and HILIC chromatography. The upper box demonstrates the ratio of mixed-mode to HILIC peak 
areas for injections from the identical sample while the lower box demonstrates the ratio of HLP to WT sample peak areas using the mixed-mode column. 
Compound names in purple are metabolites found in multiple organellar locations with data shown at only one location. The results are presented as 
the mean value of three technical replicates. The identical biological sample with same dilution using sample buffer was injected in mixed-mode and 
HILIC run. 2OG, α-ketoglutarate; 2PG, 2-phosphoglycolate; 6PG, 6-phosphogluconate; AcCoA, acetyl-CoA; ADPG, adenosine diphosphate glucose; 
Asp, aspartate; E4P, erythrose 4-phosphate; FBP, fructose 1,6-bisphosphate; FUM, fumarate; GA, glycerate; Gln, glutamine; Glu, glutamate; Glyc, 
glycolate; Glyox, glyoxylate; HP, hexose phosphates; MAL, malate; OAA, oxaloacetate; P5P, pentose 5-phosphate; PEP, phosphoenolpyruvate; PGA, 
phosphoglyceric acid; PYR, pyruvate; RUBP, ribulose 1,5-bisphosphate; S7P, sedoheptulose 7-phosphate; SBP, sedoheptulose bisphosphate; Ser, 
serine; SUC, succinate; TP, triose phosphates; UDPG, uridine diphosphate glucose.

Table 2. Performance of the hybrid column for a standard mixture and a biological sample compared with a HILIC method

Metabolites Mixed-mode to HILIC ratio

Standard mixture Biological sample 

2PG 1.9 NA
2PGA 1.8 NA
3PGA 1.2 16.6
6PG 1.7 8.4
DHAP 1.7 9.3
E4P 3.7 0.8
FBP 0.4 105.3
G6P 1 3.6
Ru5P 1.6 18.6
PEP 1.4 2.3
RUBP 0.4 NA
S7P 1.8 2.5

A 50 µM standard mixture and a high lipid-producing tobacco leaf sample were run on both columns. The ratios of peak areas from the hybrid method 
versus a HILIC method are presented. NA denotes that the ratio was not available as the peak was not clearly detectable from noise on the HILIC column 
though a significant peak was found on the hybrid column. 2PG, 2-phosphoglycolate; 2PGA, 2-phosphoglycerate; 3PGA, 3-phosphoglycerate; 6PG, 
6-phosphogluconate; DHAP, dihydroxyacetone phosphate; E4P, erythrose 4-phosphate; FBP, fructose 1,6-bisphosphate; G6P, glucose 6-phosphate; 
PEP, phosphoenolpyruvate; Ru5P, ribulose 5-phosphate; RUBP, ribulose 1,5-bisphosphate; S7P, sedoheptulose 7-phosphate.
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interference with peaks of these metabolites. Reduced ion 
suppression has been reported using a mixed-mode column 
that showed comparatively less column-bleed than a single-
mode column (Lien et al., 2009; Walter et al., 2021). Unlike 
many other columns, the hybrid column used in the cur-
rent study is metal-free, which facilitates less adsorption and 
loss of analytes, especially phosphorylated compounds (Zhao 
et al., 2009; Tian et al., 2010). Further, at the beginning of 
a chromatographic run, anion exchange columns elute ions 
with higher isoelectric points than the pH of starting buffer, 
resulting in reduced competition for ions with metabolites 
that elute later. The significant ion enhancement observed 
for phosphoenolpyruvate, G1P, erythrose 4-phosphate, and 
DHAP, was not specific to retention time windows and there-
fore not likely specific to a solvent condition.

Central carbon metabolite profiles were compared be-
tween wild-type and HLP tobacco leaves (first genetically 
described in Vanhercke et al., 2017). These HLP leaves can ac-
cumulate triacylglycerol to around 30% of their dry weight, a 

level comparable to oilseeds, versus the minor triacylglycerol 
amounts (<1% dry weight) normally found in plant leaves. 
Acetyl-CoA, an important precursor in fatty acid biosynthesis, 
was 5-fold greater in the HLP leaves and more sensitively de-
tected on the hybrid column (Fig. 3). As kits for acetyl-CoA 
measurement can be inconsistent, the accurate measurement of 
this metabolite is of sustained importance to lipid metabolism 
studies. Large differences in the levels of certain amino acids, 
organic acids, and phosphorylated sugars were also observed 
for the HLP line, suggestive of the major metabolic changes 
that occurred in the oil-accumulating leaves.

Application of the method for isotopic analysis using 
oilseed samples

For flux measurements, the precision and accuracy of the 
isotopologue distribution of metabolites are important 
(Antoniewicz et al., 2006; McCloskey et al., 2016; Jaiswal et al.,  
2018). The accuracy (deviation of measured values compared 
with theoretical natural abundance) and precision of this 
method were assessed by analysing both 12C (M0) and 13C (M1) 
isotopologues of central carbon metabolites from camelina 
seeds 15 d after flowering (mid-maturity) relative to theoret-
ically expected values from natural abundance. The coefficient 
of variation of the ratio of M1 to M0 for 10 biological samples 
ranged from 1% to 21% (Table 3), with most metabolites under 
the 15% FDA standard (U.S. Food and Drug Administration, 
2018). Absolute accuracies within 1% from LC-MS data are 
desirable to increase confidence for flux values (Antoniewicz, 
2018). The error in absolute accuracy for most metabolites was 
less than 1.2% while the relative accuracy varied from 84% to 
106%. More significant deviation in M1/M0 versus the theor-
etical value observed for acetyl-CoA could be explained by 
differences in 13C incorporation in carbons of the CoA moiety 
versus the acetyl portion.

