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10  Abstract: In this paper, we report a method for the separation of hydroxy fatty acid and non-hydroxy 
11 fatty acid containing neutral lipid classes via normal phase HPLC with UV detection on a PVA-Sil 
12 column. The hexane/isopropanol/methanol/water based method separates all the neutral lipids in 21 min, 
13 and subsequently flushes through the polar lipids by 27 min such that prefractionation of neutral and polar 
14 lipids are not required, and the column is re-equilibrated for the next run in 15 min, for a total run time of 
15 45 min per sample. The separation was demonstrated at both 1.0 ml/min and 1.5 ml/min for added 
16 applicability for fraction collection or inline analysis. Separation of various hydroxy fatty acid containing 
17 lipids was demonstrated from three different plant species Ricinus communis, Physaria fendleri, and 
18 engineered Arabidopsis thaliana. Additionally, we have combined this method with an inline liquid 
19 scintillation counter for the separation and quantification of 14C labeled lipids obtained from in vivo 
20 metabolic flux experiments conducted in the developing seeds of Arabidopsis thaliana.

21 Keywords: Hydroxy neutral lipids; PVA-Sil; Normal phase HPLC; Lipid class separation; Metabolic 
22 flux analysis; Radio-HPLC; triacylglycerol; diacylglycerol; monoacylglycerol.

23 Abbreviations: Triacylglycerol (TAG), Diacylglycerol (DAG), Monoacylglycerol (MAG), Hydroxy 
24 Fatty Acid Triacylglycerol (HFA TAG), Hydroxy Fatty Acid Diacylglycerol (HFA DAG), Hydroxy Fatty 
25 Acid Monoacylglycerol (HFA MAG) Free Fatty Acid (FFA), Hydroxy Free Fatty Acid (HFFA), 
26 Phosphatidylcholine (PC), disintegrations per minute (DPM), counts per minute (CPM).

27 1. Introduction: Lipids are some of the most energy dense compounds produced in nature. 
28 Triacylglycerols (TAGs) that are the major component of plant seeds oils are used as food, bio-fuels, 
29 and industrial chemicals. The various uses of plant oils are related to the fatty acid composition of 
30 TAG. Most plants produce five common fatty acid structures (16-18 carbons long and 0-3 double 
31 bonds), leading to many potential molecular species of TAG in the oil. For example, in the model plant 
32 Arabidopsis thaliana 93 molecular species of TAGs have been identified [1]. Greater than 450 different 
33 fatty acid structures have been characterized in nature, indicating 10s of millions of possible molecular 
34 species of TAG could be produced [2, 3]. However, most plants that naturally produce these unusual 
35 fatty acids only produce a few unique structures, and typically produce very small amounts or have 
36 poor agronomic features that limits their use as crops. Therefore, it has been a goal of plant scientists to 
37 produce novel crops with valuable TAG compositions through genetic engineering. Much progress 
38 toward that goal has been made over the last 20 years, and has been extensively reviewed [4-12]. 
39
40 As plants are engineered to produce different fatty acid compositions, improved analytical methods are 
41 needed to identify, quantify, and decipher the metabolism of the novel lipids. In particular, we are 
42 interested in developing radio-isotopic labeling approaches that trace the precursor-product 
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43 relationships of fatty acid flux through lipid metabolism [13, 14]. This type of analysis requires 
44 complete separation of each lipid class for quantification radiolabel incorporation into each step of the 
45 pathway. Thin Layer Chromatography (TLC) and HPLC are commonly used separation techniques in 
46 lipid analysis. Reverse phase HPLC of lipids leads to the separation molecular species within a lipid 
47 class which can overlap with other lipid classes [15]. To achieve lipid class separation with the 
48 molecular species of each class grouped together, normal phase HPLC or TLC is preferred. However, 
49 normal phase separation of neutral lipid classes is sensitive to the polarity of fatty acids within each 
50 molecular species. 
51
52 The common fatty acids found in found in all plants (16-18 carbon, 0-3 double bonds) do not affect the 
53 normal phase migration of molecular species within lipid classes. However, many plants produce 
54 valuable unusual fatty acids that accumulate in seed oils that have additional polar functional groups 
55 such as hydroxyls or epoxides that can effect normal phase molecular species migration [2]. For 
56 example, ricinoleic acid ((9Z,12R)-12-Hydroxyoctadec-9-enoic acid), a hydroxylated fatty acid (HFA) 
57 accumulates in seed oil of various species such as castor (Ricinus communis) [16]. Transgenic 
58 production of HFA in different plants been used as a model to understand the engineering of various 
59 unusual fatty acids into crop species [11, 17]. In plants producing HFA, neutral lipid classes will 
60 separate into sub-groups of molecular species based on the number of HFA in each molecule. For 
61 example, four groupings of TAG, three diacylglycerol groups, and two groups of monoacylglycerols 
62 and free fatty acids. Currently, separation of HFA-containing neutral lipid classes by common reverse 
63 phase methods used in lipidomics [18, 19], or normal phase HPLC or TLC systems leads to overlapping 
64 sub-groups from different lipid classes [20, 21].
65
66 Our goal was to develop a normal phase HPLC method that would separate all the HFA-containing 
67 neutral lipid classes and sub-groups in a single run for analysis by a continuous flow LSC detector, and 
68 to wash through polar lipid classes, such that prior fractionation of neutral and polar lipids is not 
69 needed. To limit the use of expensive radioactive standards during method development, we utilized a 
70 UV detector with unlabeled standards to determine analyte retention times for identification. The choice 
71 of a UV compatible solvent system was to develop a general method that could be used in a wide range 
72 of laboratories as UV systems are inexpensive and almost ubiquitous with most laboratory HPLC 
73 systems. There are several existing reports of the use of continuous flow detection in combination with 
74 HPLC. However, the HPLC methods involve separation of molecular species via non-aqueous reverse 
75 phase HPLC, and lead to some overlapping lipid classes [21, 25-28]. To the best of our knowledge there 
76 are no published reports on the complete separation of hydroxy and non-hydroxy neutral lipid classes 
77 by normal phase HPLC with UV detection on a PVA-Sil column, and its application in the continuous 
78 flow LSC. Because most lipids do not contain a chromophore UV detection of lipids is solely 
79 dependent on the presence of isolated double bonds in the lipid molecule at 200-210 nm [29]. As a 
80 result, HPLC analysis with UV detection requires the use of a small subset of solvents which have low 
81 absorbance at 210 nm. Organic solvents such as acetone, chloroform, toluene and ethyl acetate that are 
82 widely used in the separation of lipids with detection by mass spectrometry (MS) or evaporative light 
83 scatter detection (ELSD) have high absorbance at this wavelength [24, 29], and cannot be used with UV 
84 detection. Recent reports of normal phase HPLC methods to separate some lipid classes have used 
85 various stationary phases such as PVA-Sil [30-32], or monolithic silica [33]. These methods involve 
86 either MS and or ELSD as detectors and the solvents are not suitable for UV detection. There are a few 
87 reports for the normal phase lipid HPLC analysis using silica columns with UV detection at lower 
88 wavelengths [34-37]. Although the normal phase methods reported previously provide decent 
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89 separations of several lipid classes, they do not provide any information on the lipid classes of our 
90 interest involving hydroxylated fatty acid containing TAGs, DAGs, and MAGs. 
91
92 Here we disclose a normal phase HPLC-UV method for class separation of ten lipid classes/sub-groups 
93 including hydroxy and non-hydroxylated neutral lipids and the polar lipid phosphatidylcholine, and 
94 extended its application to radio-isotopic metabolic labeling studies in transgenic plants. Additionally, 
95 we apply the method to lipids from three different plant species, and demonstrate two method variations 
96 that are beneficial for increasing separation between select lipids for assorted detection or fractionation 
97 applications.
98
99 2.  Materials and Methods:

