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Abstract
There is limited information about the involvement of lipids and esterified fatty acids in signaling
pathways during plant development. The purpose of this study was to evaluate the lipid
composition and molecular species of potato (Solanum tuberosum L., cv. Spunta) stolons and to
identify phosphorylated lipids in the first two developmental stages of tuber formation. Lipid
profiling was determined using ESI-MS/MS, a useful method for the determination of the
biosynthesis and catabolism of lipids based on their fatty acid composition. The most prevalent
compound identified in this study was phosphatidic acid (PA); digalactosyldiacylglycerol
(DGDG) was the second most abundant compound. A 34:2 species was identified in PA,
phosphatidylcholine (PC), phosphatidylinositol (PI), and phosphatidylethanolamine (PE). The
identification of lipid phosphorylation by kinases was revealed by the presence of the
phosphorylated lipids. PA was metabolized to diacylglycerol pyrophosphate (DGPP) by
phosphatidic acid kinase (PAK). This work establishes a correlation between lipid fatty acid
composition and lipid metabolism enzymes at the beginning of tuber formation and is the first
report of PAK activity in the early events of potato tuber formation.
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INTRODUCTION
The potato (Solanum tuberosum L.) is one of the world’s most important crops and occupies
fourth place in the annual production of food for human consumption (1). In Argentina, the
main provinces that produce potatoes are Buenos Aires, Mendoza, Tucumán and Córdoba
(2).

The formation of potato tubers begins with the thickening of the stolon tip, which is caused
by cell expansion and division (3). The synthesis of structural lipids is essential for cell
membrane expansion, and the lipid messengers generated are involved in the transduction of
several hormonal and environmental signals (4).

Glycosylglycerides and phosphoglycerides are the primary lipids in plant membranes.
Common plant phospholipids include phosphatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylglycerol (PG), phosphatidylinositol (PI), phosphatidylserine (PS), and
phosphatidic acid (PA). The galactoglycerolipids monogalactosyldiacylglycerol (MGDG)
and digalactosyldiacylglycerol (DGDG) are also present in plants. Among the
phosphoglycerides, PC and PE are the primary lipids and PS is a minor component of most
membranes. PG is located in the photosynthetic membranes and the extracloroplastid
membranes; PI and its derivatives are located in plasma membranes, where they function in
signal transduction along with PA (5). PA is formed directly via activation of phospholipase
D (PLD) and indirectly via activation of the phospholipase C (PLC) pathway. The action of
PLC generates diacylglycerol (DAG) as the first product and DAG is rapidly converted to
PA by DAG kinase (DGK) (6). Turning off the PA signal and removing PA is accomplished
by enzymes such as phosphatidic acid kinase (PAK), which phosphorylates PA to produce
DGPP (7).

The lipid kinases phosphatidylinositol (PtdIns) 4-kinase and PtdsIns4P 5-kinase, which are
present in the plasma membrane, are responsible for the synthesis of the phosphorylated
derivatives of PtdIns (PI). The phosphoinositide PtdIns4P (PIP) and PtdIns4,5P2 (PIP2),
which constitute a minor proportion of total cellular lipids (8), regulate cytoskeleton
dynamics (9). A PI-specific phospholipase C (PI-PLC) catalyzes the hydrolysis of
phosphatidylinositol-4,5-bisphosphate (PIP2), which produces the second messengers
inositol 1,4,5-trisphosphate and DAG (10).

The major lipid constituents of chloroplasts are MGDG and DGDG (11). While studies have
focused on the role of MGDG and DGDG in the photosynthetic process (12), both lipids
have also been identified in non-photosynthetic tissues such as potato tubers (13).

Numerous studies have shown that plant galactolipids exhibit anti-tumor, anti-inflammatory
and antiviral activities (14). To ensure membrane homeostasis, galactolipid biosynthesis
must be regulated during plant development and when environmental conditions change
(15). Non-photosynthetic plastids possess the potential to synthesize substantial amounts of
galactolipid for a variety of uses. The ability of DGDG to substitute for missing
phospholipids in the plasma membranes of phosphate-deprived roots as well as the emerging
role of galactolipids in the formation of the peribacteriod membrane in legume roots
emphasize the importance of further studies concerning galactolipid biosynthesis (16).

