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18 Abstract

19 The mobilization of nutrient reserves into the ovaries of Aedes aegypti mosquitoes after sugar-

20 feeding plays a vital role in female’s reproductive maturation. In the present work, three-

21 dimensional secondary ion mass spectrometry imaging (3D-SIMS) was used to generate ultrahigh 

22 spatial resolution (~1 µm) chemical maps and study the composition and spatial distribution of 

23 lipids at the single ovarian follicle level (~100 µm in size). 3D-Mass Spectrometry Imaging (3D-

24 MSI) allowed the identification of cellular types in the follicle (oocyte, nurse and follicular cells) 

25 using endogenous markers, and revealed that most of the triacyglycerides (TGs) were 

26 compartmentalized in the oocyte region.  By comparing follicles from water-fed and sugar-fed 

27 females (n=2), 3D-MSI-Time of Flight-SIMS showed that TGs were more abundant in ovarian 

28 follicles of sugar-fed females; despite relative sample reproducibility per feeding condition, more 

29 biological replicates will better support the trends observed. While the current 3D-MSI-TOF-SIMS 

30 does not permit MS/MS analysis of the lipid species, complementary LC-MS/MS analysis of the 

31 ovarian follicles aided tentative lipid assignments of the SIMS data. The combination of these MS 

32 approaches is giving us a first glimpse on the distribution of functionally relevant ovarian lipid 

33 molecules at the cellular level. These new tools can be used to investigate the roles of different 

34 lipids on follicle fitness and overall mosquito reproductive output.

35
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36 Introduction

37 Mass spectrometry-based techniques are the analytical gold standard for the separation, 

38 identification, and quantification of lipids in biological samples. [1, 2] Typically, total lipid 

39 analysis by MS is based on extraction protocols from biological matrices followed by liquid 

40 chromatography coupled to tandem mass spectrometry (e.g., LC-MS/MS). [3, 4] However, 

41 depending on the biological question, the chemical mapping the lipid distribution in biological 

42 systems using mass spectrometry imaging (MSI) techniques is mandatory. For example, liquid 

43 based junctions, jets and micro-junctions (i.e., liquid extraction surface analysis, or LESA), [5, 6] 

44 desorption electrospray ionization (DESI), [7, 8] and nanospray desorption electrospray ionization 

45 (nano-DESI) [9] can provide lipid chemical maps with spatial resolution down to ~600 µm, ~50 

46 µm, [10, 11] and ~10 µm, [12] respectively, under ambient conditions and without the need of any 

47 surface treatment. Other MSI techniques using laser sources can provide a higher spatial resolution 

48 (10-50 µm or down to few µm using special arrangements [13]) at ambient or vacuum conditions, 

49 but typically require the coating of the biological surfaces with a matrix (i.e., MALDI [14-16]); 

50 the matrix choice and application method determine the selectivity of analytes and the crystal size 

51 can become the limiting factor of the spatial resolution [16, 17]. For MSI lipid analysis with high 

52 spatial resolution (<1 µm) [18-21], ion beams are typically used under vacuum conditions [22] 

53 without the need of surface treatment (i.e., secondary ion mass spectrometry, SIMS) [23]; SIMS 

54 spatial resolution and secondary ion yield varies with the projectile size (e.g., from atomic to poly-

55 atomic to cluster beams) and incident energy. [24-33] 

56 Lipid MSI has been mainly performed by 2D imaging of subsequent sample sections, with 

57 consequent loss of 3D information due to the thickness of each slide (typically tens of µm). 

58 Alternatively, with the advent of “soft” ion probes (e.g., fullerenes, [34-36] argon clusters, [37, 
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59 38] water clusters, [39] and carbon dioxide clusters [40]), MSI can interrogate biological surfaces 

60 “layer by layer” (nanometer depth resolution) with ultrahigh spatial resolution using SIMS [41]. 

