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Abstract

Aedes aegypti is the principal vector of dengue world wide and a major vector of urban yellow
fever. Despite its epidemiological importance, not much is known regarding cellular and structural
changes in the fat body in this mosquito. Here, we applied light and transmission electron
microscopies in order to investigate structural changes in the fat body of three groups of A. aegypti
females: newly emerged, 18-day-old sugar-fed, and 18-day-old blood-fed. The fat body consists of
a layer of cells attached to the abdomen integument, formed by trophocytes and oenocytes.
Trophocytes are strongly positive for carbohydrates, while oenocytes are strongly positive for
proteins and lipids. Ultrastructural analyses of trophocytes from newly emerged and 18-day-old
blood-fed indicate that these cells are rich in glycogen and free ribosomes. Many lipid droplets and
protein granules, which are broken down after the blood meal, are also detected. In 18-day-old
sugar-fed, trophocytes display a disorganized cytoplasm filled with lipid droplets, and reduced
numbers of free ribosomes, glycogen, rough endoplasmic reticulum (RER) and mitochondria.
Following a blood meal, the RER and mitochondria display enlarged sizes, suggestive of increased
activity. In regards to oenocytes, these cells display an electron-dense cytoplasm and plasma
membrane infoldings facing the hemolymph. As the A. aegypti female ages, trophocyte and
oenocyte cell nuclei become larger but decrease in diameter after blood feeding. Our findings
suggest that the trophocytes and oenocytes remodeling is likely involved in functional changes of
fat body that take place during aging and following a blood meal in A. aegypti females.
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Introduction

The fat body is the major metabolic organ of insects. It is a diffuse organ, occurring as
sheets or lobes of tissue lining the body cavity, primarily the abdomen (Chapman, 1998),
and is involved in the storage and transport of many precursors that are eventually released
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into the hemolymph (Tucker, 1977; Haunerland and Shirk, 1995; Paskewitz and
Christensen, 1996, Gillespie et al., 1997; Tzou et al., 2002; Hetru et al., 2003).

According to the insect order, the fat body may contain a variety of cell types such as
trophocytes, urate cells (for uric acid storage), mycetocytes (containing symbiotic bacteria),
and oenocytes. However, in Diptera (including mosquitoes), only trophocytes and oenocytes
are present (Wigglesworth 1942; Sohal, 1973; Stoppie et al., 1981; Johnson & Batterworth,
1985). Trophocytes are the major cell type and constitute the basic structure of the organ.
They have a cytoplasm that is rich in lipid droplets, protein granules, sugars and yolk
precursors, free ribosomes, rough endoplasmic reticulum, and Golgi complex (Behan and
Hagedorn, 1978; Raikhel and Lea, 1983; Raikhel, 1986a, b; Grzelak and Kumaran, 1986;
Wang and Haunerland, 1991; 1992; Easton and Horwath, 1994; Snigirevskaya et al., 1997).

The morphology of fat body cells changes during insect post-embryonic development, and
also depends on the insect nutrition and on the period of its reproductive stage (Haunerland
and Shirk, 1995; Chapman, 1998; Martins and Pimenta, 2008). In blood feeding insects such
as Aedes aegypti, the morphology of such cells varies during the gonotrophic cycle; and
depending on the time after blood feeding the modifications may include replication and
turnover of organelles, and uptake and depletion of stored substances (Raikhel & Lea, 1983;
Raikhel, 1986a, b; Snigirevskaya et al., 1997).

The aim of this study was to characterize the morphology, histochemistry, and subcellular
aspects of A. aegypti fat body by comparing female mosquitoes at different age and diet
(sugar vs. blood). Based on various criteria including cell inclusions, nuclei size, and
organelles profile our findings demonstrate that mosquito fat body undergoes significant
changes associated with aging and blood feeding.

Materials and Methods

Mosquitoes

Females A. aegypti (strain PP-Campos, Campos dos Goytacazes, RJ, Brazil) were obtained
from a colony maintained at the Laboratory of Medical Entomology of the Instituto René
Rachou (IRR-FIOCRUZ, MG, Brazil). Three groups of females were used: (1) newly
emerged; (2) 18-day-old non blood-fed or sugar-fed; and (3) 18-day-old blood-fed on
anesthetized mice 4 days before the time of the dissection. All mosquito groups received
sugar solution ad libitum until the time of dissection.