Recently, a sensitive approach based on electrospray ionization tandem mass spectrometry
(ESI-MS/MS) was employed to profile membrane lipid molecular species, identify the
compositional changes in lipids that are associated with plant development (17), determine
the lipid species that serve as the substrate and products of specific enzymes (18), and
identify enzymes of lipid metabolism that are involved in several plant responses (19). This
sensitive method, which uses a triple quadrupole mass spectrometer, has numerous
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advantages over traditional analytical methods because chromatographic procedures can be
avoided, which allows for direct analysis of the biological sample extract (18). Using ESI-
MS/MS, polar lipids in each class of lipids can be identified based on the total number of
carbons and the number of double bonds present using precursor or neutral loss scanning of
head group-specific fragments. Various head group scans are conducted sequentially to
obtain a complete polar lipid molecular species profile (20).

The identification and determination of potato tuber lipids has been reported (13), and the
loss of selective membrane permeability due to a change in the physico-chemical state of the
membrane lipids has been shown to occur concurrently with an increase in sugar
concentration over the several months of storage at low temperatures (21) required for tuber
sweetening. Additionally, changes in phospholipids and the activation of phospholipases
were reported during tuber formation (4). However, the lipid signaling mechanism has not
been elucidated. There is also little known about the fatty acid composition of
phospholipids, galactolipids and phosphorylated lipids during the onset of tuber formation.
The purposes of the present study were to (i) perform lipid profiling in potato stolons using
ESI-MS/MS, (ii) determine a possible correlation between fatty acid composition and the
involvement of specific lipid metabolism enzymes, and (iii) analyze the involvement of lipid
kinases in the early events of tuberization.

MATERIALS AND METHODS
Chemicals

Solvents were purchased from Merck (Darmstadt, Germany). [32P]γ-ATP (370 MBq ml−1)
was obtained from Amersham Pharmacia Biotech (UK). Other chemicals were purchased
from Sigma-Aldrich (Argentina).

Preparation of samples
Mother tubers of potatoes (Solanum tuberosum L., cv. Spunta) were sown in a greenhouse
with a 15 h photoperiod: 30 °C day/12 °C night. At the time of initiation of the tuberization
process (28 days post sowing), the stolons corresponding to the first stage of tuberization
(hooked apex stolons) were collected. Subsequently, stolons corresponding to the second
stage of tuberization (initial swelling stolons) were collected. Samples were immediately
immersed in liquid nitrogen and lyophilized over three days using a freeze dry system
(Labconco); lyophilized samples were used for ESI-MS/MS lipid profiling. Fresh samples
were also prepared by immersion in homogenization buffer for lipid phosphorylation
determination.

