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A B S T R A C T

Hematopoietic cell lineages support organismal needs by responding to positional and systemic signals that
balance proliferative and differentiation events. Drosophila provides an excellent genetic model to dissect these
signals, where the activity of cues in the hemolymph or substrate can be traced to determination and differen-
tiation events of well characterized hemocyte types. Plasmatocytes in third instar larvae increase in number in
response to infection and in anticipation of metamorphosis. Here we characterize hemocyte clustering, prolif-
eration and transdifferentiation on the heart or dorsal vessel. Hemocytes accumulate on the inner foldings of the
heart basement membrane, where they move with heart contraction, and are in proximity to the heart ostia and
pericardial nephrocytes. The numbers of hemocytes vary, but increase transiently before pupariation, and
decrease by 4 h before pupa formation. During their accumulation at the heart, plasmatocytes can proliferate and
can transdifferentiate into crystal cells. Serrate expressing cells as well as lamellocyte-like, Atilla expressing
ensheathing cells are associated with some, but not all hemocyte clusters. Hemocyte aggregation is enhanced by
the presence of a heart specific Collagen, Pericardin, but not the associated pericardial cells. The varied and
transient number of hemocytes in the pericardial compartment suggests that this is not a hematopoietic hub, but a
niche supporting differentiation and rapid dispersal in response to systemic signals.
1. Introduction

Genetic models of hematopoiesis provide new avenues to study the
origins of blood cell disorders while also proffering a context to under-
stand the stem cell niche. Drosophila melanogaster has emerged as a
productive model to study blood cell homing and hematopoiesis. He-
mocytes of Drosophila resemble vertebrate blood cells in various respects
such as stem cell regulation, functional subtypes, immune functions, and
molecular signaling (Evans et al., 2003; Gold and Bruckner, 2014; Har-
tenstein, 2006; Martinez-Agosto et al., 2007). The three main types of
differentiated hemocytes have immune related functions such as
phagocytosis (plasmatocytes), melanization (crystal cells) and encapsu-
lation (lamellocytes) of parasites (Rizki, 1978, 1962; 1957; Rizki et al.,
1980; Rizki and Rizki, 1992). Additionally, hemocytes secrete extracel-
lular matrix (ECM) proteins during development (Knibiehler et al., 1987;
Kusche-Gullberg et al., 1992; Yasothornsrikul et al., 1997). Besides he-
mocytes, the fat body of Drosophila larvae also secretes ECM compo-
nents. Specifically, Pericardin is secreted by the larval fat body and
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recruited to the cardiac ECM (Drechsler et al., 2013).
Hemocyte types are distinguished by employing molecular and ge-

netic markers. Hemolectin (Hml) is a marker for most hemocytes. It is
expressed in plasmatocytes (Goto et al., 2003; Sinenko and
Mathey-Prevot, 2004) which make up 90–95% of all hemocytes (Rizki,
1957). Lozenge (lz) expression is specific to crystal cells (Lebestky et al.,
2000). Hml expression persists during transdifferentiation when a plas-
matocyte is turning into a crystal cell, but is lost in mature crystal cells
(Leit~ao and Sucena, 2015; Mukherjee et al., 2011).

Drosophila hematopoiesis occurs both in a hematopoietic organ called
the lymph gland and also in tissue-resident blood cells (Gold and
Bruckner, 2015; Letourneau et al., 2016), which originate from thoracic
mesoderm and head mesoderm of the embryo respectively (Holz et al.,
2003; Rugendorff et al., 1994; Tepass et al., 1994).

The lymph gland is made up multiple lobes that flank the aorta. This
organ develops through larval stages until it releases its hemocytes into
circulation at the start of metamorphosis (Lanot et al., 2001). Lymph
gland hemocytes will be released into hemolymph during larval stages if
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a larva is infected by a parasitic wasp, but not under normal conditions
(Lanot et al., 2001). Primary lobes of the lymph gland include a cortical
zone made of maturing hemocytes, a medullary zone containing stem cell
like prohemocytes, and a posterior signaling centre (PSC) that regulates
the differentiation rate of prohemocytes into hemocytes through various
molecular signals (Crozatier et al., 2004; Jung et al., 2005; Lebestky
et al., 2003; Mandal et al., 2007; Pennetier et al., 2012; Sinenko et al.,
2009). One such signal is Serrate, which regulates crystal cell maturation
(Lebestky et al., 2003; Krzemie�n et al., 2007). Cells of the PSC send thin
and elongated cellular processes into the medullary zone (Mandal et al.,
2007).

Tissue-resident (sessile) blood cells of Drosophila accumulate on the
epidermal-muscular pockets of the larval segments (Makhijani et al.,
2011). These hematopoietic pockets are found laterally (lateral patch)
and dorsally (dorsal stripe) (Lanot et al., 2001; Makhijani et al., 2011;
M�arkus et al., 2009; Stofanko et al., 2008). Cell exchange is observed
between the hematopoietic pockets, which suggests that they are dy-
namic (Makhijani et al., 2011). Peripheral nervous system (PNS) neurons
attract resident hemocytes to these pockets and provide a trophic
microenvironment (Makhijani et al., 2011). In the 2nd and early 3rd
instar, sessile plasmatocytes proliferate at a higher rate than circulating
plasmatocytes (Makhijani et al., 2011). This difference is lost by mid-3rd
instar, possibly due to the increased rate of exchange between sessile and
circulating hemocytes (Makhijani et al., 2011).

Another hematopoietic feature of sessile plasmatocytes is that they
are capable of transdifferentiating into crystal cells (Leit~ao and Sucena,
2015). Plasmatocytes expressing Serrate signal to adjacent plasmatocytes
expressing Notch to turn into crystal cells (Leit~ao and Sucena, 2015). The
Serrate-Notch signaling requires cell-cell contact (Fiúza and Arias, 2007),
and sessile plasmatocytes are in close contact with each other through
cellular interdigitations (Lanot et al., 2001).

Sessile hemocytes have hematopoietic functions during parasitic
wasp infections as well. New lamellocytes are produced from putative
prohemocytes found within sessile hemocyte populations or through
transdifferentiation of plasmatocytes (Anderl et al., 2016; M�arkus et al.,
2009).