Dissection and sample preparation

Mosquitoes were dissected under a stereoscope microscope in 300uL sterile PBS (Phosphate
Buffer Saline). The abdomen was separated from the thorax and opened longitudinally to
expose the fat body attached to the integument. Twenty-five pl of a fixative solution
containing 2.5% glutaraldehyde in PBS supplemented with 7% sucrose was gently added
directly onto the fat body adjacent to the integument. After dissection, this abdominal fat
body tissue was maintained in the fixative solution until further use in the experiments
described below.

Transmission electron microscopy (TEM)

Abdominal fragments were fixed in 2.5% glutaraldehyde in 0.1M cacodylate buffer pH 7.2
and post-fixed in 1% osmium tetroxide plus 0.8% potassium ferricyanide in the same buffer
(Pimenta and De Souza, 1983). Samples were dehydrated in a crescent series of 30—100%
acetone and embedded in Epon-Araldite resin (Electron Microscopy Sciences, Hatfield, PA).
Semi-thin sections were stained with 1% toluidine blue-borax to be observed in the light
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microscope. The ultra-thin sections were stained with uranyl acetate and lead citrate
(Reynolds, 1963). After the staining, the ultra-thin sections were washed in distilled water
and analyzed under a transmission electron microscope (TEM Zeiss model EM 109).

Histology and histochemistry

Additional samples fixed as described above were rinsed in sterile PBS, dehydrated in
crescent series of 70—100% ethanol, and embedded in Historesin (Leica). Whole fixed
mosquitoes without heads and appendices also were processed for histological in situ
examination of the fat body. Two-pm sections were obtained from whole mosquito samples
and stained with 1% toluidine blue-borax.

For histochemical analyses, four separate staining methods were applied: (a) Mercury-
bromophenol blue for protein detection; (b) Periodic acid-Schiff (PAS) for polysaccharide
and glycoconjugates; (c) Feulgen reaction for DNA counterstained by fast green 0.1%; and
(d) 2% osmium tetroxide in cacodylate buffer pH 7.4 for lipid detection. All methods were
adapted from Behmer and collaborators (1976).

Morphometric and statistical analyzes

Results

Nuclei measurements of trophocytes and oenocytes were taken from histological sections
using the software Zeiss KS 300™. A total of two experimental groups were analyzed with
six specimens per group. The values obtained were compared by variance analysis
(ANOVA) and Tukey test, and the level of significance was set at 5%

Histology and histochemistry

In newly emerged A. aegypti females the fat body is formed by a cell mass underneath the
integument with varying thickness along the body cavity (Figure 1a). Similar observations
were made using 18-day-old sugar-fed or blood-fed females. Additionally, the fat body can
be seen either in direct contact with Malpighian tubules and the digestive tract, or separated
from these and other organs by muscle layers, as shown in Figures 1a—c. Muscular and
tracheal elements can also be observed.

Two cell types are distinctly recognized: trophocytes and oenocytes (Figures 1c—d).
Trophocytes are morphologically uniform displaying a globular shape, a pleomorphic
nucleus, and the cytoplasm squeezed among many lipid inclusions. Oenocytes have a central
and large nucleus, and a more homogeneous and basophilic cytoplasm in comparison to
trophocytes. Although oenocytes can be found either in close proximity to each other or
isolated by the trophocytes, they are preferentially located in the periphery of the organ
(Figure 1c). A well-developed nucleolus can be seen in both trophocytes and oenocytes. Cell
elongations are sometimes also present in oenocytes (Figure 1d). Additionally, in adult
females, the percentages of oenocytes and trophocytes vary from 5.9 to 9.8% and from 94.1
to 91.2%, respectively.

Trophocytes and oenocytes were readily distinguishable by the staining procedures used.
Additionally, the cytoplasm in trophocytes of newly emerged mosquitoes displayed strongly
positive staining for the PAS test in contrast to the weak staining shown by 18-day-old fed
females (data not shown). For oenocytes, cytoplasms were consistently negative for the PAS
staining regardless of mosquito age or feeding condition (Figure le).