Lipid extraction
Lipid extraction was performed as described by Welti et al. (18). For each sample, 10 mg
dry weight (dry wt) of stolons was immersed in 3 ml of isopropanol (0.01% w/v butylated
hydroxytoluene) at 75 °C for 15 min. Then, 1.5 ml of chloroform and 0.6 ml of distilled
water were added. The tubes were shaken for 1 h at room temperature, which was followed
by removal of the extract. The stolons were re-extracted with chloroform/methanol (2:1)
with 0.01% butylated hydroxytoluene five times with 30 min of agitation each time until all
of the remaining plant tissue appeared white. The combined extracts were washed once with
1 ml of 1 M KCl and once with 2 ml of water. The organic phase was recovered, and the
solvent was evaporated under a nitrogen stream. The lipid extracts were sealed in a glass
tube with a Teflon tape screw cap and stored at −20 °C until the analysis.
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Lipid identification and quantification
Lipid identification and quantification were performed by an automated electrospray
ionization tandem mass spectrometry approach as previously described (18) with
modifications. An aliquot of 5 to 300 μl of sample extract in chloroform was used for ESI-
MS/MS and different amounts of internal standards were added in the following quantities:
0.6 nmol di12:0-PC, 0.6 nmol di24:1-PC, 0.6 nmol 13:0-lysoPC, 0.6 nmol 19:0-lysoPC, 0.3
nmol di12:0-PE, 0.3 nmol di23:0-PE, 0.3 nmol 14:0-lysoPE, 0.3 nmol 18:0-lysoPE, 0.3
nmol di14:0-PG, 0.3 nmol di20:0(phytanoyl)-PG, 0.3 nmol 14:0-lysoPG, 0.3 nmol 18:0-
lysoPG, 0.23 nmol 16:0–18:0-PI, 0.16 nmol di18:0-PI, 0.2 nmol di14:0-PS, 0.2 nmol
di20:0(phytanoyl)-PS, 0.3 nmol di14:0-PA, 0.3 nmol di20:0(phytanoyl)-PA, 0.49 nmol
16:0–18:0-DGDG, 0.71 nmol di18:0-DGDG, 2.01 nmol 16:0–18:0-MGDG, and 0.39 nmol
di18:0-MGDG. The mixture containing the sample and internal standard was combined with
chloroform/methanol/300 mM ammonium acetate in water in a ratio of 300/665/35 and a
final volume of 1.4 ml. The lipid extracts were introduced into the ESI source on a triple
quadrupole MS/MS (API 4000, Applied Biosystems, Foster City, CA) using an autosampler
(LC Mini PAL, CTC Analytics AG, Zwingen, Switzerland). The identification of the lipid
species was performed using the scans previously described (18) with the following
modifications: [M + NH4]+ in positive ion mode with neutral loss (NL) 189.0 for PG; [M +
NH4]+ in positive ion mode with NL 277.0 for PI; [M + H]+ in positive ion mode with NL
185.0 for PS; [M + NH4]+ in positive ion mode with NL 115.0 for PA; [M + NH4]+ in
positive ion mode with NL 341.1 for DGDG and [M + NH4]+ in positive ion mode with NL
179.1 for MGDG. The scan speed was 50 or 100 u per sec. The collision energies were +40
V for PC, +28 V for PE, +20 V for PG, +25 V for PI, PS and PA, +24 V for DGDG, and
+21 V for MGDG.

Three replicates were analyzed by mass spectrometry. The data were isotopically
deconvoluted and the molecular species quantified using the internal standards of the same
lipid class. The quantification, expressed as nmol mg−1 dry wt, from all three replicates was
averaged and used to calculate the standard deviations. The data were transformed with a
natural logarithm for statistical analysis using ANOVA and the Tukey posteriori test.

Lipids phosphorylation by kinases
Samples of 500 mg of stolon in the first or second stage of tuberization were ground to
powder with mortar and pestle in liquid N2 and added to 3 ml of homogenization buffer (50
mM HEPES pH 7.4, 1 mM EDTA, 5 mM KCl and 250 mM saccharose) with 30 μl of
protease inhibitors. After 15 minutes of centrifugation at 3300 rpm at 4°C, the liquid
supernatant was collected and the pellet debris was re-extracted with an additional 500 μl of
homogenization buffer. The resulting supernatant was then centrifuged at 33000 rpm for 45
min to obtain the membrane fraction, which was re-suspended in 100 μl of 50 mM HEPES
pH 7.4. For determination of phosphorylated lipids by endogenous kinases activity, 60 μg of
protein from the membrane fraction obtained above was added to 30 °C buffer containing
200 mM HEPES pH 7.4, 10 mM sodium ortho-vanadate, 200 mM EDTA, 2.4 M MgCl2, 50
μM DTE and [32P]γ-ATP (3.7 × 106 Bq). The reaction was stopped after 2 min by adding
1.5 ml of chloroform/methanol (1/2, v/v), followed by 0.5 ml of 2.4 N HCl and 0.5 ml of
chloroform. Phosphorylated lipids were extracted from the membranes (22) and then
separated by TLC (23). The position of each radiolabeled phosphorylated lipid was
determined by autoradiography on Kodak film. Resulting spots were scraped from the plates
and counted in a scintillation counter.

Four replicates of each stage of tuber formation were analyzed. The values were averaged
and expressed as pmol/min/mg protein.
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RESULTS
ESI-MS/MS lipid profiling

The phospholipids, lysophospholipids and galactolipids present in potato stolons were
quantified by ESI-MS/MS (Fig. 1). Because this method identifies individual species for
each lipid class (phospholipid, lysophospholipid and galactolipid), the total content was
calculated by adding the amounts for all of the species of each lipid (expressed as the nmol
mg−1 dry wt of total lipids present) in potato stolons for three independent experiments.

