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Abstract

One of the aims of systems biology is to model and discover
properties of cells, tissues and organisms functioning as a
system. In recent years, studies in the adult Drosophila gut have
provided a wealth of information on the cell types and their
functions, and the signaling pathways involved in the complex
interactions between proliferating and differentiated cells in the
context of homeostasis and pathology. Here, we document and
discuss how high-resolution ultrastructure studies of organelle
morphology have much to contribute to our understanding of how
the gut functions as an integrated system.
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Introduction

The adult Drosophila midgut is a complex tissue with
various cell types that interact closely to maintain tissue
integrity and perform organ function. The gut consists
of a pseudostratified epithelium, a latticework of circular
and longitudinal visceral muscles that supports the
epithelium, and a tracheal vascular system. The major
cell types of the midgut epithelium are the absorptive
enterocytes (ECs), characterized by a large nucleus and
microvilli-covered luminal surface, the enteroendocrine
cells (EEs) that produce various hormones, and the in-
testinal stem cells (ISCs) that produce ECs and EEs

[1,2]. Interactions between these cell types are critical
to maintaining tissue integrity and gut function. For
example, ISCs proliferation and differentiation are
controlled by a complex network integrating autocrine
and paracrine signals [3,4]; hormones derived from EEs
regulate EC physiology; and EC-derived factors signal to
ISCs following gut damage.

Despite the body of knowledge about signaling in the gut,
we are still far from understanding how different signals
are processed and integrated inside the cell to orchestrate
a particular cellular function. As much of the cell is
organized in membrane-bound or membrane-free organ-
elles, and that organelles can serve as the venues for signal
transduction [5—7], ultrastructure studies examining
changes in organelle morphology, size, number, and
location can provide cues on how signal integration is
coupled with organelle behaviors and inter-organelle
communication under healthy or pathological conditions.

In this review, we illustrate, from our ultrastructure
analysis of the cell types in the gut, how examining
tissue biology at subcellular resolution could lay the
groundwork for studying cellular signaling under normal
or stressed conditions. We argue that describing organ-
elle phenotypes at the ultrastructure level should play a
more prominent part in the phenotypic characterization
of tissues, and that such studies are necessary to obtain a
systems level understanding of tissue biology and organ
function.

Histological and ultrastructure analyses
inspired the identification of stem cells in
the Drosophila midgut

The concept of a stem cell population in the midgut
epithelium dates back to histology analyses in the 1940s.
As Albert Miller described in the book “Biology of
Drosophita” [8], “the regenerative cells are infrequent,
are sometimes wedge-shaped with a tapering apex, and
have denser cytoplasm than the active (absorptive)
cells; their nuclei are also denser, smaller, and situated
near the base”. Later, using electron microscopy (EM),
Otto Baumann described that regenerative cells are far
smaller in size, have no basal infoldings, fewer mito-
chondria, and fewer rough endoplasmic reticulums
(ERs) [9]. Baumann also noticed that the adherens
junction protein Armadillo (Arm) and the non-neuronal
isoform of the cell adhesion protein Neuroglian are
enriched in regenerative cells.
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Definite proof of the existence of stem cells in the adult
gut will have to wait experimental evidence provided by
two independent studies in 2006 [1,2]. Because escargor
(esg) 1s required to maintain diploidy of imaginal cells
[10], Micchelli and Perrimon examined midgut
expression of the esgGa/4 enhancer trap line, and found
that esgGal4 specifically labels the diploid “regenerative”
cells. Immunostainings revealed that the mitosis marker
phospho-Histone H3 (pH3) is only detectable in
esg+cells [1]. In addition, esgGa/4-driven cell depletion
causes complete and irreversible elimination of mitosis
in the midgut [11,12]. Furthermore, using mosaic anal-
ysis with a repressible cell marker (MARCM) [13],
Micchelli and Perrimon randomly labeled the progenies
of mitotic cells and found that both ECs and EEs can
arise from the same clones harboring esg+cells [1].
Similarly, Ohlstein and Spradling, inspired by the earlier
studies of Miller and Baumann, searched for stem cells
in the midgut using a FLP-FRT based lacZ reconstitu-
tion system for random lineage labeling and found that
only clones arising from regenerative cells have the ca-
pacity for long term expansion [2].