100 2.1 Lipid standards and solvents:  1-2-dioleoyl-sn-glycerol (18:1 DAG) was purchased from Sigma 
101 (USA) and 95% Soy PC standards were purchased from Avanti Polar Lipids (Alabaster, Al). The 
102 neutral lipid mix standard purchased from Sigma (USA) includes the Triacylglycerol (TAG), 
103 Diacylglycerol (DAG) and Monoacylglycerol (MAG) all composed of oleic acid ((9Z)-Octadec-9-enoic 
104 acid). Hydroxy neutral lipid standards, 3-HFA TAG, 2-HFA TAG and 1-HFA TAG, were prepared 
105 from castor oil by TLC [20]. HFA standards, 2-HFA DAG, 1-HFA DAG and 1-HFA MAG, were 
106 prepared from the lipase digestion of the 3-HFA TAG and 2-HFA TAG standards isolated from castor 
107 oil [20]. All solvents were submicron filtered HPLC or Optima grade purchased from Fisher Chemical. 
108 Glacial acetic acid for HPLC was obtained from Fisher chemical (USA)). For radiolabeling assays, [1-
109 14C]acetic acid (Sodium Salt), Specific Activity: 50.5mCi (1.868GBq)/mmol, 1mCi (37MBq) was 
110 purchased from PerkinElmer (USA). Liquid scintillation fluid used for on-line radio detection in HPLC, 
111 FlowLogic U, was purchased from LabLogic (USA).

112 2.2 Preparation of 14C labelled lipids:  Continuous [14C]acetate metabolic labelling for 24 hrs within 
113 developing seeds tissue of Arabidopsis thaliana as in [20]. Metabolism was stopped by quenching in 2-
114 Propanol at 85 °C for 10 min. Total lipids were extracted as in [20] The final lipid extract was stored in 
115 toluene with 0.05% 3,5-Di-tert-4-butylhydroxytoluene (BHT) prior to HPLC analysis.