The lipid composition in potato stolons was 82.5% phospholipids, 16.5% galactolipids and
1.0% lysophospholipids. There are six phospholipids in potato stolons that were quantified
by ESI-MS/MS; the primary phospholipid present in potato stolons was PA, which
accounted for 67.3% of the total lipid content (1.35 nmol mg−1 dry wt). The second most
abundant phospholipid was PI (8.94%), which was followed by PG (2.85%), PC (2.59%),
PE (0.66%) and PS (0.14%). The lysophospholipids included lysophosphatidylcholine (LPC,
0.57%), lysophosphatidylethanolamine (LPE, 0.25%) and lysophosphatidylglycerol (LPG,
0.23%). Among the galactolipids, digalactosyldiacylglycerol (DGDG) was the most
abundant (12.9%), followed by monogalactosyldiacylglycerol (MGDG, 3.5%) (Fig. 1).

An example of the ESI-MS/MS spectrum corresponding to the molecular ions of the
phospholipid PA, lysophospholipids LPC/PC and galactolipid DGDG of potato stolons with
the internal standards for each lipid class is shown in Fig. 2. The molecular species of each
lipid class were identified by the ion mass. For example, the sample spectrum for PA
showed a peak at 690.6 m/z corresponding to 34:2-PA and a peak at 714.5 m/z
corresponding to 36:4-PA.

Fatty acid profiling
ESI-MS/MS lipid profiling identified lipid species in terms of their head-group class, total
carbon number, and total number of double bonds (20). The lysophospholipids quantified in
potato stolons included palmitic acid (16:0), stearic acid (18:0), oleic acid (18:1), linoleic
acid (18:2), linolenic acid (18:3), long chain fatty acids (>C18), and diacyl lipids (Table 1).
The lipids in potato stolons consisted of a complex mixture of fatty acids. The main
combinations of fatty acids in each class could be one the following (14): C16:0/C18:2
(34:2), C16:0/C18:3 (34:3), C16:3/C18:3 (34:6), C18:00/C18:2 (36:2), C18:0/C18:3 (36:3),
C18:1/C18:3 (36:4), C18:2/C18:3 (36:5) and C18:3/C18:3 (36:6). This list includes
galactolipids that occur in edible plants, but the list does not implypositional information
about the fatty acids on the glycerol.

The most common acyl species quantified were 34:2 (40.16%), followed by 36:4 (20.96%),
34:3 (11.30%), 36:5 (8.78%), 36:2 (6.01%), 36:6 (4.29%), 36:3 (2.87%), 32:0 (2.40%), 34:1
(0.71%), 34:0 (0.57%), 18:2 (0.52%), and 16:0 (0.48%). There were additional species in
this group at lower levels listed in Table 1. The acyl species with percentages below 0.01%
are not shown in Table 1.

Lipid molecular species
Among the molecular species found in potato stolons, PA was the predominant lipid (Fig. 3
and Table 1); the most abundant acyl chains were 34:2 (29.37%), followed by 36:4
(17.25%), 34:3 (6.70%), 36:5 (5.87%) and 36:2 (4.32%). The main molecular species of PI
were also the 34:2 (5.93%) and 34:3 (1.85%) acyl chains. PC was primarily found as 34:2
(1.42%) and 36:4 (0.42%), and the percentage of acyl chain of PS was lowest with respect to
the other phospholipids, with a majority found as 38:2 (Table 1 and Fig. 3).
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The lysophospholipids were detected at the lowest levels (Table 1). LPC was the most
abundant lysophospholipid, with 18:2 as the main acyl chain present, followed by the 16:0
chain. LPE was primarily observed in 16:0 chains, whereas LPG was present as 18:2 chains.

We found DGDG to be the main galactolipid present in the potato stolons (Table 1 and Fig.
4). The samples contained the polyunsaturated acyl species 36:6 (2.87%), followed in
decreasing order of abundance by 34:2 (2.38%), 34:3 (2.08%) and 36:4 (1.85%). The main
molecular species of MGDG were 36:6 (1.0%) and 36:4 (1.0%), followed by 36:5 (0.85%).