Bromophenol blue staining revealed that in newly emerged females the trophocyte
cytoplasm is positive for proteins, with the protein granules being abundant and strongly
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stained in the periphery of the cell (Figure 2a). Protein granules are fewer and smaller in
trophocytes from 18-day-old blood-fed than in newly emerged females, and are
homogenously stained by bromophenol blue (Figure 2b). Again, in contrast to trophocytes,
the oenocytes were strongly and uniformly stained for proteins (Figure 2a). Regarding lipid
content, the osmium tetroxide staining indicated that trophocytes have a cytoplasm rich in
lipid droplets. For newly emerged females, lipid droplets detected within trophocytes are
spherical and smaller than in either sugar or blood-fed females. In oenocytes, lipid droplets
were not detected within the cytoplasm, despite the homogeneous stain detected by osmium
tetroxide (Figures 2c—d).

Ultrastructure

The TEM analyses revealed that in newly emerged females, trophocytes display a cytoplasm
filled with lipid droplets and glycogen. The nucleus displayed variable morphology, with an
evident nucleolus and regions of condensed chromatin. Electron-dense granules also were
present, with the cytoplasm rich in clusters of free ribosomes. Mitochondria were detected
mainly around the nucleus, close to lipid droplets and beneath the cytoplasmic membrane.
The rough endoplasmic reticulum (RER) and Golgi complex are well-developed (Figures
3a—c). Regarding oenocytes, the plasma membrane displays several infoldings while a large
number of mitochondria were detected within the cytoplasm. Mitochondria and the RER are
located near the nucleus, and a condensed chromatin is visible on the nuclear periphery
(Figures 3d—e). In addition, parts of the oenocyte cytoplasm displayed a well developed SER
(Figure 4f).

In 18-day-old sugar-fed females, the trophocyte cytoplasm is almost completely filled by
lipid droplets. The RER and Golgi are only slightly developed, and glycogen and free
ribosomes are scarce. Electron-dense structures are seen in the cytoplasm and the
mitochondrial profiles display reduced crystae. The nucleus is well developed with a large
nucleolus and squeezed between lipid droplets (Figs. 3f, 4a-b).

In 18-day-old blood-fed females, trophocytes displayed a cytoplasm rich in glycogen. The
lipid droplets of the blood-fed are smaller than in the trophocytes the sugar-fed and more
developed than in trophocytes of newly emerged. The cytoplasm of 18-day-old blood-fed is
also rich in mitochondria with a dilated profile and enlarged crystae. Lisosome-like electron-
dense bodies filled by fibrous material are common in the trophocyte cytoplasm of these
females (Figs. 4c—d).

In both sugar and blood-fed females, the infoldings detected in the plasma membrane of
oenocytes are more developed than in newly emerged females. There are also more
numerous infoldings facing the hemolymph (Fig. 4e).

Morphometric analyses

The results obtained from measurements of nuclei diameter for the different A. aegypti
female groups analyzed are summarized in Table 1. For trophocytes, the diameter of the
nucleus becomes larger with age, and is smaller in newly emerged females in comparison
with the two others two treatments (i.e., sugar and blood fed) (p<0.001). Overall, the largest
trophocyte nuclear diameter is that of 18-day-old sugar-fed females (p<0.01).

For oenocytes, diameter sizes were not statistically different between newly emerged and
18-day-old sugar-fed females (p>0.05). However, the nuclear diameters were significantly
different (p<0.001) between these two groups in comparison with that of 18-day-old blood
fed females, whose nuclear diameter were consistently smaller.
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Discussion

The cellular organization of A. aegypti adult females fat body is similar to that of larval
stages (Wigglesworth, 1942), and to what was described in other Diptera (Sohal, 1973; Tobe
et al., 1973; Stoppie et al., 1981; Dean et al., 1985; Johnson and Butterworth et al., 1988).

Trophocytes constitute the major cell type. They are globular cells with the cytoplasm filled
with lipids, sugars and proteins (Behan & Hagedorn, 1978; Raikhel and Lea, 1983; Raikhel
19864, b; Snigirevskaya et al., 1997). Adult A. aegypti trophocytes display a strong positive
reaction for the PAS test, likely associated with their role in sugar storage in insects
(Chapman, 1998). In contrast, oenocytes which are significantly less represented in the A.
aegypti fat body display a centralized nucleus and a dense and homogeneous cytoplasm.
Additionally, oenocytes have fewer lipid and glycogen granules than trophocytes (Sohal,
1973; Tobe et al., 1973; Stoppie et al., 1981; Dean et al., 1985).