116 3. Instrumentation: 
117 HPLC instrumentation setup comprises of Thermo Fisher Ultimate 3000 instrument equipped with: 1. 
118 Quaternary pump system (Dionex Ultimate Pump - LPG3400SD), 2. Temperature controlled auto 
119 sampler - Dionex WPS-3000TSL (Analytical), 3. Temperature controlled column compartment TCC-
120 3000SD, 4. Variable Wavelength Detector- Dionex VWD-3100, 5. Fraction Collector -Dionex AFC-
121 3000. Columns used for HPLC analysis are YMC-Pack PVA-Sil (250 X 4.6 mm, 5 μm particle size) 
122 and Thermo Betasil Diol-100 (250 X 4.6 mm, 5 μm particle size). Each column is equipped with a 
123 guard column (10 X 4.0 mm) containing the same stationary phase and similar particle size as that of 
124 the column. The operating data system for the HPLC instrument is Chromeleon 7.2 SR4. Radio HPLC 
125 detector used for the analysis of 14C samples is LabLogic β-RAM model 5, with an electronically 
126 controlled front end splitter which diverts flow to the fraction collector. The β-RAM counting flow cell 
127 equipped to the setup is 500 µL Liquid Cell, and the acquisition software for the Radio-HPLC analysis 
128 is Laura 4.2.11.129.
129
130 4. Results and Discussion: 
131 HPLC method optimization was performed using UV detection at 210 nm where isolated double bonds 
132 in the lipids are detected. The analysis was performed on various mixtures of the lipid classes and the 
133 individual lipid standards that were either purchased or prepared chemically/enzymatically from the 
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134 respective standards. The hydroxy fatty acid (HFA) containing lipid standards were isolated by TLC 
135 from castor oil of which is composed of 3-HFA TAG, 2-HFA TAG and 1–HFA TAG where the 
136 hydroxy fatty acid is ricinoleic acid ((9Z,12R)-12-Hydroxyoctadec-9-enoic acid). Each component of 
137 the castor oil was identified and the assignments were made based on the retention times of individual 
138 standards that were prepared by TLC of castor oil. For the normal phase HPLC method development, 
139 we initially experimented with two columns Betasil Diol-100 and YMC-Pack PVA-Sil, and started with 
140 general UV compatible solvent systems found in the literature [39]. After examining both stationary 
141 phases, we have determined YMC-Pack PVA-Sil provides excellent separation of neutral lipid classes 
142 containing hydroxy fatty acids (Fig. 1).
143

144 4.1. Stationary phase and solvent screening: Our initial method development was performed using 
145 Betasil Diol-100 column utilizing a hexane-isopropanol system. Although Betasil diol-100 provided 
146 decent separations for lipid classes with non-hydroxy fatty acids no significant separation between 
147 DAG and 2-HFA TAG was observed.  We tried various modifiers within the running solvent with the 
148 Betasil Diol-100 to improve separation between DAG and 2-HFA TAG. For example, we included 
149 methanol up to 5% of the mobile phase, or methanol containing acetone (up to 5%), or acetonitrile (up 
150 to 5%) but they did not improve separation to our liking. Therefore, we turned our focus towards the 
151 YMC-Pack PVA-Sil column. PVA-Sil is a silica based stationary phase with poly vinyl alcohol groups 
152 chemically bonded to it. This column has been used for the separation of various polar and neutral lipid 
153 classes using ELSD and MS detectors [32, 40-42], but to the best of our knowledge has not been 
154 demonstrated with a UV compatible lipid separation method. Although PVA-Sil phase is said to have 
155 similar separation properties as that of silica and diol [41], we demonstrate much better separations with 
156 PVA-Sil over diol stationary phases for the hydroxy neutral lipid classes under the same separation 
157 parameters (Table 1). Figure 1 illustrates the separation properties of Betasil Diol-100 (Fig. 1A) and 
158 PVA-Sil column (Fig. 1B) in the analysis of a mixture of castor oil and 18:1 DAG. PVA-Sil column 
159 seems to retain the analytes for longer periods compared to that of Betasil Diol-100. The separation 
160 between 1,2-DAG (Peak 2) and 2-HFA-TAG (Peak 3) is about 2 minutes on PVA-Sil column (Fig.1B) 
161 while the two peaks overlapped on Betasil Diol-100 (Fig. 1A).

162

163 4.2. Optimized HPLC-UV method on PVA-Sil column:

164 We have developed a twelve step linear gradient method that includes four isocratic hold points to 
165 ensure complete class separation of the hydroxy and non-hydroxy lipids, and also proper mobile phase 
166 switching between the gradients (Table 1). The solvents used in this method gave minimal background 
167 at 210 nm across gradient time course. 0.065% Acetic acid was added to solvent D, mixture of (60/40) 
168 2-propanol/water, however higher levels will lead to increased background. The mobile phase flow rate 
169 was 1.5 mL/min, the column compartment was maintained at 35 °C, and the auto sampler at 20 °C. The 
170 total run time for the optimized HPLC method is 45 minutes. This includes 15 minutes of column 
171 equilibration prior to analysis, and 30 minutes of analysis time. To ensure proper equilibration of the 
172 column, a blank run was performed in the beginning of each sequence prior to the sample analysis. 