Lipid phosphorylation by kinases
To determine which phospholipids were phosphorylated in the first two developmental
stages of tuber formation, enrichment with [32P]γ-ATP and detection through two-
dimensional separation of phospholipids was used. The phospholipid analysis revealed the
presence of PIP2, PIP, DGPP, LPA and PA (Fig. 5). The quantification of each TLC spot
revealed that the primary lipid phosphorylated in the first stage of development, expressed in
units of pmol/min/mg protein, was DGPP (12.08), followed by LPA (2.94), PIP (2.19), PIP2
(1.21) and PA (1.19). During the second stage of tuberization, the amounts of all the
phospholipids decreased: DGPP to 6.71, LPA to 1.60, PIP to 1.71, PIP2 to 0.78 and PA to
0.65. Although this trend was observed for all phospholipids, the changes in PA, DGPP and
LPA levels were most significant; they decreased to approximately half the initial values.
The kinase assay was used to determine the PA content that accumulated as a result of the
action of DGK. The results of the kinase assay indicated that part of the total PA found in
the stolon was present due to the activity of DGK, which phosphorylated DAG, leading to
the product PA. Similarly, the DGPP detected was the result of the phosphorylation of PA
by a phosphatidic acid kinase (PAK), LPA could be produced by activation of PA-PLA, and
PIP and PIP2 were the products of PtdIns 4- kinase and PtdsIns4P 5-kinase, respectively.

DISCUSSION
The present study has determined the lipid profiling of potato stolons using ESI-MS/MS,
determined a possible correlation between fatty acid composition and the involvement of
specific lipid metabolism enzymes, and demonstrated the involvement of lipid kinases
revealed by the presence of the phosphorylated lipids PIP2, PIP, DGPP, LPA and PA.

Phospholipids are formed through the activation of phospholipases and lipid kinases.
Among plant phospholipids, PA is an essential lipid precursor for phospholipids and
galactolipids and has an established role as a lipid second messenger. In roots, PA is
involved in the early signal transduction of Pi deficiency (24) and has also been shown to
function in stimulation of root elongation and lateral root formation (25). However, the
complete role of PA in plant development is still emerging (26).

Phospholipase A1 (PLA1), phospholipase A2 (PLA2), PLD and PLC have been identified as
lipid hydrolyzing enzymes (27). In a previous report, PLD and PLC were found to be
activated in potato stolons at an early stage of tuber formation, and a high PA level was
observed in stolons. Exogenous PA caused an increase in the stolon cell area of central
mother cells and rib meristem cells (4). Thus, according to this previous research, PA is an
important signal that mediates the role of jasmonic acid (JA) in the initiation of tuber
formation through changes in the lipid species.

Our study, through the employment of a novel and sensitive method (ESI-MS/MS),
corroborates that PA constitutes a major percentage of total lipids. The PA levels in this
study are similar to those found by Cenzano et al. (4) in potato stolons using a traditional
lipid analytical method as well as the levels observed in pea root plastids (16) and sunflower
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seeds (28). Furthermore, we found similar percentages of PI, PS, DGDG and MGDG to
those reported in potato tubers by Galliard (13).

PA is the product of DAG phosphorylation catalyzed by DAK (29). PA can be metabolized
during signal transduction through the production of diacylglycerol pyrophosphate (DGPP)
by phosphatidic acid kinase (PAK) (7). PA can also be transformed to LPA by PLA (30) to
decrease signaling. We observed that potato stolons also have the ability to undergo
phosphorylation of phospholipids through the action of lipid kinases. In the first stage of
tuber formation, we found DGPP at high levels, indicating that PA was metabolized to
DGPP by PAK.