Hemocytes produced during embryogenesis and larval development
can persist into adulthood (Holz et al., 2003; Honti et al., 2014) as do the
hemocyte precursors from the larval lymph gland (Ghosh et al., 2015). In
the adult, these hemocytes and their precursors are commonly aggre-
gated on the dorsal midline of segments A1-A4 close to the heart (Ghosh
et al., 2015). This site is suggested to be a hematopoietic hub of adults,
because it harbors plasmatocytes that respond to immune challenges by
proliferating and prohemocytes capable of differentiating into crystal
cells and plasmatocytes (Ghosh et al., 2015). Nested between the heart
and cuticle, this area contains a network of ECM proteins such as Laminin
A and Pericardin (Ghosh et al., 2015), similar to how vertebrate bone
marrow is enriched with laminin (Gu et al., 2003; Siler et al., 2000) and
collagen (Nilsson et al., 1998).

An uncharacterized location of hemocyte accumulation in the larvae
is the Drosophila heart, called the dorsal vessel (DV), a tubular organ
positioned on the dorsal midline (reviewed by Medioni et al., 2009; Tao
and Schulz, 2007). Contractile cardiomyocytes form the heart tube to
pump hemolymph from posterior to anterior. A series of excretory and
non-contractile pericardial cells flank the lateral sides of the heart tube.
In fixed larvae, hemocytes are found on pericardial cells (Rizki and Rizki,
1984). The DV has inflow tracks called ostia as well as an intracardiac
valve (Lehmacher et al., 2012). Cardiomyocytes and pericardial cells are
covered by basement membranes on the abluminal and luminal sides
throughout development (Hollfelder et al., 2014; Lehmacher et al., 2012;
Rugendorff et al., 1994; Tepass and Hartenstein, 1994; Zhang et al.,
2013). Some of the main ECM proteins of the DV include Pericardin,
Laminin and Collagen IV (Chartier et al., 2002; Hollfelder et al., 2014;
Hughes and Jacobs, 2017; Yarnitzky and Volk, 1996). Pericardin is a
Drosophila specific collagen-like protein (Chartier et al., 2002) which
when absent leads to a disorganized heart tube and detachment of the
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pericardial cells (Wilmes et al., 2019; Drechsler et al., 2013).
Here we report on a pre-pupariation buildup of hemocytes associated

with the heart ECM. Previous reports suggested that hemocytes accu-
mulate at the DV as a result of circulation build-up (Babcock et al., 2008;
Makhijani et al., 2011). It was also observed that hemocytes accumulate
at the ostia of mosquito adults as a defense against immune attack (King
and Hillyer, 2012; Sigle and Hillyer, 2016; 2018a,b). We observed that
accumulation and dispersal of hemocytes was temporally consistent,
rapid and transient, suggesting a role in metamorphosis, rather than
infection or circulatory buildup. In this paper, we characterize the pop-
ulation of DV hemocytes, in comparison to other hematopoietic sites. We
note that this population responds to infection, undergoes trans-
differentiation and requires a specific microenvironment to become
established beside the larval heart.

2. Materials and methods

2.1. Drosophila melanogaster stocks

w; Pxn-Gal4 (courtesy K. Bruckner), HmlΔ-DsRed (Makhijani et al.,
2011), Lz Gal4; UAS GFP (Bloomington# (BL): 6313), Mef2 GAL4 (BL:
27390), prc MB03017/TM6C, Sb (BL: 23836), vkg cc0079, yw (BL: 6598), w1118

PBac{WH}Klf15f06447 (BL: 18979), fly fucci (Zielke et al., 2014), w1118;
KrIf-1/CyO, dotGal4(BL:26982), UAS-LifeAct-GFP (BL: 35544), P{en1}
wgen11; P{UAS-GFP.E2f1.1-230}26 P{UAS-mRFP1.NLS.CycB.1–266}
17/TM6B, Tb (BL: 55122) UAS- loh,UAS-lohΔTSR1-2 (Drechsler et al.,
2013, both courtesy of Achim Paululat), Ser-lacZ II-9.5Z/CyO (Bachmann
and Knust, 1998, courtesy of Erika Bach).

2.2. Live imaging

For Fig. 1A, a stage 17 embryo was imaged at the confocal microscopy
by Dr. Qanber Raza using the hanging drop method (Reed et al., 2009).
For Fig. 1E, a 3rd instar was imaged by confocal within 20min of being
anesthetized with 2 doses of 500 μl airborne desflurane (Suprane, Baxter
Corp. Mississauga ON) introduced over 20min. Supplementary Videos
were made using an Olympus BX43 Microscope within 20min after
anesthetizing a third instar with 1 dose of 500 μl airborne chloroform
(ACP Chemicals C-3300, 99.8%) exposed twice for 24 s with a 3 s inter-
val. Anesthesia protocols are detailed by Cevik et al. (2019).

Supplementary Video V1 and V2. DV hemocytes move with heart
contraction. Hemocytes expressing Hml-dsRed (video 2) flank the dorsal
vessel outlined with Vkg-GFP (video 1) and move medially with each
heart contraction. Hemocyte distribution is not restricted to the locations
of the ostia, which are medial to the arrowheads. More laterally, other
labeled hemocytes do not move with the heart. These are associated with
the ectoderm, in the dorsal stripe (ds). Representative still image com-
bines vkg-GFP and Hml-dsRed during systole. Lateral cluster (arrow) and
the dorsal stripe (ds) is faintly visible in the background Genotype:
hmldsred,vkg-GFP/þ Scale bar: 100 μm. hl: heart lumen; ds: dorsal stripe.
Frame rate: 20 frames/second.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.ydbio.2019.06.006.

2.3. Immunolabelling

α-βPS (β-Integrin, DF.6g11-s, 1/30) was used to label pericardial cells
and α-Talin (1/15) and α-Atilla (L1a,b,c; Kurucz et al., 2007) were used to
label putative lamellocytes. α-LanA (Laminin, 1/30) and α-Prc (Peri-
cardin, EC11 anti-Pericardin, 1/30) were used to visualize ECM.
β-integrin, Talin and Pericardin antibodies were from the Developmental
Studies Hybridoma Bank, Iowa City, IA, USA α-Laminin (Vanderploeg,
2014). Samples immunolabelled with these antibodies were first fixed in
1ml of 4% paraformaldehyde (Polysciences, Warrington, PA, USA) in
phosphate buffered saline (PBS) and immunolabeled according to the
protocol adapted from Alayari et al. (2009). α-βGal (Vanderploeg, 2014,
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1/1000) was used to detect ser-lacZ expression. Alexa 647 or Rhodamine
conjugated phalloidin (1:150; Thermo Fisher) were used to visualize the
heart tube and the secondary antibodies, Alexa 488 α-chicken and Alexa
647 α -mouse (1:150) were obtained from Thermo Fisher.