173 4.3. HPLC-UV analysis of hydroxy and non-hydroxy neutral lipid classes:

174 Using the developed method that involves a twelve step linear gradient with isocratic hold points, 
175 operated by a quaternary gradient pump, we were able to completely separate nine neutral lipid classes 
176 based on the number of hydroxy fatty acids in each TAG, DAG or MAG lipid class. The neutral lipid 
177 classes that were separated on the PVA-Sil column include TAG, DAG (1,3 and 1,2 isomers), MAG, 1-
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178 HFA TAG, 2-HFA TAG, 3-HFA TAG, 1-HFA DAG, 2-HFA DAG, 1-HFA MAG. Besides the neutral 
179 lipid classes we were also able to elute phosphatidylcholine (PC, tR = 25.5 min) as a separate peak from 
180 other polar lipids at a later time during the run (Supplementary information Figure S1). The individual 
181 standards for the lipid classes were analyzed by HPLC to confirm the identity of the lipid classes in the 
182 mixture based on the retention times (See Supplementary information Figures S2.a and S2.b for 
183 individual standard retentions). The gradients for the method, solvents used and gradient slope are as 
184 indicated in Table 1. Standards for each lipid class, and mixture of these standards were analyzed by the 
185 current method. The injection solvent for the analysis of standards and their mixture is hexane/2-
186 propanol (60/40). For the standards and their mixtures 150-300 μg of sample was loaded on to the 
187 column in 25-40 μL of injection solvent. We have also used toluene (up to 10 μL) as injection solvent, 
188 and the retention times of most of the lipid classes remained the same. TAG appeared to elute slightly 
189 earlier with Toluene, and interestingly 1-HFA TAG appeared to elute later when toluene was used as 
190 the injection solvent. Even after a slight change in the retention times of these standards with different 
191 injection solvent, we did not observe them coeluting with other components in the mixture. The 
192 separations between the lipid classes of interest were baseline and of at least 0.5 min. However non-
193 hydroxy free fatty acids appeared to co-elute with 1,3-DAG. 1,2-DAG is the biologically relevant form, 
194 and 1,3-DAG is formed through acyl migration in vitro [43]. 2-HFA DAG and HFFA which are 
195 difficult to separate by TLC [20]  were completely separated (Figure 2). 

196 Another aspect of the current method on PVA-Sil is that 2-HFA TAG elutes after 1,3 and 1,2-DAG 
197 moieties whereas it elutes in between 1,3-DAG and 1,2-DAG on the TLC system that has been reported 
198 which complicates analysis when significant 1,3-DAG is formed in vitro [20]. 2-HFA TAG elutes as 
199 multiple combined peaks on the PVA-Sil column suggesting a possible partial molecular species 
200 separation within the lipid class (Figure 2), and may be related to molecular species where the hydroxy 
201 fatty acids are on the 1,2 vs 1,3 positions of the TAG backbone. The retention times for each of these 
202 lipid classes from UV chromatogram are listed below in Table 2. 

203 The method gradient in the current method is created in such a way that after the elution of all neutral 
204 lipid classes, the mobile phase is adjusted to 10% water, 40% methanol and 50% 2-propanol to flush 
205 any polar lipids which will remain and clog the column, and eliminates the need for a prefractionation 
206 of lipid extracts into neutral and polar lipid fractions prior to HPLC. During the process of polar lipid 
207 flush PC eluted as a pure component, and this was confirmed by TLC analysis of a collected fraction 
208 (Supplementary information, Figure S3).

209 4.4. Method application-Radio HPLC analysis: The developed method for the separation of neutral 
210 lipid classes has been applied to the analysis of radioactive lipid extracts from [14C]acetate metabolic 
211 labeling experiments conducted in developing seeds of Arabidopsis thaliana. Two different plant lines 
212 of A. thaliana were used in the experiments. The first line is the wild-type (WT) Columbia-0 ecotype 
213 which does not contain HFA, and the second line (RcPDAT1a) is a previously genetically engineered to 
214 accumulate HFA-containing neutral lipids [44]. Continuous metabolic labeling with [14C]acetate was 
215 carried out according to [20]. For WT, developing seeds were incubated in [14C]acetate media and 
216 collected after 30 minutes. For the RcPDAT1a line, the seeds were continuously labeled for 21 hrs. 

217 4.4.1. Method for radio detection: To analyze both WT and RcPDAT1a extracts containing 14C labelled 
218 lipids, a common method was created for the detection with β-ram detector. We have used 1:2 eluant to 
219 scintillant flow rate ratio for the continuous flow detection. The residence time in the counting cell for 
220 this flow rate is 6.7 seconds. When the flow rate ratio was adjusted to 1:1 for eluant: scintillant, the 
221 residence time went up to 10 seconds, and this resulted in radioactive peak overlap during the analysis. 
222 The details of the method parameters for each sample in Radio-HPLC analysis are illustrated in Table 
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223 3. The 14C activity for each sample was measured on a static liquid scintillation counter prior to 
224 analysis, and known amount of total sample radioactivity was loaded for the HPLC analysis. 