61 In particular, 2D and 3D SIMS are exceptionally suited for the lipid study of small and complex 

62 biological samples such as insects at the single cell level. [42-45]

63 Lipids are extremely important for the development and reproduction of Ae. aegypti mosquitoes. 

64 The nutritional and hormonal regulation of reproduction is a critical component of mosquito 

65 female fitness, and therefore of the ability to transmit diseases. [46-48] Mosquito-borne diseases 

66 such as Zika, Dengue, Chikungunya and Malaria constitute critical threats to public health in many 

67 parts of the world. [49-52] Each of the two ovaries of the female of Ae. aegypti mosquitoes contains 

68 about 60 ovarioles with germaria attached to primary and secondary follicles. Each follicle consists 

69 of one oocyte plus 7 nurse cells that are surrounded by follicular epithelial cells. [53] There are 

70 three periods in the development of the primary ovarian follicles during a gonotrophic cycle: 

71 previtellogenesis (PVG), ovarian resting stage (ORS) and vitellogenesis (VG). Females emerge 

72 with immature primary follicles that grow into mature PVG follicles in the next 48-72 h; oocytes 

73 remain in a dynamic “state of arrest”, and will enter VG only after a blood meal. [54] Ae. aegypti 

74 females can lay over 120 eggs in a gonotrophic cycle; therefore, a tightly regulated control of 

75 nutrient allocations to the ovaries is critical for survival. [55, 56] The ovarian resting stage in Ae. 

76 aegypti is a period marked by constant adjustment of the reproductive output based on nutritional 

77 status; this adjustment occurs mostly through follicular resorption by apoptosis. [55] 

78 During their PVG maturation, mosquito oocytes increase their lipid content several-fold. [57] The 

79 main source of lipids for oocytes comes from larval accrual (teneral) reserves, as well as from 

80 sugar meals taken by the adult. [58] Female mosquitoes are subject to ‘trade-offs’ between the 

81 energetic demands of reproduction and the energy required to survive; they must consider the 
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82 effects of immediate resource allocations on future reproduction and overall fitness. [55, 56] While 

83 previous studies have described that high sugar diets prompt accumulation of lipids in the oocyte, 

84 [56] little is known about the lipid identities, composition and distribution within a single follicle. 

85 In the current study, for the first time, 3D-SIMS is utilized for the analysis of lipid composition 

86 and lipid spatial distribution of single follicles from ovaries of Ae. aegypti mosquitoes. An 

87 organism model that recreates different ovarian phenotypes during the ORS based on a sugar diet 

88 is utilized to evaluate the reproductive output and lipid content at the follicle level. Results 

89 demonstrated the capability of 3D-SIMS to generate chemical maps with high spatial resolution 

90 and the visualization of intact lipids. In particular, we demonstrated that sugar-feeding results in 

91 increased levels of polyunsaturated triacylglycerides (TG) with long chain fatty acids, such as TG 

92 48:1, 48:2, 50:1 and 50:2; with most of the TGs compartmentalized in the oocyte region. 

93 Materials and Methods

94 Mosquito samples

95 Ae. aegypti of the Rockefeller strain were raised at 28 °C with 80% humidity, at a 16-hour light 

96 and 8-hour dark cycle.[55] After adult eclosion, females were fed from either a cotton pad soaked 

97 in a 20% sucrose solution or a water-soaked cotton pad (0% sucrose). On the fifth day, females 

98 were collected and cold anaesthetized over ice. Ovaries were dissected in phosphate-buffered 

99 saline (PBS), stained with a DAPI solution (prepared 3 µM in PBS), and rinsed in a solution of 

100 150 mM ammonium acetate adjusted to a pH of 7.4. 

101 LC-MS/MS Analysis

102 Ten mosquito ovaries were dissected and transferred into a 1.5 mL Eppendorf tube containing 100 

103 µL of 50:50 1-butanol/methanol. A 2.5 µL aliquot of a 1 mM solution of the antioxidant butylated 

104 hydroxytoluene (BHT) was added to prevent lipid degradation. A mix of several deuterated lipids 

Page 5 of 32 Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



6

105 (10 µL of Splash Lipidomix, Avanti Polar Lipids, Alabaster, AL) was introduced for internal 

106 standarization. Kontes polypropylene pellet pestles (Fisher Scientific, Pittsburgh, PA) were used 

107 with a cordless motor to mechanically homogenize ovaries for 10 seconds. The pestle was then 

108 rinsed with 200 µL of 1-butanol/methanol. Samples were sonicated for 30 minutes at room 

109 temperature, and centrifuged at 1600×g for 10 minutes. The supernatants were then transferred 

110 into 2 mL autosampler silanized vials (Thermo Fisher Scientific, Waltham, MA).