Protocols for larval and adult dissections were adapted from Vogler
and Ocorr (2009). Dissection plates with magnetic pins and plates with a
thin layer of Vaseline were used to dissect larvae and adults respectively.
Larval dissections were fixed in 2% formaldehyde in PBS for 2 h at room
temperature (RT). Samples were washed with PBT (PBSþ0.3% tritonX)
for 3 h, changing the solution twice. Samples were blocked for an hour
using normal goat serum (NGS, 1/15) in PBT followed by incubating with
the primary antibody overnight at 4 �C. Samples were then washed with
PBT overnight at 4 �C and blocked again with NGS. Samples were
incubated with the secondary antibody at 4 �C overnight or at 25 �C for 4
h, followed by an overnight wash with PBT at 4 �C. Samples were
removed from the shaker and left in 50% glycerol in PBS for at least 3 h or
overnight at 4 �C before mounting them on a slide with 70% glycerol in
PBS. Samples that did not require immunolabelling were fixed for 15 min
and washed with PBS for 10 min on a shaker. Samples were left undis-
turbed for at least 30 min at 4 �C with 50% glycerol before replacing the
solution with 70% glycerol overnight.

2.4. Imaging and image processing

Leica SP5 confocal microscope was used for images unless stated
otherwise. Frontal sections were taken 1.3 μm apart and projected while
transverse cross sections were not projected. Virtual cross sections and
3D projections were constructed using ImageJ (Schneider et al., 2012).
Volume of DV hemocytes was estimated using the stereological volume
estimation plugin Volumest (Merzin, 2008; Roberts et al., 2000) on
ImageJ. The borders of each hemocyte and hemocyte cluster was drawn
manually, and Volumest was used to estimate the total volume occupied
by hemocytes.

2.5. Collecting embryos, larvae and adults

To collect embryos (Fig. 1A), fly houses were set up with plastic tri-
corner beakers with pinholes attached to an apple juice agar plate
(0.02 gr/ml Agar, 2.5% sucrose, 25% apple juice in water) with a small
amount of yeast paste. After 8 h of egg laying, the apple juice agar plate
was kept at room temperature (RT, 22 �C) for 12 h and at 4 �C for a
maximum of 3 days before fixation.

To collect L1 and L2, fly houses were set up with yeast fly food
(Fig. 1B and C). After a few hours of egg laying, plates were kept at RT for
about a day or 2 days to collect first and second instars respectively.
Instar stage was identified according to larval mouth hook physiology.

Third instars were raised on yeast food in vials (Figs. 3 and 5) or on
plates (Figs. 6 and 7). After 2 h of egg laying, adults were removed and the
vials were kept at RT to develop. The majority of larvae became 3rd instars
(identified by branched spiracles) at 76 h after the beginning of egg laying
(AEL). Larvae were dissected every 12 h until 36 h after L3 and then at 39
and 44 (start of pupation) hours. To raise larvae on yeast food plates, a fly
house was set up with apple juice agar plates and a small amount of yeast
paste. After egg laying for 2 h, adults were removed and embryos on the
plates were left to develop at RT. After approximately a day, only the
hatched larvae were removed from the apple plate and discarded. Then 25
new larvae were harvested when they hatched over the subsequent hour.
They were transferred to a yeast plate and incubated at RT until becoming
3rd instar. Larvae were dissected every 4 h until the start of pupation (44 or
48 h). Dissections for each stage were completed in 90min.

Adults were raised in yeast food vials and dissected 5–6 days after
eclosion.

2.6. Bacterial culture and antibiotic

A bacterial sample from the naturally developing biofilm was
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obtained from a fly food plate with 25 larvae on it. This sample was
placed in a liquid fly food medium (all ingredients except agar). Bacteria
were grown in 50ml liquid fly food medium in an orbital shaker at 37 �C
for 21 h until it reached OD600 of 35. Small aliquots of bacterial culture
were stored at-80 �C with 10% glycerol until needed. To make bacterial
culture plates (Fig. 7), 100 μl of glycerol stock was spread on yeast fly
food plate. After applying the bacterial culture, plate was left to dry for an
hour before larvae were collected. First recorded signs of bacterial col-
onies appeared the next day, when larvae were at L2. Untreated plates
showed signs of bacterial colonies much later, during L3. Antibiotic
treatment was delivered as 100 μl of a 25μg/ml chloramphenicol solu-
tion, spread on yeast food plates (Fig. 6A–F, 7). After applying the anti-
biotic, plates were left to dry for an hour before larvae were transferred.

2.7. Statistical treatment

Significance levels for changes in hemocyte volume were determined
with the Mann-Whitney U test statistic. Bacterial infection effects were
first assessed with the Kruskal – Wallis non-parametric test followed by
Mann-Whitney tests for between-groups comparisons with the Holm
correction for multiple comparisons.

3. Results

3.1. Clusters of hemocytes accumulate inside the ECM networks of the DV
during L3

Our studies of heart development in wildtype and mutant Drosophila
uncovered a dynamic pattern of hemocyte association with the DV. We
have characterized the time-course of these interactions in greater detail
employing fluorescent markers of hemocyte identity in both living and
dissected abdomens. The dynamic pattern of hemocyte migration during
embryogenesis has been documented in detail, as their movement re-
flects the removal of apoptotic cells and the deposition of ECM (Moreira
et al., 2010; Sonnenfeld and Jacobs, 1995). Embryonic hemocytes ex-
press Collagen IV (Viking), and can be tracked with both the hemo-
lectin>Red-h-Stinger (hml-DsRed; Makhijani et al., 2011) and the
Vkg-GFP gene trap. Motile plasmatocytes were visible around the em-
bryonic DV but did not persist or accumulate there (Fig. 1A). In contrast,
for all three larval instars, hemocytes were found on the abluminal heart
surface, inside the Viking (Vkg) labeled basal lamina of the DV, where
pericardial cells reside (Fig. 1B–E). We refer to these hemocytes as DV
hemocytes. First and second instars have several individual DV hemo-
cytes, but no clusters (Fig. 1B and C). Hemocytes are less often found on
the luminal side of the DV in both intact and dissected tissue, which will
be termed luminal hemocytes.