225 4.4.2. Analysis of 14C labelled wild-type Arabidopsis thaliana seeds: 

226 Figure 3 shows the 14C and UV traces for the 30 min [14C]acetate labeled seeds. The differences in each 
227 trace reflect the differences in specific activity (DPM/mass) for each lipid class. TAG has high mass 
228 (>90% of total lipid mass in the extract) and can be detected by the UV, but it has a low specific activity 
229 as compared to the other lipids where the radioactivity can be detected but the low mass cannot. The 
230 differences in specific activity at 30 min of labeling reflect both endogenous lipid pool size and the 
231 pathway structure where TAG is an endpoint that is labeled slowly. Identification of each radioactive 
232 peak was based on the retention times of the non-labeled standards from the UV chromatogram.

233 We have also performed time based fraction collection of the individual peaks followed by TLC - 
234 phosphor imaging analysis to confirm the identities and purities of the individual peaks. (See 
235 Supplementary information; Figure S 3 for TLC and Table S 1 for fraction collection method). The 
236 peaks observed on the radio chromatogram correspond to TAG (Peak 1), DAG (Peak 2), and PC (Peak 
237 4). The retentions of the peaks from Radio-HPLC analysis and HPLC-UV analysis are compared in the 
238 Table 4.

239 4.4.3. Analysis of 14C labeled Arabidopsis thaliana RcPDAT1a seeds: For injection purpose, sample 
240 was dissolved in toluene. When sample was dissolved in hexane/2-propanol (60/40), and injected 1-
241 HFA TAG eluted as a broad peak from 8-10 minutes. Although there was no co-elution of the 1-HFA 
242 TAG with other components during the run, we have decided to use the solvent that provided better 
243 peak shape. When the analysis was performed on the sample, without a blank run, there was a peak 
244 overlap between 1-HFA TAG and free fatty acids. The 21 hrs RcPDAT1a labeled seeds crude extract in 
245 10 μL of injection solvent (Toluene) was analyzed by the developed Radio-HPLC method (Figure 4). 

246 Each one of the components on the radio chromatogram were identified by the comparison of retention 
247 times to the standards on HPLC-UV analysis. Also, time based fraction collection was performed 
248 followed by TLC-phosphor imaging analysis of the individual components. TLC data confirmed the 
249 identities and purities of the individual components (See Supplementary information; Figure S4 for 
250 TLC and Table S2 for fraction collection method). The retention times of the components from the 
251 Radio-HPLC of 14C crude extract and the standards in HPLC-UV analysis are compared in Table 5. 

252 4.5 Variations of the General Method, Reproducibility, and Various Applications

253 While we have extensively used the general method to analyze lipid extracts obtained from A. thaliana 
254 seeds, slight modifications to this method were made as per our research needs. One of these modified 
255 methods involve the separation of hydroxylated and non-hydroxylated lipid classes at a lower mobile 
256 phase flow rate of 1 mL/min (Supplementary information; Table S3). This method however provided a 
257 minimum baseline separation between DAG & 2-HFA TAG (Supplementary information; Figure S5), 
258 and is not suitable for application to inline radio detection with a 500 µL counting cell, but it would be 
259 valuable for use with other detectors such as MS or ELSD, and could be used for purification of lipid 
260 classes with fraction collection. PVA-Sil stationary phase demonstrated excellent reproducibility with a 
261 very slight change (<0.15 min) in TAG peak retention after 72 runs in the analysis of crude silique 
262 extract of non-hydroxy fatty acid producing A. thaliana (Supplementary Information; Figure S6). Due 
263 to the less complex nature of non-hydroxy fatty acid producing A. thaliana, in these runs, we were able 
264 to shorten the analysis time to 18 minutes (Supplementary Information; Tables S4 and S5). We have 
265 also applied slightly modified and extended method (39 minutes analysis time) to separate the 14C 
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266 labeled HFA containing lipid classes from the natural HFA-accumulating species Physaria fendleri 
267 (Supplementary Information Figure S7). In this method, the initial separation conditions for HFA 
268 containing neutral lipids were similar to that of the original method but the polar lipid flush was 
269 extended (Supplementary Information Tables S6 and S7).
270

271 Conclusion:

272 The unusual hydroxylated fatty acid, ricinoleic acid, has been found in lipids from at least 85 plant 
273 species [45], and engineering of various valuable unusual fatty acids into high yielding crops has been a 
274 key goal of plant lipid biotechnology [4-12]. To enhance analysis of HFA-containing lipids we have 
275 developed a PVA-Sil based UV compatible, normal phase HPLC method for the separation of nine 
276 different neutral lipid classes that include both hydroxy and non-hydroxy lipids, and a polar lipid class 
277 phosphatidylcholine (PC) that is suitable for detection, fraction collection, or in-line liquid scintillation 
278 counting as part of in vivo metabolic labeling experiments. We have demonstrated the functionality of 
279 the general method and slight variations, with lipid separations from three HFA accumulation species, 
280 Ricinus communis, Physaria fendleri, and engineered Arabidopsis thaliana. This method will be 
281 valuable to characterize plant lipids, and to understand changes in plant metabolism due to unusual fatty 
282 acid engineering.