111 LC-MS/MS analyses were performed on a Prominence LC-20 CE Ultra-Fast Liquid 

112 Chromatograph (Shimadzu, Kyoto, Japan) equipped with a Dionex Acclaim C18 Column (250 × 

113 2.1 mm, 5 µm) (Thermo Scientific, Sunnyvale, CA), performing gradient separations between 

114 40:60 ACN:water and 89:10:1 solution of isopropyl alcohol (IPA):ACN:water (both with 10 mM 

115 (NH4COOH) and 0.1% FA). 

116 Detection was performed by a Bruker timsTOF quadrupole-time of flight (QTOF) mass 

117 spectrometer (Billerica, MA) equipped with an electrospray ionization source. The instrument was 

118 operated under data-dependent scan acquisition mode, performing MS/MS via collision induced 

119 dissociation (CID). Lipid candidate assignments were made using Metaboscape (Bruker Daltonics 

120 Inc.) and SimLipid (PREMIER Biosoft, Palo Alto, CA). MS/MS assignments were manually 

121 curated and a 10 ppm tolerance was used for MS1.

122 Follicle Freeze-Drying Procedure

123 Follicles were prepared using a freeze-drying method, [18] optimized here for fluorescence 

124 imaging and 3D-TOF-SIMS analysis. Ovaries were first placed in a 150 mM ammonium acetate 

125 droplet on an ITO coated glass slide, and individual follicles were mechanically separated using 

126 microdissection pins. The droplet containing ovarian follicles was sandwiched with a second ITO 

127 slide, using glass coverslips as a spacer (~20 µm) on either end. The assembly was held in place 
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128 using binder clips, and subsequently immersed in liquid nitrogen for several minutes. The binder 

129 clips were then removed, and the ITO slides were separated while still immersed in liquid nitrogen, 

130 akin to freeze-fracture techniques. [59] The sample slides were then transferred into a custom-built 

131 vacuum dryer and allowed to dry as liquid nitrogen boiled off and returned to room temperature. 

132 The sandwich technique employed here allowed for follicles to remain relatively flat and attached 

133 to the slide, enabling subsequent microscopy. Afterwards, ITO slides were mounted on an ION-

134 TOF top mount stage for TOF-SIMS analysis.  The use of ammonium salts for washing and freeze-

135 drying have been previously utilized to prevent the accumulation of non-volatile salts such as 

136 sodium and potassium, commonly present in buffer solutions. [60] In addition, freeze-drying 

137 preserves cell morphology without the use of chemical fixatives or alcohol dehydration, which 

138 could cause a displacement of diffusible ions and membrane phospholipids. [61, 62] 

139 Microscopy

140 Following the freeze-drying of ovarian follicles, sample slides were inspected with a Nikon 

141 Eclipse Ts2R-FL inverted microscope (Nikon Instruments Inc., Melville, NY). Phase contrast 

142 images were recorded with a ×20 objective using a 30 ms exposure time. A Nikon DAPI filter 

143 was used to visualize stained ovarian follicles at an exposure time of 600 ms. Observations of 

144 freeze-dried samples revealed that our sample preparations yielded relatively flat individual 

145 follicles, with most fluorescent nurse cells in focus and minimal instances of fractures. 