Sessile hemocytes in both larvae (dorsal stripes) and adults (he-
matopoietic hubs) have been documented on the dorsal surface of the
heart, immediately under the epidermis or the cuticle (Ghosh et al., 2015;
Makhijani et al., 2011). As sessile hemocytes may move or be dislodged
during dissection, we sought to clarify their position relative to DV he-
mocytes in living larva. DV hemocytes move with cardiac contraction and
hemocytes of the dorsal stripes do not (Supplementary V1; V2). We
briefly stopped the heart of an intact 3rd instar using desflurane to
confirm the position of the DV hemocytes in an intact larva (Fig. 1E).
Dorsal stripe hemocytes were on the dorsal side of the heart, quite
separate from DV hemocytes and the collagen network of the DV.

Hemocyte clustering at the DV is distinct during L3. The clusters are
dynamic, can change shape, or persist for hours. Whereas some 3rd in-
stars have no DV hemocyte clusters, others have hemocyte clusters of
various sizes. Hemocyte clusters are positioned in close proximity to
pericardial cells, within ECM networks that contain Collagen, Pericardin
and Laminin (Figs. 1D, 2A-D). As the heart contracts, DV hemocytes move
with it. We have not observed DV hemocytes specifically accumulating
near the ostia in live larvae, as hemocytes can be positioned anywhere
along the DV (Supplemental video V1; Supplemental video V2). DV
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Fig. 1. Hemocyte accumulation at the dorsal vessel during development. (A) Dorsal view of a late stage live embryo shows hemocytes (arrowheads) migrate close to
the DV, but do not accumulate inside the DV. (B, C, D, D0, F) Ventral view of the dissected DVs. (B0, C0, D’’, F0) are cross sections obtained from the location indicated by
the vertical line on the image to their left. (B, C) 1st and 2nd instars have very few hemocytes associated with their DVs. (B0, C0) Hemocytes that were associated with
the DVs (arrowheads) were located within the collagen network that encases the pericardial cells. (D) 3rd instar have many hemocyte clusters closely associated with
the DV. Abdominal segments A5 to A7. (D0) The enlarged view from (D). Cross-section from D0 is shown in D’’. A live larva DV cross-section projection (E) shows
hemocyte clusters located within the collagen networks of the DV where pericardial cells reside on the ventral side of the heart (arrowheads), in addition to “dorsal
stripe” hemocytes (Makhijani et al., 2011) on the dorsal side of the heart lumen (dashed rectangle). (F) In adults, most hemocytes (arrowhead) near the DV are the
extensions of hematopoietic hubs. Inset provides a cross-section from the arrowhead, revealing hemocytes outside the cardiac ECM. (F0) One hemocyte (arrowhead) is
found inside the collagen layers of the DV. Posterior is on the right in these and all the subsequent frontal sections. Dorsal side is up in these and all the subsequent
cross-sections. Red: Hmldsred (hemocytes); Green: Vkg-GFP (Collagen IV); Blue: anti-βPS (pericardial cells). DV: dorsal vessel; asterisk: pericardial cell; ht: heart tube;
hl: heart lumen; s: segment boundary; t: trachea. Genotype: All specimens are hmldsred,vkg-GFP/þ except (E) which is hmldsred,vkg-GFP/CyO. Scale bar: 25 μm.
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hemocytes likely enter the DV through ostia, but we have not observed
this directly. Movement of hemocyte sized beads through the ostia is
documented (Lammers et al., 2017, eg. video-2). Hemocytes clustering at
the DV associate closely through interdigitated cell surfaces (Fig. 2E–H),
while also surrounded by basement membranes that ensheathe pericar-
dial cells (Fig. 2F). Unidentified cellular sheaths underneath the base-
ment membrane were found wrapped around a subset of hemocyte
clusters (Fig. 2F–H). To investigate whether these elongated cells act as
support or niche cells, they were labeled for expression of the posterior
signaling centre (PSC) marker Serrate (Lebestky et al., 2003) and for
lamellocyte markers Talin and Atilla. Similarly located Serrate expressing
flat cells with thin projections that did not ensheath plasmatocytes were
found near DV clusters in a minority of larvae examined (Fig. 2I). The
Serrate expressing cells do not express the plasmatocyte marker hml,
however there is no direct evidence establishing their role in DV hema-
topoiesis or shared identity with the ultrastructural cellular sheaths.
Additionally, larger cells with low levels of hml expression, elevated
levels of intracellular Talin, and Atilla were observed with some DV
hemocyte clusters (Fig. 2J-L). These cells also extend large cytoplasmic
projections comparable to the processes observed in ultrastructure
(Fig. 2F–H). These molecular and structural properties are consistent
with lamellocyte identity (Stofanko et al., 2010; Kurucz et al., 2007).
Although lamellocytes have been identified in the third instar
sub-epidermal compartment without immune activation (M�arkus et al.,
2009), lamellocyte ensheathment of sessile plasmatocytes has not been
reported previously, and this may reflect a novel activity.

Adults have relatively few DV hemocytes (Fig. 1F). Most hemocytes
found in proximity of the DV are on the dorsal side of the DV, which
suggests that they are a part of the hematopoietic hub.

We concluded that clumping of DV hemocytes was a feature of rapid
growth in the third instar, perhaps anticipating hemocyte mobilization
during metamorphosis. Further study was taken to better characterize
this unique phase of hemocyte behaviour.

3.2. DV hemocytes proliferate

According to Makhijani et al. (2011), sessile hemocytes have higher
rates of proliferation than circulating hemocytes in early third instar, and
this difference in proliferation rate diminishes between the two groups
during the stages we observe DV hemocyte clustering. We sought to find
which stage of the cell cycle was most prominent in DV hemocyte clusters
in late L3. Using Pxn Gal4 and UAS Fly-Fucci (Zielke et al., 2014) we
observed cell cycle markers in DV hemocytes 36 h after becoming L3
(Fig. 3). DV hemocytes are capable of proliferation, because a few he-
mocytes (2%) in these clusters were at S phase. However, the majority of
DV hemocytes are either at G2 (79%) or G1 (19%) phase. This is
consistent with previously documented sessile hemocyte mitosis in late
third instar (Makhijani et al., 2011).