283

284 Supplementary Information: Supplementary Information for this manuscript is available at
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404 Tables

405

406 Table 1: Gradient for HPLC separation of hydroxy and non-hydroxy neutral lipids 

Time
(min)

Flow
(mL/min) %A %B %C %D

Gradient 
Curve

0.00 1.50 0.5 99.5 0.0 0.0 5
1.00 1.50 1.0 99.0 0.0 0.0 5
4.00 1.50 1.0 99.0 0.0 0.0 5
8.00 1.50 2.5 97.0 0.5 0.0 5
10.00 1.50 2.5 97.0 0.5 0.0 5
12.00 1.50 5.0 94.0 1.0 0.0 5
16.00 1.50 7.0 92.0 1.0 0.0 5
21.00 1.50 99.0 0.0 1.0 0.0 5
22.00 1.50 50.0 0.0 25.0 25.0 5
25.00 1.50 50.0 0.0 25.0 25.0 5
26.00 1.50 100 0.0 0.0 0.0 5
29.00 1.50 100 0.0 0.0 0.0 5
30.00 1.50 0.5 99.5 0.0 0.0 5

λmax = 210 nm; 
Equilibration time: 15 min; prior to the start of the run
Equilibration mobile phase flow: 1.5 mL/min; 
Equilibration solvent: 0.5% A and 99.5%B
Solvent A = 2-Propanol; Solvent B = Hexanes; Solvent C = 
Methanol; 

Solvent D = 2-Propanol/Water/Acetic acid (60/40/0.065)
Column compartment: 35 °C; Sampler Temperature: 20 
°C

407

408

409

410 Table 2: Retention times of individual neutral lipid classes and PC on PVA-Sil column

Lipid Class tR of standard on UV 
chromatogram (min)

Peak 1 TAG 3.43
Peak 2 1-HFA TAG 9.90
Peak 3 FFA 11.00
Peak 3 1,3-DAG 11.00
Peak 4 1,2-DAG 12.60
Peak 5 2-HFA TAG 14.64
Peak 6 HFFA 15.57
Peak 7 1-HFA DAG 16.08
Peak 8 3-HFA TAG 16.82 
Peak 9 MAG 18.29
Peak 10 2-HFA DAG 19.52
Peak 11 1-HFA MAG 20.29
Peak 9* PC 25.50
*For PC standard’s chromatogram refer to 
Supplementary Information Figure S1
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412

413

414 Table 3: Radio detection method parameters for the analysis of Arabidopsis seed extracts

At Wild Type At RcPDAT1a
Eluant  Flow (mL/min) 1.500 1.500
Scintillant Flow (mL/min) 3.000 3.000
Residence time (Seconds) 6.7 6.7
Injection Solvent 2-PrOH/Hexanes (40/60) Toluene
Injection volume (μL) 25 10
14C Activity loaded (DPM) 6612 10730

415

416

417

418 Table 4: Identities of 14C labeled lipid classes in Arabidopsis thaliana wild type seed extract

Identity 14C Count 
(CPM)

tR on radio 
chromatogram (min)

tR of standard on UV 
chromatogram (min)

Peak 1 TAG 2196 3.83 3.43
Peak 2 DAG 1683 12.13 12.60
Peak 3 Unidentified 

Polar Lipids
378 24.87 n/a

Peak 4 PC 1764 25.83 26.00
419

420

421

422 Table 5: Identities of 14C labeled lipid classes in Arabidopsis thaliana RcPDAT1a seed extract

Identity 14C Count 
(CPM)

tR on radio 
chromatogram (min)

tR of standard on UV 
chromatogram (min)

Peak 1 TAG 2502 4.08 3.43
Peak 2 1-HFA TAG 1080 10.10 9.90
Peak 3 FFA 1872 11.25 11.00
Peak 4 1,2-DAG 1116 12.83 12.60
Peak 5 2-HFA TAG 468 14.72 14.64
Peak 6 MAG 333 18.50 18.30
Peak 7 1-HFA MAG 459 19.67 20.30
Peak 9 PC 2007 25.15 26.00

423

424

425

426

561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616



12

427 Figure Captions

428 Figure 1: HPLC-UV traces of mixture of castor oil and 18:1 DAG on Betasil Diol-100 (A) and PVA-Sil 
429 column (B). Identified peaks in Figure 1 are: 1 – 1, 3-DAG + FFA; 2 – 1, 2-DAG; 3 – 2-HFA TAG; 4 – 
430 3-HFA TAG.