The application of this method for 13C-labeling experi-
ments was further demonstrated by examining camelina em-
bryos cultured in a medium containing [U-13C]glucose as 
described in Romsdahl et al. (2021) with additional multiple 
reaction monitoring added for labeled isotopologues of me-
tabolites. Labeling changes in a few important central metab-
olites from each group of sugars, phosphorylated sugars, and 
organic acids are presented in Fig. 5. A typical enriching ef-
fect was observed over time, with single and minimally labeled 
isotopologues initially increasing and then decreasing as more 
labeled isotopologues became enriched with 13C. As [U-13C6]
glucose was supplied to the medium, the M6 isotopologue of 
G6P, UDPG, and sucrose increased over 10 h. Label enrichment 
was also observed in acetyl-CoA, indicating the active supply 
of precursors for oil biosynthesis in camelina seed. Further val-
idation of the method was indicated by the similar labeling 
patterns seen for precursor–product or network-related me-
tabolites such as 3PGA and GAP or G6P and UDPG.

Fig. 4. Sample matrix effect on phosphorylated sugars using the hybrid 
column. The matrix effect was calculated based on the area of an analyte 
standard added to an extracted tobacco sample compared with the 
pure standard mixture. A 50 µM final concentration of standard mixture 
was used. Metabolites are presented in ascending order of retention 
time. A positive matrix effect denotes an ion suppression occurs, and 
a negative matrix effect denotes an ion enhancement occurs for a 
specific analyte. The results are presented as mean ±SD (n=4 biological 
replicates). 2PG, 2-phosphoglycolate; 2PGA, 2-phosphoglycerate; 3PGA, 
3-phosphoglycerate; 6PG, 6-phosphogluconate; DHAP, dihydroxyacetone 
phosphate; E4P, erythrose 4-phosphate; FBP, fructose 1,6-bisphosphate; 
G1P, glucose 1-phosphate; G6P, glucose 6-phosphate; GAP, 
glyceraldehyde phosphate; PEP, phosphoenolpyruvate; Ru5P, ribulose 
5-phosphate; RUBP, ribulose 1,5-bisphosphate; S7P, sedoheptulose 
7-phosphate.
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Fig. 5. Visualization of changes in 13C-labeling phenotypes in camelina seed. Labeling kinetics of 3-phosphoglyceric acid (3PGA), glyceraldehyde 
phosphate (GAP), sedoheptulose 7-phosphate (S7P), glucose 6-phosphate (G6P), UDP-glucose (UDPG), sucrose, acetyl CoA (AcCoA), and malate 
(MAL) presented as amount of 13C present in these metabolites over a labeling period of 6, 8, and 10 h from a source of [U-13C]glucose. The different 
labeled isotopologues are denoted as M0, M1, M2, etc., indicating the number of 13C atoms present in the compound. The results are presented as mean 
±SD (n=3 biological replicates).
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Conclusion

A chromatography method combining the ion-exchange and 
HILIC properties of a mixed mode hybrid column was devel-
oped to accurately assess a wide range of metabolites in central 
carbon metabolism. The combination of aqueous normal phase 
chromatography with anion-exchange chromatography pro-
vided the retention and elution of sugars, phosphorylated sugars, 
amino acids, and organic acids with larger peak areas. Isomers 
of phosphorylated sugars in central metabolism have significant 
relevance for a detailed understanding of the subcellular metab-
olism in plant organs including leaves and seeds. Altering both 
the polarity and ionic strength of the mobile phase during the 
chromatographic run facilitated the separation of these key iso-
mers without requiring a long run time. The method does not 
require MS-incompatible salts nor buffer additives such as ion-
pairing reagents that contaminate the instrument. Sensitive and 
reproducible peaks over several orders of magnitude of concen-
tration were obtained with good accuracy and precision such 
that it will be applicable for stable isotope-labeling studies. The 
sensitivity of this approach for low abundance phosphorylated 
sugars that are signature metabolites in photosynthetic metab-
olism in leaf tissues was improved compared with other columns 
and related to limited matrix effect. Thus, the current studies 
provide a method for the analysis of central carbon metabolism 

in photosynthetic tissues that can advance research efforts in 
plants by providing a more complete and accurate assessment 
of their low abundance and isomeric metabolic intermediates.
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The following supplementary data are available at JXB online.
Fig. S1. Separation of citrate and isocitrate isomers using the 

Imtakt organic acid column.
Fig. S2. Separation of three hexose phosphate isomers using 

90% acetonitrile in solvent B.
Fig. S3. Calibration curves of 27 metabolites plus PIPES and 

ribitol from a serially diluted standard mixture using the opti-
mized LC-MS method.

Fig. S4. Detection of RUBP and PGA from a biological 
sample using HILIC versus hybrid column.

Table S1. Compound specific mass spectrometry parameters 
of analytes used in this study.
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