3.3. DV plasmatocytes are capable of transdifferentiating into crystal cells

Larval sessile hemocytes are known to transdifferentiate into crystal
cells in a Notch dependent manner (Leit~ao and Sucena, 2015). At L3,
crystal cells and plasmatocytes are mixed uniformly in the DV hemocyte
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population (Fig. 4A and B). We observed the initiation of a plasmatocyte's
transdifferentiation into a crystal cell (Fig. 4C) in a wandering stage L3.
The transdifferentiating plasmatocyte expressed both plasmatocyte
(hmldsred) and increasing levels of crystal cell (lozenge-GFP) marker
45min after expressing only the plasmatocyte marker. If DV plasmato-
cytes can become crystal cells, then we expect to observe plasmatocytes
expressing the Notch ligand Serrate among the DV hemocytes. This is
indeed the case, Serrate expressing plasmatocytes are observed within
DV hemocyte clusters (Fig. 4D).
3.4. Pericardin is required to retain hemocytes at the DV and dorsal stripe

DV hemocytes are closely associated with ECM networks of the heart
and the pericardial cells. We sought to determine whether either the ECM
proteins or pericardial cells play a role in attracting or containing the
hemocyte clusters. Employing a genetic approach, we dissociated the
pericardial cells from the heart tube and depleted the ECM networks that
encase the heart. Pericardin is a heart-specific collagen found in ECM
pockets where pericardial cells and hemocytes reside (Fig. 2C and D).
Pericardin mutants (prcMB03017) have a smaller and deformed heart that
lacks a well-developed ECM (Fig. 5B). The remaining pericardial cells are
distant from the heart, and associate with fibrils of type IV collagen. Few
hemocytes are observed attached to these fibers, or near pericardial cells,
despite apparent tissue damage. Quantification of the volume of DV he-
mocytes throughout the third instar revealed growth between 24 and
40 h of age in wildtype, which was more than triple the volume observed
in prcMB03017 (Fig. 5I), suggesting that the DVs require Pericardin to
retain hemocytes. Pericardin or Pericardin-dependent ECM architecture
may be a homing factor for hemocyte aggregation.

Sub-epidermal hemocyte stripes, concentrated at the posterior end of
the larvae, are dorsal to the DV (Lanot et al., 2001; Makhijani et al., 2011;
M�arkus et al., 2009; Stofanko et al., 2008), and posterior to the adult
location of the “hematopoietic hub” described by (Ghosh et al., 2015).
The wildtype “dorsal stripes” are shown in Fig. 5C,E,G and Suppl Fig 1A.
In prcMB03017 larvae, the dorsal stripes persist, but are smaller and more
irregular (Fig. 5D,F,H). The dorsal stripes grow throughout larval
development, and therefore the prcMB03017 phenotype is most evident
36 h into L3.

During late L3, the body coelom on the lateral sides of the DV develop
hemocyte clusters, which appear as ventral elongations from the dorsal
stripe. (Fig. 5C, G; Suppl Fig. 1B). They are dorsal to the pericardial
cluster, and outside the DV ECM (Suppl Fig. 1C). We refer to these
clusters as lateral extensions. In þ/þ larvae, collagen fibers are visible
interspersed between hemocytes of the dorsal stripe, whereas in
prcMB03017 mutants, such fibers are not visible and the DV is displaced
(Fig. 5G and H). Dorsal stripes of the prcMB03017mutants can shift towards
the space vacated by the displaced DV.

Pericardin function is required for to establish normal aggregation
and location of hemocytes of the dorsal stripe and the DV cluster. To
determine whether the spatial pattern of Pericardin deposition was suf-
ficient to organize the location of hemocyte clusters, we directed ectopic
deposition of Pericardin with expression of the Pericardin receptor,
Lonely heart. The ADAMTS-like protein Lonely heart (Loh) is expressed
in the developing heart, and is both necessary and sufficient for the
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Fig. 2. Hemocytes associate with pericardial cells and basement membrane. (A, C) Ventral view of dissected migratory 3rd instars labeled for ECM components
Laminin (A) or Pericardin (C) reveals the hemocyte clusters are found within this ECM network. The segments are labeled accordingly. (A0,C0) The enlarged views of
the boxed areas from A and C. Lines represent the position of the cross sections shown in B and D. (B, D) ECM is detected around the heart lumen and pericardial cells
(pc). The enlarged view of the boxed area is shown with vkg-GFP in B0, D0 and with Laminin or Pericardin label in B’’, D’’. (B0, D0) Laminin, Pericardin and Collagen IV
(arrows) is visible around the heart lumen and encasing the hemocyte clusters together with the pericardial cells. (E) Hemocytes (h) are found near both the luminal (l)
and abluminal surfaces of the heart. (F) Clusters of abluminal hemocytes are closely associated with the basement membrane (bm) and pericardial cells (pc). A
hemocyte (h) cluster in contact with a pericardial cell, and surrounded by basement membranes (bm) as well as by unidentified cellular sheaths (s). Panels G and H are
a further 10 and 15 μm to the anterior. Larva in F–H was live-labeled with Ruthenium Red to identify extracellular glycoproteins. (I) Optical sections of the DV with
parts of the cardiomyocyte (blue) and a Serrate expressing flat cell (green) with thin projections located near a hemocyte cluster (red). (J) Large, Talin expressing cells
(blue, arrowheads) are observed near pericardial cells (PC), which extend processes into clusters of hemocytes. (K) Similar cells label also for Atilla; Inset reveals the
Atilla cell inside the Cardiac ECM (blue, arrowheads) (L) Flat cells that are labeled with a lamellocyte marker (Atilla, blue) are occasionally found within DV clusters
that contain plasmatocytes (Hmldsred) and crystal cells (Lozenge-GFP, green). a: alary muscle fibre; pc: pericardial cells; l: heart lumen; t: trachea; h: hemocyte; bm:
basement membrane; cm: cardiomyocyte. (A–D): Red: Hmldsred; Green: vkg-GFP; Blue: anti-Laminin or anti-Pericardin. (I); Green: anti-βgal for Ser.lacZ; Red:
Hmldsred; Blue: phalloidin. (J) Green: vkg-GFP; Red: Hmldsred; Blue: anti-Talin. (K) Green: vkg-GFP; Red: Hmldsred; Blue: anti-Atilla. (L) Green: lozenge-GFP; Red:
Hmldsred; Blue: anti-Atilla. Genotype: (A-D, J-K) hmldsred,vkg-GFP/þ; (E-H) vkg-GFP/þ; (I) HmldsRed/Ser.lacZ, (L) Lz Gal4/þ(or Y); UAS GFP/HmldsRed. Scale bar:
25 μm (A-D, J-L); 10 μm (B0,D0,I); 6 μm (E–H).