Cytoplasm from trophocytes dissected from 18-day-old sugar- and blood-fed females have
increased lipid storage droplets compared to newly emerged females, suggesting that lipids
are synthesized and stored in the insect fat body during periods of active feeding (Raikhel
and Lea, 1983). Protein granules on the other hand are abundant in newly emerged, and
become scarce in 18-day-old sugar and blood-fed A. aegypti females. This decrease in
proteins granules is probably associated with the lack of protein content in sugar fed
mosquitoes, and with the need to supply yolk proteins (produced by trophocytes) for ovarian
development in blood fed females.

Although of ectodermal origin, the anatomical location of oenocytes varies considerably
amongst insect species and even across different developmental stages. In the kissing bug
Rhodnius prolixus and in the cockroach Blattella germanica, oenocytes are located close to
their point of origin in the epidermis (Wigglesworth, 1988; Fan et al., 2003). In Calpodes
ethlius (Lepidoptera), these cells are situated close to specialized wax glands (Larsen, 1976).
For adult A. aegypti females, our results indicate that oenocytes are located preferentially in
the periphery of the fat body, organized in cell clusters or dispersed between trophocytes.

Histochemically, A. aegypti female oenocytes displayed a PAS-negative cytoplasm which
also was strongly and uniformly stained by bromophenol blue and osmium. These results are
suggestive of protein and lipid synthesis, as observed in oenocytes of other insects (Fan et
al., 2003; Gutierrez et al., 2007).

We noticed that trophocytes of newly emerged A. aegypti are similar to trophocytes studied
in the previtellogenic stage of other Diptera. In general, these cells are characterized by an
abundance of lipid droplets, glycogen, RER, Golgi complex, mitochondria, and large
spherical and dense protein granules (Thomsen & Thomsen, 1974; Tobe and Davey, 1974;
Stoppie et al., 1981). However, in trophocytes from 18-day-old blood- or sugar-fed A.
aegypti, the number of such organelles is reduced.

Trophocytes are the principal storage cell for lipids in insects. Some of the most prominent
changes detected in trophocytes of 18-day-old sugar-fed mosquitoes were an increase in the
size of lipid droplets, and reduced glycogen content. Our results corroborate the finding that
lipid amounts increase in the fat body during A. aegypti aging (Ziegler and Ibrahin, 2001).
The lipid droplets in trophocytes of 18-day-old sugar-fed were larger, filling almost all the
cytoplasm, than those of 18-day-old blood-fed. Suggestive of the ability of the mosquito fat
body to store lipid from sugar supplies during aging. Thus, confirming that sugar feeding in
A. aegypti is necessary to maintain the energy reserves preceding the mosquito reproduction.
Also, the increased size of lipid droplets in the trophocyte cytoplasm following blood
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feeding might be a result of lipid synthesis prior to yolk supplementation (Ziegler and
Ibrahin, 2001).

Large amounts of vitellogenic proteins must be produced during A. aegypti vitellogenesis.
As cells specialized in protein synthesis, trophocytes display an abundance of RER, Golgi
complex, and secretory granules until approximately 24h after blood-meal. However, 36-
to-42h after the blood meal, the protein synthesis apparatus rapidly degenerate. The scarcity
of RER and Golgi complex in the trophocytes of blood-fed females may be due to organelle
turnover that probably extends until four days after blood meal as a consequence of
lysosomal activity (Raikhel and Lea, 1983; Snigirevskaya et al., 1997). Our result
demonstrating the presence of electron-dense elements resembling lysosomes also supports
that notion.