431

432 Figure 2: UV trace of the mixture of hydroxy and non-hydroxy neutral lipid class standards. Identified 
433 peaks in Figure 2 are: 1 – TAG; 2 – 1-HFA TAG; 3 – FFA + 1, 3-DAG; 4 – 1, 2-DAG; 5 – 2-HFA TAG; 
434 6 – HFFA; 7 – 1-HFA DAG; 8 – 3-HFA TAG; 9 – MAG; 10 – 2-HFA DAG; 11 – 1-HFA MAG.

435  

436 Figure 3: UV (Trace A) and Radio (Trace B) chromatograms of 14C labelled Arabidopsis thaliana wild 
437 type seed extract showing the sensitivity of radio detection. Trace B y-axis is in units of counts per minute 
438 (CPM). Identified peaks in Figure 3 are: 1 – TAG; 2 – DAG; 3 – Unidentified; 4 – PC. 

439

440 Figure 4: UV (Trace A) and Radio (Trace B) chromatograms of 14C labeled HFA producing Arabidopsis 
441 thaliana  RcPDAT1a seed extract showing the sensitivity of radio detection. Trace B y-axis is in units of 
442 counts per minute (CPM). Identified peaks in Figure 4 are: 1 – TAG; 2 – 1-HFA TAG; 3 – FFA; 4 – 1, 2-
443 DAG; 5 – 2-HFA TAG;   6 – MAG; 7 – 1-HFA MAG; 8 – Unidentified; 9 – PC.
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Figure S1: HPLC-UV method : UV trace of analysis of neutral lipid standards mixture and PC. 
Identities of individual standards are in the figure insert. For the method parameters see Table 1 in 
the article. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2.a: HPLC-UV chromatogram of individual neutral lipid standards; 1-HFA MAG 
(Run1;tR=20.28min), 2-HFA DAG (Run2;tR=19.52min), 1-HFA DAG (Run 3;tR=16.06min), 
FFA (Run4;tR=11.31min), HFFA (Run5;tR=15.55min)   

Figure S2.b: HPLC-UV chromatogram of individual neutral lipid standards; 1-HFA TAG (Run 6; 
tR=10.00min), 1,3- DAG (Run 7; tR=11.55min), 1,2-DAG (Run 7; tR=12.72min),2-HFA 
TAG(Run 8; tR=14.84min), 3-HFA TAG(Run 8; tR=16.88min), TAG (Run 9; tR=3.63min) 

Run 1 

Run 2 

Run 3 

Run 4 

Run 5 

Run 6 

Run 7 

Run 8 

Run 9 



Table S1: Fraction collection parameters for 14C labeled seed extract analysis of wild type A.thaliana 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3: HPLC-TLC; Iodine stain (A) and Phosphorimaging (B) analysis of 14C lipid extract HPLC 
fractions of wild type A.thaliana (Col-0B) 

 

TLC: Dual development method. 

Development 1: Chloroform/Methanol/Acetic acid/Water (75/25/4/4, v/v/v/v), 3/4th of plate. 

Development 2: Hexanes/Diethyl ether/Acetic acid, (70/30/1, V/V/V) to top of plate. 

 

 

Fraction # Start Collection 
(Min) 

End Collection 
(Min) 

1 0.5 2.5 
2 2.9 5 
3 5.1 8 
4 11.7 13.3 
5 14 16.5 
6 20 23 
7 24.4 25.3 
8 25.35 25.5 
9 25.55 26.7 

10 27 28.5 



Table S2:  Fraction collection parameters for 14C labeled seed extract analysis of HFA producing 
A.thaliana (RcPDAT1a) 

Fraction # Start Collection 
(Min) 

End Collection 
(Min) 

1 1.5 2.9 
2 3 5 
3 5.2 9.2 
4 9.6 10.6 
5 10.75 10.95 
6 11 12.1 
7 12.3 12.4 
8 12.5 13.6 
9 13.8 14.3 

10 14.5 16.5 
11 16.65 18 
12 18.2 19 
13 19.15 19.3 
14 19.5 20.65 
15 20.75 21.75 
16 22 24 
17 24.3 25.4 
18 25.6 27.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

*TLC protocol adapted from[1] 

Figure S4 : HPLC-TLC; Iodine stain (A) and Phosphorimaging (B) analysis of 14C lipid extract HPLC 
fractions of HFA producing transgenic A.thaliana (RcPDAT1a) 



Table S3: HPLC-UV 1mL/min method; analysis of neutral lipid standards mixture on PVA-Sil column 

Time 
(min) 

Flow Rate 
(mL/min) 

%A %B Gradient 
Curve 

0.00 1.00 1.5 98.5 5 
10.00 1.00 10.0 90.0 5 
14.00 1.00 10.0 90.0 5 
17.00 1.00 100 0.0 5 
20.00 1.00 100 0.0 5 
22.00 1.00 1.5 98.5 5 
25.00 1.00 1.5 98.5 5 

λmax = 210 nm 
Solvent A: 2-Propanol;   Solvent B: Hexanes 
Column Oven Temperature: 35 °C 
Sampler Temperature: 20 °C 
Equilibration Time: 10 min; prior to start of each run 
Equilibration Solvent: 1.5%A : 98.5%B 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5: UV trace of neutral lipid standards mixture using method at 1mL/min mobile phase 
flow  on PVA-Sil column. Identified Peaks and retention times are listed in the figure insert. HPLC 
method details are in Table S3 above. 