Fig. 3. Most hemocytes at the DV are at G2 stage of the cell cycle. (A) Quantification of DV hemocytes that express Fly-FUCCI indicating their stage in the cell cycle
36 h after becoming 3rd instar. Error bars show standard deviation. (B) Fucci expressing hemocytes at the a7 segment of the DV are visible within the surrounding
pericardin (blue) network. Cells at M, G1 or G2 comprise most of heart hemocytes. Cells at S phase (arrow) are rarely visible. n¼ 10 larva. Blue: anti-Pericardin; Green:
end of mitosis, G1; red: synthesis; yellow; G2, beginning of mitosis. Scale bar: 25 μm.
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deposition of Pericardin in ECM local to Loh expression (Drechsler et al.,
2013; Rotstein et al., 2018). In wildtype larvae, few hemocytes associate
with body wall muscles, although clusters of hemocytes are found among
muscles after dissection. These hemocytes do not adhere closely to the
Muscle ECM (Fig. 6A). Subsequent to ectopic expression of Loh by all
muscles, Pericardin accumulates on body wall muscles – but the fibres are
thinner than in heart muscle. Isolated hemocytes associate with the
muscle ECM – but do not form clusters (Fig. 6B, B’). Loh lacking a
thrombospondin repeat (TSR1-2) is much less effective in recruiting
Pericardin (Rotstein et al., 2018). Sparse clusters of hemocytes were
observed subsequent to expression of LohΔTST1-2 in muscle (Fig. 6C).
These observations suggest hemocyte adhesion to Pericardin containg
matrix may prevail over clumping, but that Pericardin is not sufficient to
trigger formation of hemocyte hubs.

3.5. Degenerating pericardial cells attract hemocytes

Our evidence suggests Pericardin is required but not sufficient for
normal cardiac hemocyte accumulation. Clusters develop near pericar-
dial cells, suggesting a role for these cells in hemocyte homing. We
explored this possibility by characterizing DV hemocytes in larvae
mutant for klf15, in which pericardial cells undergo apoptosis during mid
to late larval stages (Ivy et al., 2015). Hemocytes are found recruited to
the remaining pericardial cells throughout L3 in klf15mutants (Fig. 7B, D,
F). The position of these hemocytes is the same with DV hemocytes that
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appear under normal circumstances (Fig. 7A, C, E), however, a change in
their accumulation pattern was observed. In contrast to tight DV hemo-
cyte clusters seen in klf15 heterozygotes (Fig. 7C,G), most DV hemocytes
in klf15 mutants were in small clusters, distributed or grouped around
pericardial cell remnants (Fig. 7F, inset). Pericardial cell markers appear
to be inside hemocytes, suggestive of phagocytosis of cell remnants
(Fig. 7H-H’’). The cardiac ECM of klf15 mutants appears wildtype in
structure, and contains Collagen IV and Pericardin fibers (Fig. 7E,F,I),
attesting that Pericardin is not sufficient to ensure DV hemocyte clus-
tering, and the presence of normal Pericardial cells facilitates hemocyte
cluster formation.

3.6. Exposure to Acetobacteraceae and Lactobacillaceae correlates with
more DV hemocytes in L3

In normal larvae, there is a major pulse in cardiac hemocyte volume
within 8 h of entry to pupariation. This volume declines as pupal for-
mation approaches, and we anticipate this wave is preparatory to pupal
metamorphosis. We sought to determine whether the cardiac population
participates in other pulses in hemocyte number, such as response to
bacterial infection. When raised at low density in feeding medium, bac-
terial growth and biofilm formation can outpace larval media con-
sumption. We isolated biofilm, containing three species from the
Acetobacteraceae and Lactobacillaceae families by 16S rRNA sequence,
which develops when wildtype larvae grew at less than 25 per 60mm



Fig. 4. Transdifferentiation is observed in DV hemocyte clusters. (A) Crystal cells are found together with plasmatocytes throughout the entire DV in migratory 3rd
instars. (B) Crystal cells (lozenge GFP) and plasmatocytes (HmldsRed) are closely packed within the DV clusters. (C–C’’) Still images from videos taken over 45min
show the initial stages of lozenge-GFP expression, reflecting the transdifferentiation of a plasmatocyte (red, arrow) into a crystal cell. Lozenge-GFP (green) and
hmldsRed (red) are shown separately in C0 and C”. (D) A 5 μm thick projection of the DV showing an Hml and Serrate expressing plasmatocyte (purple) within a DV
hemocyte cluster. Serrate (blue) and hmldsRed (red) are shown separately in D0 and D”. (A–C) Red: Hmldsred (plasmatocytes); Green: lozenge-GFP (crystal cell); Blue:
anti-βPS (pericardial cells). Genotype: Lz Gal4/þ(or Y); UAS GFP/HmldsRed. (D) Green: Vkg-GFP (Collagen IV); Blue: anti-βgal for Serrate-lacZ. Genotype:
hmldsRed,vkg-GFP/Ser.lacZ. Scale bar: 100 μm (A); 25 μm (B); 5 μm (C); 10 μm (D).
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plate. These bacteria are common to the Drosophila gut (Staubach et al.,
2013), and were traced to unsterilized eggs. Food plates treated with
chloramphenicol did not develop bacterial biofilm.