Figure 1

Ultrastructure analysis and functional
studies of organelles in ISCs

Following on earlier EM findings [9,14,15], we re-
examined the ultrastructure of the posterior midgut at
higher resolution and in various conditions. ISCs have
dense cytoplasm and often appear darker than ECs in
electron micrographs [2,8]. Our high-resolution electron
micrographs revealed that ISCs have a very high density
of free ribosomes (Figure 1A, ribosomes can be easily
recognized in the magnified view in 1A”), which might
decrease after tissue damage (Figure 2F'). Proteins
synthesized on free ribosomes either remain in the
cytosol or incorporate into other organelles such as the
nucleus and mitochondria [16]. Whether ISCs depend
on enriched free ribosomes for their stress response,
self-renewal, or differentiation is yet to be determined.

ISCs appear to have small mitochondria with much
fewer cristac than mitochondria found in EGCs
(Figure 1A/, A”, C and D). It has been proposed that
mitochondria cristae enhance the efficiency of oxidative
phosphorylation by acting as proton traps for ATP

1. ISC; 2. microvilli; 3. EC; 4. visceral muscle; 5. trachea; 6. EE; 7. mitochondria; 8. endosome/ lysosome; 9. autophagosome; 10. cell
junction; 11. Golgi body; 12. secretory vesicle; 13. nucleus; 14. nucleolus; 15. ER; 16. ribosome; 17. basal labyrinth; 18. multilamellar
body; 19. lipid droplet; 20. glycogen; 21. MVB

Electron micrographs of normal midguts. (A) An ISC localized between two ECs, with the magnified views of the region circled by the red dashed box

shown in (A’), the apex region circled by the yellow box shown in (A”). Plastic sections of posterior midguts from wild type (genotype: w

7118 young adult

flies are used for EM unless noted otherwise. Each image is representative of N>3 sections. (B) An EE localized between two ECs, with the magnified
views of the apical region circled by the red dashed box shown in (B’), the basal region circled by the yellow box shown in (B”). (C) An ISC localized next
to the trachea, with only the basement membrane between them. (D) Mitochondria in an ISC and its neighbor EC. (E) A Golgi body localized at the apex of
an ISC. (F) A Golgi body localized in an EE. (G) Tight junction between two ECs. (H) Secretory vesicles near the microvilli of an EC. (I) Glycogen granules,
a lipid droplet, and two multilamellar bodies found within one region of the EC. (J) Endosomes/lysosomes found in an EC. Note that the multivesicular
body (MVB) is a type of late endosome and the autophagosome can be considered a type of lysosome that engulfs organelles.
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Figure 2

Paraquat

S Normal

1. I1SC; 2. microvilli; 3. visceral muscle; 4. nucleus; 5. basal labyrinth; 6. lipid droplet; 7. mitochondria; 8. autophagosome; 9. extrusion

Electron micrographs of midguts under pathological conditions. (A) The pseudostratified epithelium of midguts expressing GFP in ISCs for 4d with the
EGT (esgGal4, UAS-GFP, tubGal80'®) expression driver. (B) The multi-layered epithelium of midguts expressing Yki®®” in ISCs for 4d. (C) A normal EC
stretching from the basement membrane to the lumen found in a section of midgut Yki tumor. The magnified view of its extended basal labyrinth is shown
in (C'). (D) Midgut epithelium of wild type (genotype: w'’*®) flies fed on normal food. (E) EC vacuolation and ISC expansion in the midgut epithelium of wild
type flies fed on food containing 2 mM paraquat for 2d. Note that under tissue damage conditions the ISCs might no longer be enriched with free ri-
bosomes, but they could be recognized by their cell boundary, small nuclei, and basal localization. (F) Deposition of electron-dense materials in the
mitochondria and autophagosomes of ECs, but not in ISCs. Magnified view of an ISC and its neighboring EC is shown in (F').