Similar to our findings in A. aegypti, the major characteristic of oenocytes in insects is the
presence of an extensive SER, of invaginations of the plasma membrane, and of a highly
electron dense cytoplasm with Golgi complex and secretory granules scarcely developed
(Sohal, 1973; Stoppie et al., 1981; Wigglesworth, 1988; Fan et al., 2003). In accordance to
previous data (Locke, 1969; Tobe and Davey, 1974; Jackson and Locke, 1989; Fan et al.,
2003), our findings suggest that oenocytes are involved in lipid metabolism. Also, the
number of cell membrane invaginations, and the peripheral location observed for the
oenocytes after blood feeding (or aging) suggest an increased oenocyte-hemolymph
exchange in comparison to newly emerged A. aegypti females.

We observed an increase in the diameter of the cell nucleus during the development of the
adult female fat body, as reported during the female gonotrophic cycle (Raikhel and Lea
1983). It has been shown that DNA amplification is responsible for trophocyte nuclei
development of fruit fly larvae (Butterworth and Rasch, 1986; Butterworth et al., 1988), and
in A. aegypti adult females three days after blood-feeding (Dittmanm et al., 1989). Likewise,
the increased diameter observed for A. aegypti adult female nuclei may also be due to DNA
amplification.

Our results indicate that nuclei in trophocytes vary in size according to diet, being larger in
18-day-old sugar- than blood-fed A. aegypti females. As protein synthesis in trophocytes can
be correlated with nuclei development (Dittmanm et al., 1989), the decrease in nuclear
diameter following blood feeding may be linked with the end of the vitellogenic process and
the reduced activity of these cells four days after blood feeding (Snigirevskaya, et al., 1997;
Raikhel, 1986b; Raikhel & Lea, 1983). In the 18-day-old sugar-fed females, the larger
diameter of the nucleus suggests an increase in cell activity during the lipogenesis process
compared to newly emerged females (Ziegler and Ibrahin, 2001).

Oenocytes also demonstrated a difference in nuclear diameter in regards to diet. In 18-day-
old sugar- and blood-fed females, the nuclei were enlarged in comparison to newly emerged.
However, nuclei from sugar-fed females were larger than the ones in blood-fed females.
Again, considering that oenocyte protein synthesis activity can be correlated with nuclei
development, the differences detected for nuclear size may reflect an increase in protein
synthesis.

This study reveals for the first time the morphological and functional modifications
displayed by trophocytes and oenocytes from A. aegypti. The characterization of such
cellular restructuring in fat body cells will assist with providing a roadmap to the full
understanding of these cells in the metabolism of this major disease vector.
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Figure 1.

Histological sections showing general and detailed views of the abdominal fat body of
newly emerged A. aegypti females. Sections were stained with toluidine blue [a-c], Feulgen
reaction followed by fast green [d], and PAS test [e]. [a] General view of the abdominal fat
body (f) distributed beneath the integument (i). Bar=1mm; [b] Fat body (f) can be seen
either in direct contact with abdominal organs, or separated by muscular layer. Bar=200um;
[c] Detailed view of the fat body with the main cell types, trophocytes (t) and oenocytes (0).
Bar=100pum; [d] Trophocytes (t) and clustered oenocytes (o) with a central nucleus (N) and
cell elongations (*). Note that oenocytes’ nuclei (N) are well developed in comparison to
nuclei from trophocytes (n). Nucleolus within the nuclei of trophocytes and oenocytes are
indicated by arrows. Bar=30um; [e] Detailed view of PAS-positive trophocytes (t) and the
PAS-negative oenocytes (0) are shown. Bar=30pum; e-midgut epithelium; h-hemocoel; 1-
lipid droplet; m-muscle; mt-Malpighian tubules; T-trachea.
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Figure 2.

Histological sections of the A. aegypti female fat bodies stained with bromophenol blue [a-
b] and with osmium tetroxide [c-d]. [a] Fat body of newly emerged A. aegypti female
showing trophocytes (t) with protein granules (arrows) with different sizes and tonalities.
Oenocytes (0) are strongly uniformly stained by bromophenol blue, being difficult to
distinguish their nucleus-cytoplasm limit. Bar=40um; [b] Fat body of 18-day-old blood-fed
female (four days after blood feeding) showing trophocytes (t) with few small protein
granules (arrows). Bar=60pm; [c] Fat body of newly emerged female showing osmiophilic
cytoplasm inclusions that correspond to lipid droplets (1) into trophocyte cytoplasm.
Bar=40pm; [d] Fat body of 18-day-old blood-fed female showing the large lipid droplets (1)
into trophocytes cytoplasm (t) and the oenocytes (o) with a uniform osmiophilic cytoplasm.
Bar=20pm; i-integument; n-trophocyte nucleus.
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Figure 3.