146 3D-TOF-SIMS Analysis

147 A TOF-SIMS 5 instrument retrofitted with a 25 kV Bismuth liquid metal ion gun and a 20 kV 

148 argon cluster sputtering (ION-TOF GmbH, Münster, Germany) was used. The 3D-TOF-SIMS 

149 spectra were collected in High Current Bunched mode (HCBU). 2D-MSI analyses were performed 

150 by rastering a Bi3
+ primary ion beam over a 200 × 200 µm2 area centered on the ovarian follicles. 
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151 Total 2D-MSI primary ion doses were ~1×1012 ions•cm-2 per sputter cycle, with a measured spatial 

152 resolution of < 3 µm. The 20 keV argon cluster ion beam (Ar2200
+) was used to sputter the sample 

153 surface at an ion dose of ~1×1013 ions•cm-2 in between 2D-MSI scans. That is, the 3D-MSI data 

154 consisted of non-interlaced cycles of Bi3
+ and Ar2200

+ ion bombardment. After the samples 

155 substrate was reached during the 3D analysis, the summed signals from all 3D voxels were used 

156 for 2D visualization and quantification. 3D-TOF-SIMS analyses were carried out in duplicate on 

157 follicles from either diet. Ion beam-induced charge accumulation on the sample surface was 

158 compensated with an electron flooding gun (21 eV). Secondary ions were accelerated to a kinetic 

159 energy of 3 KeV toward a field-free region and a single-stage reflectron. Secondary ions were 

160 post-accelerated to a kinetic energy of 10 KeV, before reaching a hybrid detector, composed of a 

161 multichannel plate scintillator, and a photomultiplier detection system. In the positive polarity, 

162 mass spectra were internally calibrated using the commonly observed hydrocarbon series: C+, CH+, 

163 CH2
+, CH3

+, C2H3
+, and C2H5

+, as well as the commonly observed lipid fragment ions C5H14NO+ 

164 and C5H15NPO4
+.[30] A mass resolution of R=3000 at 851 m/z (TG 50:3 [M+Na]+ ion) was 

165 observed during the positive mode HCBU analysis. TOF-SIMS signals were labeled based on LC-

166 MS/MS analysis from replicate samples with a mass tolerance of 10 ppm in MS1 and with MS/MS 

167 information. A TOF-SIMS mass accuracy of <100 ppm, attributed to the non-flat nature of the 

168 sample, was observed for all annotated PC and TG.

169 Data were collected and processed using the ION-TOF SurfaceLab 6 V6.4 (Münster, Germany). 

170 The NESAC/BIO’s NBToolbox V2.7 software (available at http://mvsa.nb.uw.edu) was used to 

171 correct the z-axis and reconstruct depth profile data assuming a constant sputter rate.

172 Secondary ion yields (YSI) were calculated by normalizing the secondary ion intensity to the 

173 fluence of the primary ion beam and to the size of  the region of interest (ROI) for direct 
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174 comparison between 3D-MSI scans of the sample composition. [18]  That is, fluctuations in the 

175 primary ion beam and the total 3D interrogated surface area are accounted for and the resulting 

176 units for YSI are the number of secondary ions detected per primary ion impact. 

177    (1)𝑌𝑆𝐼𝑓𝑜𝑙𝑙𝑖𝑐𝑙𝑒 =  𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑖𝑜𝑛𝑠 

 𝑅𝑂𝐼 𝑓𝑜𝑙𝑙𝑖𝑐𝑙𝑒(𝑐𝑚2) × 𝑓𝑙𝑢𝑒𝑛𝑐𝑒(𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑖𝑜𝑛𝑠
𝑐𝑚2)

178 Results and Discussion

179 A fundamental aspect of animal life history is the ability of an organism to convert available 

180 resources into usable nutrients and energy for maintenance, activity and reproduction. Lipids are 

181 the major form of energy storage in animals, and in insects, lipids imported from circulation 

182 provide most of the energy and nutrients required during egg development. [63] In the mosquito 

183 Culex quinquefasciatus, ∼90 % of the energy used during embryogenesis originates from 

184 lipids.[64] In Ae. aegypti, ∼80% of lipids found in eggs are derived from regular sugar meals 

185 before blood feeding. [46, 65] To better understand the roles of sugar-feeding derived lipid reserves 

186 on mosquito ovarian development, we compared ovarian follicles from water-fed and sugar-fed 

187 Ae. aegypti females, a mosquito experimental model previously developed to study the effect of 

188 nutrition on mosquito reproduction. [55, 56] Females were isolated at adult eclosion, and raised 

189 for 5 days on either a 20% sucrose solution or water. Ovaries from sugar-fed females were larger 

190 than those from water-fed females, with the oocytes clearly visible with light microscopy (Figure 

191 1). 