The high level of PA found, which is produced by PLD, PI-hydrolyzing phospholipase C
(PI-PLC) and DGK activities, is necessary for cell expansion at the initiation of tuber
formation (4). Once initiation of tuber formation is complete, the signal is attenuated.
Phosphatidylinositol (PI) is another phospholipid involved in signal transduction. The plant
phosphoinositide system is involved in the regulation of key physiological processes that are
important for plant function and development, such as polar growth of pollen tubes and root
hairs or guard cell function (31). The high level of PI found in this study reveals that this
phospholipid, together with PA, is involved in the signal transduction that occurs during
tuber formation. Moreover, this work demonstrates that phosphoinositides also have an
important role during tuber formation as substrates of the phosphorylation cascade in which
PIK is the first active kinase.

A nonspecific lipolytic acylhydrolase (LAH) present in tubers of solanaceous plants is a
patatin that has combined PLA1 and PLA2 activity. A patatin protein with PLA2 activity has
been proposed to be involved in the biosynthesis of JA by providing linolenic acid substrate
(32). Although high levels of LAH activities were found in tubers of Solanum tuberosum L.
(33), we found a low level of lysophospholipids and free fatty acids in potato stolons. It has
been suggested that over-expressors of patatin-like genes do not display acute phenotypes
that would be expected from massive membrane degradation (34). Therefore, patatin-like
enzymes are likely to have a post-translational activation mechanism and this type of
regulation is likely to occur for enzymes involved in cell signaling processes (35). However,
we found high amounts of LPA during the kinase assay in first stage stolons, suggesting that
this lysophospholipid could have been produced as a result of the action of a PLA over PA.

Galactolipids are important food constituents in both animals and humans and are expected
to be an important source of essential fatty acids (36). Galactolipids are also present in non-
photosynthetic tissues such as potato tubers, apples, and seed grains; in potato tubers, 14.2%
of the lipids are DGDG and 5.7% are MGDG (13). In agreement with Galliard et al. (13), we
found that the amount of phospholipids in stolons consistently exceeds the amount of
galactolipids. Galactolipids predominate in the amyloplast, and an increase of these lipids in
the membrane of this plastid could help maintain fluidity and permeability in an attempt to
avoid starch breakdown (37). However, a role for these compounds during tuber formation
has not been elucidated.

Non-green plastids generally have low levels of 16:3 fatty acids in their galactolipids, and
even galactolipids isolated from Arabidopsis roots (normally a 16:3 plant) did not contain
16:3 fatty acids (38). Consistent with this information, we were not able to detect 16:3 free
fatty acids in potato stolons.

In potato tubers, the phospholipids PC and PE of the 18:2/18:2 species are predominant (39).
However, in potato stolons we found 34:2 PA (18:2/16:0) to be the most abundant species,
followed by 36:4 PA (18:2/18:2).
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Taking into account the proportions of similar PA species found among the lipids analyzed,
it was possible to distinguish the PA produced by PLD or DGK coupled to the activation of
PI-PLC. In the potato plant, three PI-PLC isoforms were present in various tissues (10). Our
data suggest that 34:2 PA was formed primarily by phosphorylation of DAG through DGK
prior to the activation of PI-PLC, as revealed by the high level of PI and the presence of the
phosphoinositide substrates. However, the production of PA through PLD activity was
minimally important, as revealed by the lower levels of the membrane phospholipids PC and
PE, which are substrates of PLD. In addition, 34:2 PA formation from galactolipids
(hydrolysis of MGDG and phosphorylation of DAG) was not observed. Thus, evaluation of
the PA molecular species formed at the initiation of tuber formation provides further
information about the PA formation pathway.

Galactolipids are characterized by a very high content of polyunsaturated fatty acids, mostly
18:3 (linolenic acid) and, to a lesser extent, 16:3 (hexadecatrienoic acid) (40). The high
proportion of 18:3/18:3 in the 36:6-DGDG and 36:6-MGDG species found in our study
suggests that hydrolysis could release the 18:3 substrate for the biosynthesis of JA, a
promoter of tuberization (41–43), as previously suggested (44).

Another area of concern is that plastids from 18:3 plants are thought to have insufficient PA
phosphatase activity to generate the required levels of endogenous DAG to support de novo
galactolipid biosynthesis (40). However, the promotion of de novo fatty acid synthesis and
glycerolipid assembly in pea root plastids provides sufficient amounts of PA precursor to
support the synthesis of MGDG at these levels (16). In contrast to the results of McCune et
al. (16), we observed a different fatty acid composition between phospholipids and
galactolipids, which led us to conclude that galactolipids do not contribute to PA production
through DAG and the subsequent phosphorylation by DGK, as was observed during freezing
(45). Therefore, there must be an independent origin of MGDG and DGDG from PA. In this
way, galactolipids could be synthesized through the eukaryotic lipid pathway by MGDG and
DGDG synthases.