synthase [17]. Previous studies have connected mito-
chondria with ISC activity. For example, induction of
mitochondria biogenesis by overexpressing JPGC1o/
spargel inhibits the levels of reactive oxygen species
(ROS) and aging-related ISC overproliferation, leading
to an increase in life span [18]. Moreover, knockdown of
the mitophagy-related genes Pinkl or Parkin results in
increased electron density in the mitochondrial matrix
of ISCs, increased the number of swollen mitochondria
in ISCs in old flies, and decreased ISC proliferation [19].
However, none of these studies focused on the unique
morphology of mitochondria cristae in ISCs. Interest-
ingly, Drosophila germline stem cells also have much
fewer cristae in their mitochondria than differentiated
germ cells, and knockdown of ATP synthase, but not
other members of the oxidative phosphorylation system,
inhibits mitochondria cristae formation and germ cell
differentiation [20]. The roles of mitochondrial mem-
brane maturation and oxidative phosphorylation in ISCs
remain to be elucidated.

The Golgi body and the ER are readily detectable in the
electron micrographs of ISCs, often localizing at the apex
(Figure 1A” and E). These organelles are responsible for
the production of a variety of secretory or membrane
proteins that are essential for ISCs. The Golgi body
produces lipolysis enzymes, which are transported via the
coat protein complex I (COPI) to the surface of lipid
droplets [21]. Interestingly, depletion of Drosophila COPI
orits associated GTPase Arf1 induces necrosis in ISCs but
spares differentiated cells [22], suggesting a possible
dependency on lipolysis for energy supply in ISCs.

Moreover, the ER-stress responsive transcription factor
Xbpl and the ER-associated degradation pathway
component Hrd1 restrict ISC proliferation by preventing
ROS production and c-Jun N-terminal kinase (JNK)
activation [23]. In response to ER stress or JAK/STAT
activation, the PKR-like ER kinase is activated specif-
ically in ISCs to induce proliferation [24]. The ER is also
the largest store of releasable Ca’" in the cell [25]. Cal-
cium channels and transporters located in the ER mem-
brane are crucial for controlling intracellular Ca®" levels
in ISCs [26], which could in turn affect proliferation via
Ras/MAPK signaling [12] or affect differentiation via in-
hibition of Notch activity [27].

A small number of endosomes and autophagosomes can
also be recognized in the electron micrographs of ISCs
(Figure 1A/, A” and E). Endocytosis and autophagy play
important roles modulating signaling activity in ISCs.
For example, endocytosis of the JAK/STAT pathway
receptor Domeless is required to prevent excessive JAK/
STAT activity [28]. Moreover, dietary lipids can regulate
ISC differentiation in newly-eclosed adult flies by
modulating the endocytosis of the Notch extracellular
domain and Notch pathway ligand Delta [29]. In addi-
tion, the asymmetric distribution of endosomes marked
by the adaptor protein Smad Anchor for Receptor Acti-
vation (Sara) during ISC mitosis induces Notch activity
and cell differentiation in the progeny that receives
more Sara endosomes [30]. Autophagy mediates cell
death and removal of the larval midgut during meta-
morphosis [31]. In the adult ISCs, ROS-induced auto-
phagy is coupled with JNK activation via autophagy-
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related 9 (Atg9) as part of the stress response machinery
[32].