192 Our first challenge was to optimize a sample preparation protocol that preserves the structural 

193 features of the follicle without interfering with the SIMS analysis. To this end, DAPI staining 

194 served as a quality control following the freeze-drying procedure discussed in the methods section. 

195 Figure 2 provides a phase contrast and fluorescence image of an ovarian follicle after freeze-

196 drying. As the follicle scheme illustrates, a suitable protocol should allow the visualization of 
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197 several nurse cells surrounded by the follicular epithelium; with the oocyte in a distal position in 

198 reference to the secondary follicle and the germarium (Figure 2). 

199 Assignment of lipid species

200 After verifying the structural integrity of all samples, follicles from both feeding conditions were 

201 subjected to 3D-TOF-SIMS analysis. While the TOF-SIMS platform offers reasonable mass 

202 resolution (e.g., <10,000), the complexity of biological samples makes it insufficient for 

203 unambiguous chemical formula assignment. [66] Our current 3D-MSI platform does not allow for 

204 MS/MS analysis; therefore, replicate samples were analyzed by LC-MS/MS to confirm the 

205 identification of lipid species. A comprehensive list of the 3D-TOF-SIMS assignments and the 

206 supporting MS2 information can be found in Table 1. Pseudomolecular secondary ions for 

207 phosphatidylcholines (PC) of the form [M+H]+ and triglycerides (TG) of the form [M+Na]+ were 

208 primarily observed during 3D-TOF SIMS  positive ion mode. Lipid species are abbreviated herein 

209 according to lipid class and the number of carbons and double bonds along fatty acyl tails is 

210 provided. For example, TG (16:1/16:1/16:1) refers to a triacylglyceride with three fatty acyl 

211 groups, each with a 16 carbon chain containing only one double bond. 

212 3D mapping of lipid species

213 In Figure 3, the summed 3D signals of several PCs and TGs are depicted in green and red, 

214 respectively for follicles from sucrose-diet females. The 3D-TOF-SIMS has a major advantage 

215 compared to other 3D-MSI techniques, enabling full access to the 3D information. [18, 67] This 

216 capability is illustrated in Figure 3, where successive 2D-MSI heat maps are generated with the 

217 Bi3
+ analytical beam between Ar2200

+ sputtering cycles are visualized. A comprehensive molecular 

218 description of species within the follicle is only possible using the 3D-MSI analysis due to the 

219 heterogeneity and morphology of the mosquito follicles.  Significant advantage when compared to 
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220 other 3D tools (e.g., confocal microscopy) is that 3D-MSI TOF MS allows for the simultaneous 

221 detection of multiple m/z signal. After the samples substrate was reached during the 3D analysis, 

222 the summed signals from all 3D voxels were used for 2D visualization and quantification. 

223 However, caution should be taken when constructing such 3D-MSIs since sputtering rates depend 

224 on the sample composition. For the analysis presented, a z-axis correction relative to the flat 

225 substrate was used for a reconstructed visualization of the mosquito follicles (see more details of 

226 3D reconstruction of non-flat samples in ref [68]). Supplemental Figure S1 depicts aerial three-

227 dimensional visualization of selected m/z ions.

228 The m/z of 81.03 was tentatively assigned as C5H5O+, a fragment ion of ribose previously reported 

229 in SIMS analyses of DNA and ribose standards as well as in mammalian cells. [69-71]   This m/z 

230 of 81.03 ion (blue) was co-located with DAPI-stained nurse cells. Nurse cells synthesize large 

231 amounts of RNA, which is transferred to the developing oocyte. 