We compared the volume of DV hemocyte clusters in larvae that were
raised at low density and the resultant natural biofilm with larvae raised
on media inoculated with cultured bacteria at L1 and with a negative
control raised on chloramphenicol treated media (Fig. 8). The antibiotic
group had a lower DV hemocyte volume than the bacterial groups and a
later pupation time (48 h). Comparable with our wildtype study (cf
59
Fig. 5I), DV hemocyte volume rose at 40–48 h in the antibiotic group.
Both cultures raised with increased numbers of bacteria had acute DV
hemocyte accumulation starting 20 h into L3. Larvae raised on bacterial
culture present at L1 did not trigger earlier DV hemocyte accumulation
relative to the untreated group with natural bacteria only. This suggests
the DV gains the ability to harbour more hemocytes 20 h after becoming
L3. We conclude that DV hemocytes participate in the accumulation and
dispersal response to immune challenge.
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Fig. 5. prcMB03017 mutants have DVs that contain fewer hemocytes and a smaller dorsal stripe. (A, B) 36 h after becoming third instar, hemocytes are abundant beside
wildtype hearts (A) in contrast to prc mutants (B). Line represents the position of the cross-section shown in (A0) and (B0). (B, B0) Homozygous prc mutant DVs are
suspended by thin, Vkg labeled fibers (c). Few hemocytes associate with the collagen network (arrowheads). Pericardial cells (asterisk) are distant from the heart tube
(ht). (C, D) Dorsal view of the dorsal stripes on A6 and A7 of wild-type (C) and pericardin mutant (D) larvae at 36 h (75%) of third larval instar. Both A6 and A7 dorsal
stripes of the wild-type are more uniform and populated than in prcMB03017. (C) Lateral borders of wild-type dorsal stripes extend ventrally (lateral extension, le). (D)
These lateral borders are not defined in the pericardin mutants. (E, F) Dorsal view of the sections of dorsal stripe embedded underneath the collagen IV (green)
containing epidermis. Dashed arrow indicates anterior direction at the midline. Anterior at left. (E) Wild-type dorsal stripe contains fibrous collagen (c) that prcMB03017

(F) lacks. (G, H) Projected transverse cross-sections of the boxed areas of E and F. (G) In wild-type larvae, the wall of the heart tube (ht) is faintly visible in green.
Dorsal stripe hemocytes are located between the DV and the epidermis (ep.). Lateral edge of the dorsal stripe (arrowhead) extends ventrally around the DV. Fibrous
collagen IV structures (arrow) that stretch between the DV and the epidermis are interspersed among hemocytes. (H) DV is not located close to the epidermis in the
dorsal stripe of prcMB03017 larvae. Few hemocytes rest on the epidermis and a hemocyte cluster (arrowhead) occupies the space left by dislocated DV. There is no
fibrous collagen extending from the epidermis. (I) The growth in volume of DV associated hemocyte clusters seen in wildtype larvae (yellow) is reduced in the absence
of Pericardin (blue). Mann-Whitney test, significance **�0.005, n ¼ 15. Red: Hmldsred; Green: vkg-GFP. c: collagen fibers; ht: heart tube; hl: heart lumen; le: lateral
extension; t: trachea; ep: epidermis, asterisk: pericardial cell; arrowhead: hemocyte; arrow: collagen fibres. Genotypes: hmldsred,vkg/þ (þ/þ); hmldsred/vkg;
prcMB03017/prcMB03017 (prc mutant). Scale bar: All 25 μm except (C, D): 100 μm.

Fig. 6. Ectopic Pericardin is not sufficient to recruit hemocyte clusters. (A)
Hemocytes (arrowheads) are sparse, and small clumps associate loosely with
wildtype body wall muscles. (B) Expression of Lonely heart (Loh) on body wall
muscles under Dmef-Gal4 regulation results in widespread accumulation of Prc.
Isolated hemocytes align with the muscle surface (arrowhead). (C) Muscle
expression of Loh ΔTSR1-2, which lacks a Prc interaction domain, did not re-
cruit Prc to muscle surfaces, and both clumped and isolated hemocytes were
observed. Images were selected for hemocytes and to not reflect normal density.
Red signal adjusted to reveal muscle actin. Blue: Pericardin; Red: Hml-dsRed
and Rhodamine-Phalloidin. Scale bar: 100 μm.
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4. Discussion

The DV of the third instar larva is an organ that enables hemocyte
clustering. Here, hemocytes accumulate on the inner foldings of the
basement membrane, where they move with heart contraction, and are in
proximity to the heart ostia. We have characterized this clustering
phenotype, in order to assess the DV as a possible hematopoietic tissue.
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There are some similarities and differences between the previously
identified tissue-resident hematopoietic systems and DV hemocytes.

The DV hemocyte population peaks in late L3 before pupariation,
which is after the peak of sessile hemocyte proliferation (Makhijani et al.,
2011). We determined that DV hemocyte proliferation can still be
detected at this stage. It is probable that hemocytes migrate to the DV
from peripheral points of proliferation, such as the dorsal stripe, as their
ECM networks intersect. Although hemocytes may be born in the DV
hemocyte population, the clusters are well positioned to contribute to
hemocyte differentiation.

DV hemocytes are found in tight clusters, similar to sessile hemocytes
of the epidermis. Moreover, DV hemocyte clusters are multiple cells
thick, which increases the number of cell connections. Crystal cell pro-
duction in larvae depends on cell-cell signaling, whereby an increase in
the number of cells in contact increases the frequency of Lzþ cells (Leit~ao
and Sucena, 2015). We have observed the start of lz expression in an
Hmlþ cell, reflecting the initiation of the trans-differentiation of a plas-
matocyte into a crystal cell. It is not clear if the Lzþ cell received the
serrate signal that caused it to transdifferentiate from a plasmatocyte at a
location other than the DV. We describe Hmlþ Serþ cells at the DV,
suggesting that transdifferentiation can be triggered among DV
hemocytes.

Unlike hematopoietic compartments of epidermal-muscular pockets
(Makhijani et al., 2011), DV hemocytes are not in a location to receive
signals from PNS. It is not clear whether there is a signal that attracts
hemocytes to the DV. Not all 3rd instars have DV hemocyte clusters and
the pattern of clustering can vary. We have observed PSC like cells that
are Hml� Serþ and have thin cellular processes. We also describe Atillaþ,
Hmlþ cells with elevated levels of cytoplasmic Talin that appear to
ensheath some hemocytes. These markers and morphology are consistent
with lamellocyte identity, which have been reported in third instar
without immune challenge (M�arkus et al., 2009). However, lamellocyte
ensheathment of sessile plasmatocytes is a novel observation that invites
further invbestigation. Nevertheless, as Serþ and Atillaþ cells were
identified in a minority of larvae, it is likely that they are not essential for
hemocyte clustering at the DV.