 

 

 

 

 

 

 

 

 

 

Figure S6: HPLC-UV  traces of crude silique extract of A.thaliana containing non-
hydroxy neutral lipids. Lipid classes identified are TAG (Peak 1, Fraction2, tR=3.75min), 
and PC (Peak 4, Fraction 7, tR=13.76min) 



Table S4: Method gradient for HPLC analysis of crude silique extract of non-HFA producing A.thaliana 

Time 
(min) 

Flow Rate 
(mL/min) 

%A %B %C %D Gradient 
Curve 

0.00 1.50 0.5 99.5 0 0 5 
6.00 1.50 8.0 92.0 0 0 2 
7.00 1.50 20.0 78.0 1.0 1.0 5 
9.00 1.50 61.0 15.0 12.0 12.0 7 

11.00 1.50 50.0 0.0 25.0 25.0 5 
13.00 1.50 50.0 0.0 25.0 25.0 5 
14.00 1.50 100 0.0 0 0 5 
17.00 1.50 100 0.0 0 0 5 
18.00 1.50 0.5 99.5 0 0 2 

λmax = 210 nm 
Solvent A: 2-Propanol;   Solvent B: Hexanes;  Solvent C: Methanol; 
Solvent D: 2-Propanol/Water/Acetic Acid (60/40/0.065) 
Column Oven Temperature: 35 °C 
Sampler Temperature: 20 °C 
Equilibration Time: 12 min; prior to start of each run 
Equilibration Solvent: 0.5%A : 99.5%B 

 

 

 

Table S5: HPLC-fraction Collection parameters of crude silique extract in non-HFA producing A.thaliana 

Fraction # Start Collection 
(Min) 

End 
Collection 

(Min) 

Lipid class in the 
corresponding fraction 

1 0 3.10 - 
2 3.20 4.70 TAG 
3 4.75 4.85 - 
4 4.90 7.00 - 
5 7.10 9.00 - 
6 9.10 12.80 - 
7 13.00 14.50 PC 

 

 

 

 

 

 

 

 



Table S6: HPLC method parameters for the analysis of 14C labeled Physaria fendleri seed extract 

Time 
(min) 

Flow Rate 
(mL/min) 

%A %B %C %D Gradient 
Curve 

0.00 1.50 0.5 99.5 0.0 0.0 5 
1.00 1.50 1.0 99.0 0.0 0.0 5 
4.00 1.50 1.0 99.0 0.0 0.0 5 
8.00 1.50 2.5 97.0 0.5 0.0 5 
10.00 1.50 2.5 97.0 0.5 0.0 5 
12.00 1.50 5.0 94.0 1.0 0.0 5 
16.00 1.50 9.0 90.0 1.0 0.0 5 
24.00 1.50 66.0 20.0 7.0 7.0 7 
27.00 1.50 66.0 20.0 7.0 7.0 7 
31.00 1.50 50.0 0.0 25.0 25.0 2 
33.00 1.50 50.0 0.0 25.0 25.0 5 
34.00 1.50 100 0.0 0.0 0.0 5 
38.00 1.50 100 0.0 0.0 0.0 5 
39.00 1.50 0.5 99.5 0.0 0.0 5 
λmax = 210 nm 
Solvent A: 2-Propanol; Solvent B: Hexanes; Solvent C: Methanol; 
Solvent D: 2-Propanol/Water/Acetic Acid (60/40/0.065) 
Column Oven Temperature: 35 °C 
Sampler Temperature: 20 °C 
Equilibration Time: 15 min; prior to start of each run 
Equilibration Solvent: 0.5%A: 99.5%B 

 

Table S7: Fraction collection parameters for 14C labeled seed extracts of Physaria fendleri 

Fraction # Start Collection 
(Min) 

End Collection 
(Min) 

1 0.5 3.40 
2 3.55 4.28 
3 4.40 7.00 
4 7.17 8.12 
5 8.25 12.10 
6 12.22 13.25 
7 13.36 13.78 
8 13.92 15.05 
9 15.20 15.60 

10 15.75 16.37 
11 16.50 21.50 
12 21.70 26.30 
13 26.45 27.82 
14 27.93 30.00 
15 30.02 30.93 
16 31.05 31.45 
17 31.57 32.48 
18 32.60 36.0 
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Figure S7: HPLC-UV (A) and Radio (B) traces of 14C labeled seed extract of Physaria findleri. Lipid classes 
on radio chromatogram (Trace B) are TAG (Peak1; tR=3.7min), 1-HFA TAG(Peak2; tR=7.75min), 1,2-DAG 
(Peak3; tR=12.5min), 2-HFA TAG (Peak 4; tR=15.5min), PC (Peak5; tR=31.75min) 