232 Sum signal of the 3D-MSI analysis were used to build a complementary 2D representation (top 

233 view) of the follicle PCs (green), TGs (red) and ribose (m/z 81.03, blue) signals in Figure 4. When 

234 compared to the diagram of the follicle in Figure 1, these species were demonstrated to localize to 

235 the follicular epithelium, oocyte, and nurse cells, respectively. Readers are referred to Table 1 for 

236 a comprehensive list of the m/z and their corresponding assignments for PC and TG. Note that 

237 different from other imaging techniques where labeling is required, the m/z channels used to 

238 reconstruct the follicle structure are endogenous to the sample.  This feature makes 3D-TOF-SIMS 

239 a powerful label-free technique for the analysis of biologically relevant molecules.

240 Polyunsaturated TG contents in ovarian follicles

241 All TGs identified contained either mono- or poly-unsaturated long-chain fatty acids (LCFA) with 

242 16-20 carbons in each fatty acyl group (see Table 1). In Figure 5, the secondary ion yield for 
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243 thirteen selected TGs are compared for the two diet conditions. Ovarian follicles from sucrose-fed 

244 females exhibited increases in all the detected TGs, with differences between the two diets 

245 decreasing as the fatty acid chain length increased (greater differences in TG 48 and 50 vs. TG 52 

246 and 54). These studies also revealed that the amounts of poly-unsaturated TGs, such as 50:4, 52:4 

247 and 54:4, were less affected by the female diet. SIMS was also used to compare PCs in individual 

248 follicles from water- and sugar-fed females. There were not major differences in the signal of PCs 

249 from females raised with the two diets in the follicles sampled (Supplemental Figure S2). 3D-MSI 

250 trends in TG and PC relative abundances as a function of the diet agree with those from LC-

251 MS/MS measurements. That is, TGs were found to be more abundant in extracts of sucrose-fed 

252 female ovaries while no major differences in the PCs between the two diets were observed 

253 (Supplemental Figure S2). 

254 Triacylglycerides are the main lipid class stored in mosquito eggs as a long-term source of energy 

255 and nutrients. [72] Sugar-feeding resulted in a higher mobilization of saturated TG into the 

256 developing eggs. Previously, mosquito embryonic development has been demonstrated to be 

257 completed within ~3 days after oviposition, and fully developed 1st instar larvas reside for 

258 weeks/months within the chorion awaiting the appropriate environmental cues to stimulate 

259 hatching. [72]  Reserves of TG with saturated fatty acids are very stable, whereas unsaturated acids 

260 are more susceptible to oxidation; the more double bonds, the greater the susceptibility. Mosquito 

261 pharate larvae can withstand months of quiescence inside the egg only depending on these stored 

262 “stable” maternal reserves.

263 Ovaries from mosquitoes reared under different nutritional conditions showed differences in 

264 follicle size, oocyte size, oocyte lipid contents, and overall morphology. Nutritional stress 

265 generated a more heterogeneous population of follicles with different intrinsic ‘‘quality’’, 
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266 including dissimilar lipid reserves. These differences determine the potential of individual follicles 

267 for further development, and categorize them into “viable” and “unviable” follicles. [56] Unviable 

268 follicles have higher probability of being resorbed by apoptosis, this resorption of follicles 

269 represents a reversal of nutrients away from reproduction and towards alternative activities and 

270 reflects the need to balance present and future reproduction to maximize fitness. [55, 56, 73]

271 Conclusions: 

272 3D-TOF-SIMS analysis allowed for the recognition of different cell types within the mosquito 

273 ovarian follicle, as well as revealed changes of lipid species at the individual ovarian follicle level. 

274 A good agreement was observed between optical and 3D-TOF-SIMS derived structural features, 

275 differentiating the three main follicular components (oocyte, nurse cells, and follicular epithelial 

276 cells).  Our studies revealed that stored poly-unsaturated TGs increased in sucrose-fed insects; and 

277 therefore, these TG species could be used as markers for follicular fitness and overall mosquito 

278 reproductive output. Despite relative sample reproducibility per feeding condition, the current 

279 analysis consisted of n = 2 and more biological replicates will better support the trends observed. 