TEM pictures of the fat body of A. aegypti showing details of trophocytes and oenocytes in
newly emerged females [a-e] and of trophocyte in 18-day-old sugar-fed female [f]. [a]
Trophocyte of newly emerged female with the cytoplasm filled with lipid droplets (L) and
protein granules (p). Arrowhead indicates the external basal lamina and the arrows indicate
cytoplasm regions containing ribosomes and organelles spectra. Bar=5um; [b] Detailed view
of the trophocyte cytoplasm of a newly emerged female with the rough endoplasmic
reticulum (RER) and the external membrane of the nuclear envelop (ne) with the ribosomes;
c-condensed chromatin inside trophocyte nucleus; g-glycogen granule; N-nucleus.
Bar=250nm; [c] Detailed view of the trophocyte cytoplasm of a newly emerged female with
Golgi complex (G) and mitochondrion (m). Two regions can be distinguished, one filled
with free ribosomes (r) and other filled with rosette-glycogen granules (g). Bar=0.3um; [d]
Oenocyte (0) of newly emerged female with the electron-dense cytoplasm and the cell
membrane infoldings (arrows). Bar=0.5um; [e] Oenocyte (0) of newly emerged female;
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Arrow - external nuclear envelope membrane with ribosomes. Bar=0.3um; [f] Trophocyte
cytoplasm of 18-day-old sugar-fed female with large lipid droplets (L) and few organelles
and glycogen granules. Bar=4pum; *nucleolus; c-condensed chromatin; L-lipid droplet; m-
mitochondria; N-trophocyte nucleus; n-oenocyte nucleus; t-trophocyte.
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Figure 4.

TEM pictures of the fat body of 18-day-old sugar-fed [a-b] and 18-day-old blood-fed (four
days after blood feeding) [c-f] A. aegypti females with details of trophocytes and oenocytes.
[a] Trophocyte of 18-day-old sugar-fed female, with a polymorphic nucleus squeezed
between lipid droplets (L) and a developed nucleolus (*). Bar=1pum; [b] Trophocyte
cytoplasm of sugar-fed female with mitochondria (m) displaying reduced crystae and an
isolated rough endoplasmic reticulum (RER). Bar=0.5um; [¢] Trophocytes of 18-day-old
blood-fed female with spherical nucleus (N), and mitochondria (m) surrounding the nucleus
or on the periphery of the cytoplasm. Bar=2um; [d] Trophocyte of 18-day-old blood-fed
female with lysosome-like structures (arrow) possibly representing organelle autophagy.
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Bar=0.5um; [e] Oenocyte (o) of 18-day-old blood-fed female on the periphery of the fat
body with cell membrane infoldings (arrows) facing the hemocoel (h). Bar=3um; g-
glycogen granule; i-intercellular space; L-lipid droplet; m-mitochondrion; t-trophocyte; [f]
Detail of oenocyte from a 18-day-old blood-fed female showing a well-developed smooth
endoplasmic reticulum (SER). Arrow indicates the SER cistern. Bar=100nm. g-glycogen; is-
intercellular space; L-lipid droplet; m-mitochondrion; t-trophocyte.
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Table 1

Estimated size of cell nucleus in A. aegypti trophocytes and oenocytes.

cell type A. aegypti females
newly emerged (n=6) 18-day-old (n=6)
sugar-fed blood-fed

trophocytes 13.55+2.23(N=241) 17.0642.93 (N=249)  15.65+2.49 (N=229)

oenocytes  0.42+2.53" (N=40)  19.1623.12" (N=30) ~ 14:5+2.17 (N=22)

Size was estimated based on the diameter of the nucleus from each cell (indicated in pum, mean+SD). Shown are: N, the number of cell nuclei
analyzed; and n, the number of A. aegypti females from which trophocytes and oenocytes were dissected. The mean diameter for each group also
was determined.

E3
indicate the calculated mean is not statistically different (Tukey test p>0.05). Mean values are statistically different for all other samples (Tukey
test p<0.05).
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