Ultrastructure analysis of other cell types
EEs represent another midgut epithelial cell type that
are diploid and thus have much smaller nuclei than the
ECs (Figure 1B). Neither ISCs nor EEs have microvilli.
However, electron micrographs of EEs differ from ISCs
in several ways. First, EEs have long cell bodies spanning
across the epithelial layer, whereas ISCs are confined to
the basal region (Figure 1A and B) except that some
ISCs have very thin apical extension that can reach the
luminal surface [2]. Second, in contrast to the loose
adherens junctions in ISCs which are thought to allow
cell mobility [2] (Figure 1A” and F), tight junctions are
present in both EEs and ECs in the apicolateral regions
(Figure 1B/, Fand G). Aging-associated deterioration of
tight junctions causes impaired intestinal barrier func-
tion, raising the levels of gut infection, JNK activity, and
ISC proliferation [33]. Finally, consistent with their
endocrine functions, EEs are enriched with secretory
vesicles, rough ER, and Golgi body (Figure 1B’, B” and
F). Some vesicles are loaded with granules, which likely
contain the secretory peptides. Moreover, many secre-
tory vesicles, some presumably ready to fuse with the
plasma membrane, can be found at both apical and basal
sides of the EEs, suggesting that EE-secretory factors
can be delivered to either the luminal fluid or the he-
molymph. Previous studies have found that EE-derived
factors affect a wide range of local and distant target cell
types. For example, EEs produce Slit [34], tachykinin
[35], and Activin-B [36] to regulate ISC differentiation,
EC lipogenesis, and fat body glucagon signaling,
respectively. Based on these EM observations, it will be
intriguing to investigate whether the site of secretion
determines the target cell type for EE-derived signals,
and whether apical and basal secretions are differentially
regulated.

ECs are cuboidal or columnar cells with polyploid nuclei
at the center and microvilli covering the luminal surface.
The differentiation from ISCs to the much larger ECs
involves a process of postmitotic cell growth and
endoreplication, which is controlled by the Ras/MAPK
and InR/PI3K/Target of rapamycin (TOR) pathways
[37].

In the lower half of the EC, the plasma membrane is
enriched with Na™/K™-ATPase and often forms a basal
labyrinth (Figures 1B, 2A and C) by extensive infoldings
[9]. Mitochondria are accumulated along the mem-
branes of the basal labyrinth, often in a vertical basal to
apical orientation, to provide energy for active ion
transport [38]. In mammals, basal labyrinths are prom-
inent in the epithelia of the renal tubules, the renal
collecting ducts, and the salivary glands, where they play
critical roles in regulating body fluid osmolality [38].

However, the basal labyrinth has not been reported or
studied in mammalian ECs.

Our EM analysis identified organelles that are critical for
the digestive and metabolic functions of ECs, including
secretory vesicles (Figure 1H), lipid droplets (Figure 1B’
and I), and glycogen granules (Figure 1I). In addition,
EC endosomes/lysosomes (including MVB and auto-
phagosomes) exhibit diverse morphology (Figure 1G, 1
and J). Recently it was found that Atg9 loss results in
hyperactive TOR signaling and dramatically enlarged
ECs [39]. Therefore, autophagy plays an important role
in suppressing cell growth in ECs.

It should be noted that the multilamellar body
(Figure 1B and I) is a specialized form of lysosome,
varying from ~150 nm to ~3 um in diameter, found in
most ECs and less frequently in ISCs or EEs. They
could exist alone, in groups, or localize within autopha-
gosomes. Similar multilamellar structures have been
studied in type II alveolar cells of the lung [40], in
keratinocytes of the skin [41], and in the nervous
system of the earthworm [42], where they serve as a
reservoir for phospholipids and participate in exocytosis
or the biogenesis of other membrane structures.
Multilamellar bodies are also found in the mammalian
gastrointestinal tract [43], where their function is
unknown.

High-resolution electron micrographs could identify
non-epithelial cells in the midgut. For example, the
trachea cells, characterized by the empty cavity they
encircle, can be found on both sides of the visceral
muscle layer (Figure 1A and A’). In addition to its
physiological function of gas exchange, the trachea can
release the TGFP ligand Dpp to protect the ECs and
affect midgut homeostasis [44]. Our electron micro-
graphs indicate that the trachea not only penetrate
through the muscle layer, but also make close contact
with epithelial cells, especially the ISCs (Figure 1A’ and
C). Recent studies suggest that other cell types such as
the enteric neurons [45] or hemocytes [46] might also
make contacts with the midgut and influence ISC ac-
tivity via Hh or Dpp signaling, respectively. However,
these contacts are infrequent and not easily detectable
by EM.