In summary, this study demonstrates a lipid profile specifically associated with the initiation
of tuber formation, establishes a correlation between lipid fatty acid composition and lipid
metabolism enzymes and is the first report of phosphatidic acid kinase (PAK) involvement
in early events of potato tuber formation. ESI/MS-MS is a useful method for the
determination of the biosynthesis and catabolism of lipids based on their fatty acid
composition. For this reason, application of this technique to a developmental process such
as tuberization may be helpful for understanding how different pathways for phospholipid
metabolism are involved in the stolon-to-tuber potato transition. Further studies are required
for a deeper understanding of the changes in lipid metabolism and its respective roles during
the tuberization process (from stolon formation to tuber development) and the importance of
potato tuber quality for human consumption.
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ESI-MS/MS electrospray ionization tandem mass spectrometry

DAG diacylglycerol

DGDG digalactosyldiacylglycerol

DGK diacylglycerol kinase

DGPP diacylglycerol pyrophosphate

GA1 Gibberellin A1

JA jasmonic acid

LPC lysophosphatidylcholine

LPE lysophosphatidylethanolamine

LPG lysophosphatidylglycerol

MGDG monogalactosyldiacylglycerol

PA phosphatidic acid

PAK phosphatidic acid kinase

PC phosphatidylcholine

PE phosphatidylethanolamine

PG phosphatidylglycerol

PI phosphatidylinositol

PIP2 phosphatidylinositol-4,5-bisphosphate

PS phosphatidylserine
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Figure 1.
Total lipid content of potato stolons at the initiation of tuber formation. The analysis was
performed by ESI-MS/MS on three independent extracts. The results are expressed as nmol
mg−1 dry wt representing the mean ± s.e. The lipids quantified were phosphatidylglycerol
(PG), phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI),
phosphatidylserine (PS), phosphatidic acid, lysophosphatidylglycerol (LPG),
lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE),
digalactosyldiacylglycerol (DGDG), and monogalactosyldiacylglycerol (MGDG).

Cenzano et al. Page 12

J Agric Food Chem. Author manuscript; available in PMC 2013 February 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
ESI-MS/MS spectra corresponding to molecular ions of the phospholipid PA, the
lysophospholipid PC and the galactolipid DGDG of potato stolons relative to internal
standards. ESI-MS/MS precursor scans of mass-to-charge ratio (m/z) were: 610.4 (di14:0-
PA), 778.6 (di20:0(phytanoyl)-PA), 938.6 (16:0–18:0-DGDG), 966.6 (di18:0-DGDG),
454.3 (13:0-lysoPC) and 538.4 (19:0-lysoPC).
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Figure 3.
Phospholipid molecular species at the initiation of potato tuber formation. The analysis was
performed by ESI-MS/MS on three independent extracts. The results are expressed as nmol
mg−1 dry wt representing the mean ± s.e. Note the differences in the scales of PI and PA
relative to the other phospholipids.

Cenzano et al. Page 14

J Agric Food Chem. Author manuscript; available in PMC 2013 February 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Galactolipid molecular species at the initiation of potato tuber formation. The analysis was
performed by ESI-MS/MS on three independent extracts. The results are expressed as nmol
mg−1 dry wt representing the mean ± s.e.
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Figure 5.
Two-dimensional separation of phosphorylated lipids from the first (a) and second (b) stage
of potato tuberization. Total membrane fractions were incubated at 30 °C for 2 min in the
presence of [32P]γ-ATP. The phosphorylated lipids were extracted and separated by two-
dimensional TLC, using the solvent systems: 1. chloroform/methanol/acetone/acetic acid/
H2O (40:14:15:12:7, v/v) and 2. pyridine/chloroform/formic acid (15:17.5:3.5, v/v). The
identification of each lipid was carried out by comparison of their retention factor with those
of commercial standards.
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