280 Further integration of this 3D-MSI probes with ultrahigh resolution instruments and tandem MS 

281 strategies will provide independent verification of the molecular composition at the single cell 

282 level and increase the analytical power of 3D-SIMS. The high homogeneity across the follicles 

283 (Figure 1) between the two feeding conditions allows to more confidently extrapolate the 3D-TOF-

284 SIMS results (n=2 per feeding condition).
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297 Table 1. Tentative assignments of signals observed in 3D-TOF-SIMS analysis of Ae. aegypti ovarian follicles. 

298 LC-MS/MS assignments were manually curated and a 10 ppm tolerance was used for the parent ion 

299 database search. 

TOF 
SIMS 
m/z

Tentative 
Assignment

Proposed 
Chemical 
Formula

Theoretical 
m/z LC-MS/MS

730.5 PC 32:2 (16:1/16:1) 
[M+H]+ C40H77NO8P 730.5381

HG-H2O 166.066,  HG 184.0801,  M-16:1-H2O 
476.3152,  M-NL 547.4637,  M-C5H13NO3P-H2O 

547.4637

732.4 PC 32:1 (16:0/16:1) 
[M+H]+ C40H79NO8P 732.5538

C5H13N 86.1116,  M-C35H65O7P-H2O 86.1116,  
HG-H2O 166.0694,  HG 184.0799,  M-16:0-H2O 

476.3183,  M-16:1-H2O 478.3238

734.4 PC 32:0 (16:0/16:0) 
[M+H]+ C40H81NO8P 734.5694 M-16:0-H2O 478.2291,  M-C2H6N 691.4202,  M 

734.463

756.5 PC 34:3 (16:1/18:2) 
[M+H]+ C42H79NO8P 756.5538

HG-H2O 166.0788,  HG 184.0801,  15:1 C=O+ 
237.2243,  M-18:2-H2O 476.3126,  M-16:1-H2O 

502.3297,  M-16:1 520.3345
758.4 PC 34:2 [M+H]+ C42H81NO8P 758.5694 HG-H2O 166.0686,  HG 184.0787

760.4 PC 34:1 (16:0/18:1) 
M+H]+ C42H83NO8P 760.5851

HG-H2O 166.0704,  HG 184.0799,  M-18:1-H2O 
478.3262,  M-18:1 496.3315,  M-16:0-H2O 

504.3437

786.4 PC 36:2 (18:1/18:1) 
[M+H]+ C44H85NO8P 786.6007

HG-H2O 166.0671,  HG 184.0796,  17:1 C=O+ 
265.2517,  M-18:1-H2O 504.3393,  M-18:1 

522.359,  M-NL 603.544,  M-C5H13NO3P-H2O 
603.544

TG 48:3 
(16:1/16:1/16:1) 

[M+Na]+
C51H92O6Na 823.6786 M-16:1 569.4508

823.6
TG 48:3 

(14:1/16:1/18:1) 
[M+Na]+

C51H92O6Na 823.6786
15:1 C=O+ 237.2207,  M-18:1 519.4371,  M-
18:1 541.4167,  M-16:1 547.4674,  M-14:1 

575.4999,  M 823.6528

825.6
TG 48:2 

(16:0/16:1/16:1) 
[M+Na]+

C51H94O6Na 825.6943
15:1 C=O+ 237.2268,  15:0 C=O+ 239.2386,  M-

16:0 547.4672,  M-16:1 549.482,  M-16:0 
569.4498,  M-16:1 571.4654,  M 825.6911

827.6
TG 48:1 

(16:0/16:0/16:1) 
[M+Na]+

C51H96O6Na 827.7099
15:1 C=O+ 237.225,  15:0 C=O+ 239.242,  M-
16:0 549.4849,  M-16:1 551.4965,  M-16:0 

571.4674,  M-16:1 573.4857
849.6 TG 50:4 [M+Na]+ C53H94O6Na 849.6943

851.6
TG 50:3 

(16:1/16:1/18:1) 
[M+Na]+

C53H96O6Na 851.7099 15:1 C=O+ 237.2233,  M-18:1 547.4704,  M-
16:1 575.5006,  M-16:1 597.4813
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853.6 TG 50:2 [M+Na]+ C53H98O6Na 853.7256
TG 50:1 