Ultrastructure analysis of the midgut under
pathological conditions

With a better understanding of the normal midgut, we
wondered whether EM analysis could detect any ab-
normalities in organelle morphology under pathological
conditions. In particular, we examined midguts
following oncogene activation or tissue damage.

Consistent with previous studies reporting that Yki
activation causes hyperplasia [47], we observed a
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multilayered midgut epithelium when a constitutively
active form of Yki (Yki®*) is expressed in ISCs
(Figure 2A and C). The accumulation of lipid droplets in
some cells of Yki tumors (Figure 2B) might indicate
apoptosis [48]. Interestingly, in Yki tumors we detected
basal labyrinths (Figure 2C) that are more extensive and
enriched with more elongated  mitochondria
(Figure 2C’) than in the normal midgut (Figure 2A).
Previously, Yki tumors have been reported to cause
excessive body fluid (“bloating syndrome”) in the
abdomen [49] — whether or not the bloating syndrome
can be attributed to the accelerated water absorption
activity of basal labyrinths needs further investigation.

Paraquat is a commonly used herbicide that causes
severe lung and gastrointestinal damages when ingested
by mammals [50]. In the fly midgut, paraquat feeding
induces oxidative stress and ISC proliferation [51].
Interestingly, in addition to the expansion of progenitor
cells (Figure 2D and E), three features could be recog-
nized by EM in the midguts of paraquat-fed flies. First,
ECs often accumulate large vacuoles of lipid droplets
(Figure 2E). A recent report documented similar EC
vacuolation in a region of the anterior midgut after
pathogenic infection, and speculated that lipid droplets
might help alleviate oxidative stress [52]. Second, para-
quat causes massive deposition of electron-dense mate-
rials (Figure 2E and F), which is also observed in the
alveolar cells from dogs intoxicated with paraquat [50].
The electron-dense materials probably correspond to
protein aggregates induced by oxidation, and mostly
found in mitochondria (Figure 2F’), the major site of
ROS production caused by paraquat [53]. Some
electron-dense materials also appear in the autophago-
somes that have engulfed damaged mitochondria
(Figure 2F). Interestingly, the electron-dense materials
are found in ECs but not in ISCs (Figure 2F’). The ac-
tivity of Nrf2/CncC, a major regulator of antioxidant
signaling, is more active in the ISCs than in the ECs
under homeostatic conditions, but suppressed in the
ISCs after paraquat feeding [54]. Although we could not
rule out that the pre-existing Nrf2/CncC activity might
protect ISCs from oxidative damage, it is also possible
that ISC mitochondria properties such as smaller size and
fewer cristae contribute to paraquat resistance. Third,
following paraquat feeding, we could detect apical
cytoplasm extrusion (Figure 2F), which was reported
recently as a mechanism for ECs to purge themselves of
damaged components and/or bacteria [52].

Conclusion and future perspectives

Although previous studies have identified various
signaling pathways regulating ISC activity and unveiled
a sophisticated network of cell communication in the
midgut (Figure 3A and B) [3,4], it is largely unclear
when, where, and how these signals are processed inside
the cell. Because organelle behaviors are closely related

to tissue homeostasis, and tissue pathology is also re-
flected in organelle defects, further investigation of
organelle biology in the midgut should help understand
the integration of different signals at a subcellular
resolution.