(16:0/16:1/18:0) 
[M+Na]+

C53H100O6Na 855.7412 M-18:0 549.4957,  M-16:1 579.5271

855.6
TG 50:1 

(16:0/16:0/18:1) 
[M+Na]+

C53H100O6Na 855.7412
15:0 C=O+ 239.2402,  17:1 C=O+ 265.2562,  M-

18:1 551.4988,  M-18:1 573.4829,  M-16:0 
577.5165,  M-16:0 599.4967,  M 855.7492

877.6 TG 52:4 [M+Na]+ C55H98O6Na 877.7256

879.6 TG 52:3 [M+Na]+ C55H100O6Na 879.7436
15:1 C=O+ 237.2205,  17:1 C=O+ 265.2538,  M-

20:4 575.5001,  M-18:1 597.4808,  M-16:1 
625.5152,  M 879.7376

881.7
TG 52:2 

(16:1/18:0/18:1) 
[M+Na]+

C55H102O6Na 881.7569

15:1 C=O+ 237.2273,  17:1 C=O+ 265.2519,  17:0 
C=O+ 267.2516,  M-18:0 575.4972,  M-18:1 

577.5128,  M-18:0 597.4911,  M-18:1 
599.5001,  M-16:1 605.5454,  M-16:1 

627.5321,  M 881.7615

883.7
TG 52:1 

(16:0/16:1/20:0) 
[M+Na]+

C55H104O6Na 883.7725

15:1 C=O+ 237.2269,  15:0 C=O+ 239.2438,  M-
20:0 549.4856,  M-20:0 571.4671,  M-16:0 

605.5491,  M-16:1 607.5609,  M-16:0 
627.5306,  M-16:1 629.5331,  M 883.7721

905.7 TG 54:4 [M+Na]+ C57H102O6Na 905.7569
907.7 TG 54:3 [M+Na]+ C57H104O6Na 907.7725
909.7 TG 54:2 [M+Na]+ C57H106O6Na 909.7882

300
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301

302 Figure 1. Optical images of 5-day old adult Ae. aegypti. The ovaries of the sucrose-fed female are 

303 larger than the water-fed counterpart. 

304
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305

306

307 Figure 2. (A) Schematic, (B) optical, and (C) fluorescence images of a previtellogenic ovarian 

308 follicle of Ae. aegypti. Each follicle consists of one oocyte plus 7 nurse cells that are surrounded 

309 by follicular epithelial cells. A secondary follicle and the germarium are also visualized distal to 

310 the oocyte.
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311

312 Figure 3. Visualization of the 3D-MSI analysis of freeze-dried ovarian follicle from a sucrose-diet 

313 insect using dual beam TOF-SIMS. (A) 2D slices showing phosphatidylcholine (PC), 

314 triacylglyceride (TG) and ribose (81 m/z), (B) 3D-MSI composite, and (C) software corrected 3D 

315 reconstruction of non-flat surfaces. The 2D representations correspond to a field of view of 

316 200x200 µm. In (C), the x and y axis are shown in pixels (1 pixel = 1.56 µm).

317
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318

319 Figure 4. Fluorescence and overlay of all 2D images from the 3D-MSI analysis (top view) of 

320 follicles from water- and sucrose-diet mosquitoes. DAPI staining allows fluorescence imaging of 

321 nurse cells. Secondary ion signal from selected m/z were used to visualize the distribution of 
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322 phosphatidylcholine (PC), triacylglyceride (TG), and ribose within individual follicles. A typical 

323 SIMS spectrum is shown in Figure S3.
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326 Figure 5. Comparison of the sum triacylglyceride (TG) signal from the 3D-MSI analysis. The 

327 analysis was comprised of n=2 individual follicles from a single water-fed, and a single sucrose-

328 fed female. Bars represent the mean and the standard error of the mean (SEM) of duplicate 

329 measurements. Asterisks denote significant difference (unpaired t-test: ** p<=0.01, * p<=0.05).

330
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332

333
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335
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