Ultrastructure analyses and functional studies could be
used to corroborate and inspire each other (Figure 3C).
For example, an EM observation may help formulate a
hypothesis on the function of a particular type of
organelle or organelle-associated protein. Conversely,
one could use EM, with immunogold labeling, to
examine the organelle association of a candidate protein
identified from a functional screen or bioinformatics
analysis. Importantly, because very limited areas can be
imaged with EM, researchers could use optical micro-
scopy to corroborate EM findings in larger areas of the
midgut. A number of UAS-fluorescent reporter lines
labeling major types of organelles are available from
Bloomington Drosophila Stock Center and are valuable

resources for optical microscopy (examples in
Figure 3D). In addition, CRISPR/Cas9-mediated

genome editing makes it easy to generate knock-in
flies labeling organelle-associated proteins [55,56].
Furthermore, expansion microscopy allows us to physi-
cally magnify biological specimens fixed on swellable
polymer and perform scalable super-resolution imaging
using ordinary confocal microscopes [57].

In addition to CRISPR, the advent of several new
techniques will likely transform future studies of
organelle biology (Figure 3C). For example, tagging or-
ganelles with proximity labeling enzymes (APEX|
BiolD, or TurbolD) can help characterize the protecome
of organelles in specific cell types and under different
conditions [58—60], which may help for example to
identify candidates that might integrate signaling
pathways. Organelles, or their associated proteins, once
marked with a fluorescent reporter, could be examined
for real-time analysis using a recently established long-
term midgut live imaging platform, which tracks cell
behaviors in a living fly for 12—16 h [61]. Furthermore,
GFP-labeled organelles could be manipulated with the
GrabFP (grab Green Fluorescent Protein) toolbox for
controlled localization [62], which might help address
whether subcellular localization matters for organelle
function; and whether the distribution of specific or-
ganelles during asymmetric stem cell division affects
cell fate. Ultimately, an integration of new techniques
with conventional ultrastructure analysis and functional
studies will make the fly midgut an even more powerful
system to tackle fundamental cell biology questions in
the context of a complex tissue.

EM method
Samples were fixed in the routine fixative [2.5%
Glutaraldehyde 1.25% Paraformaldehyde and 0.03%
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Figure 3
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Future perspectives of organelle studies in the midgut. (A) The organization of different cell types and the cell communication network in the midgut under
homeostatic conditions. Ligands for different signaling pathways are highlighted in purple. CM: circular visceral muscle; LM: longitudinal visceral muscle;
PM: peritrophic membrane; SB: serosal barrier. (B) Activation of multiple signals in the midgut under stressed conditions. Red arrows indicate signals that
are positively affected by tissue damage. DUOX: dual oxidase; DSS: dextran sulfate sodium. (C) Development of new tools will establish a versatile
interdisciplinary platform and transform future studies of organelle biology in the midgut. (D) Examples of cell type specific organelle labeling. Midguts
expressing RFP-labeled ER (-KDEL), Golgi body, or endosome (Rab4) in ISCs for 4d were co-stained with DAPI.

picric acid in 0.1 M sodium cacodylate buffer (pH 7.4)]
for at least 2 h at room temperature, washed in 0.1M
cacodylate buffer and postfixed with 1% Osmiumtetr-
oxide (Os04)/1.5% Potassiumferrocyanide (KFeCNG6)
for 1 h, washed 2 x in water, 1 x Maleate buffer (MB) 1x
and incubated in 1% uranyl acetate in MB for 1hr
followed by 2 washes in water and subsequent dehy-
dration in grades of alcohol (10 min each; 50%, 70%,
90%, 2 x 10 min 100%). The samples were then put in
propyleneoxide for 30 min and infiltrated ON in a 1:1
mixture of propylencoxide and TAAB Epon (Marivac
Canada Inc. St. Laurent, Canada). The following day the
samples were embedded in TAAB Epon and polymer-
ized at 60°°C for 48 h. Ultrathin sections (about 60 nm)
were cut on a Reichert Ultracut-S microtome, picked up
on to copper grids stained with lead citrate and exam-
ined in a JEOL 1200EX 'Transmission electron micro-
scope and images were recorded with an AMT 2k CCD

camera.
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