Pericardin, a Collagen-like protein unique to the DV and dorsal stripe,
facilitates hemocyte accumulation at the DV. We observed that larvae
lacking Prc recruit fewer hemocytes to the heart as well as the dorsal
stripe, suggesting that Prc may be a homing signal for hemocytes. We
stimulated Pericardin deposition outside the DV with ectopic expression
of its ECM receptor, Lonely heart. Prc deposition on body wall muscle did
not did not facilitate the formation of more or larger hemocyte clusters.
To the contrary, muscle associated hemocytes were dispersed, rather
than the wildtype pattern of small clusters of cells. The role of Pericardin
as adhesion factor for hemocytes is worthy of future exploration – our
evidence indicates that Prc fibres are necessary but not sufficient to form
hemocyte clusters.

Pericardial cells are often closely associated with hemocyte clusters in
wildtype larvae and could attract hemocytes. However, Pericardial cells



Fig. 7. klf15 mutation causes hemocyte accumulation at the DV. (A–F) DVs of þ/þ and klf15 mutants (A–B) 0 (C–D) 32 (E–F) 48 h after becoming 3rd instar. Genotype:
Hml-dsRed,Vkg-GFP/þ (þ/þ); Klf15/Y; Hml-dsRed,Vkg-GFP (klf15 mutants). Both groups were raised with chloramphenicol. In klf15 mutants, hemocytes are observed at
the DV throughout development. n ¼ 8. (C) þ/þ DV hemocytes are often found in tight clusters (oval), whereas, around pericardial cell remnants in kfl15 mutants (D),
DV hemocytes are predominantly separate (arrowheads). (F) Pericardial cell remains (asterisk) are still observed 48 h after becoming 3rd instar as well as where no
pericardial cell is observed at all (arrowhead). Enlarged inset in (F) shows that hemocytes accumulate around disintegrating pericardial cells (asterisk). (G–H) DVs of
� and klf15 mutants during late L3. Genotype of G: klf15/x: dotGAL4,hmldsRED/þ;UAS- LifeActin-GFP/þ (�); H: klf15/y;dotGAL4,hmldsRed;UAS-LifeActinGFP (klf15

mutants). Both groups were raised on yeast plates with no antibiotic. Pericardial cells and the outline of the heart is detected using anti-βPS (blue). LifeActinGFP
(green) is expressed in pericardial cells. In klf15 heterozygotes, hemocytes (red) are closely clustered (oval) around intact wild-type looking pericardial cells, whereas
in klf15 homozygotes, most hemocytes (red, arrowhead) are loosely collected around degrading remnants of pericardial cells. Cluster at lower left is outside the DV
ECM. (H0) Enlarged rectangle from (H). (H’’) Cross section of the hemocytes (arrowheads) taken at the line in (H0) shows that pericardial cells label overlap with
hemocytes, indicating that hemocytes have engulfed parts of the degraded pericardial cells. (I) A reduced Pericardin network is present in klf15 mutant hearts.
Pericardin (green) and actin (phalloidin red). Scale bar: 100 μm (A–H); 50 μm (H0), 10 μm (H’’).
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Fig. 8. More hemocytes accumulate at the DV when
larvae are exposed to Acetobacteraceae and Lactoba-
cillaceae. (A) Box-whisker plot of the total DV hemo-
cyte volume throughout the 3rd instar stage.
“Untreated” larvae were grown at low density with
resultant biofilm production. “Bacterial culture” were
first instar larvae inoculated with liquid culture. Me-
dians are shown with lines. The antibiotic (chloram-
phenicol) group pupated at 48 h after becoming 3rd
instar, 4 h later than controls. Mann-Whitney test
relative to untreated, significance *�0.05, **�0.005.
(B, C) Representative untreated group DVs with 43.3k
(B) and 170.3k μm3 (C) of volume occupied by he-
mocytes, dissected 36 h (B) and 32 h (C) after
becoming 3rd instar. n¼ 10 (untreated, bacterial
culture groups), n¼ 7 (antibiotic group). Genotype:
hmldsred,vkg/þ Scale bar: 100 μm.
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dissociate from the heart in prc mutants, and they do not accumulate
hemocytes in their ectopic locations. Furthermore, Pericardial cells
degenerate in klf15 mutants (Ivy et al., 2015), within a normal-looking
Pericardin containing ECM. Hemocyte association with the heart re-
mains at normal levels, and they participate in phagocytosis of apoptotic
Pericardial cells.

Considering that hemocyte clusters closely associate with basement
membranes and prc mutants have few DV hemocyte clusters, ECM scaf-
folding emerges as an important factor that aids hemocyte accumulation
at the DV. Subsequent to rupture of the hematopoietic lymph gland,
prohemocytes relocate to adult hematopoietic hubs, where, the ECM is
also thought to be required for clustering (Ghosh et al., 2015). The DV
cluster likely contains many fewer prohemocytes, as it is populated by
migrating plasmatocytes. Nevertheless, adult hematopoietic hubs have
structural similarities with the larval dorsal stripe (Honti et al., 2014;
Makhijani et al., 2011). Cross sections of the dorsal stripe reveal collagen
fibers that act as a bridge connecting the DV to the epidermis and he-
mocytes occupy spaces between these collagen fibers (Makhijani et al.,
2011). We found larval DV hemocytes to adhere more to each other
through highly interdigitated adhesions, rather than interspersed
through the ECM.

Response to infection is an important feature of hematopoietic sys-
tems (M�arkus et al., 2009; Ghosh et al., 2015; Gold and Bruckner, 2015).
We demonstrate a positive correlation between DV hemocyte numbers
and environmental bacteria levels. Why are these hemocytes not
migrating in surveillance or towards sources of infection, such as the
trachea? It is possible that DV clustering behaviour is also affected by
systemic cues of infection (Gold and Bruckner, 2015; Yan and Hillyer,
2019.), that affect hemocyte affinity for a Prc rich environment. The
heart surface may be key for immune surveillance, as blood flow in-
creases in proximity of the intake ostia. For example, hemocytes accu-
mulate at the intake ostia of the adult mosquito heart in response to
infection, and appear to absorb bacteria from the hemolymph from this
location (Hillyer, 2015). The pattern of accumulation in the Drosophila
larva is less discrete, and although not concentrated at the ostia, the DV
hemocytes are exposed to incoming hemolymph.

There are other observations that strengthen the relationship between
blood flow and hemocyte aggregation. Both mosquito and fruit fly larvae
have anterograde (posterior to anterior) direction of hemolymph flow
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(League et al., 2014; Sl�ama and Farka�s, 2005). In mosquito larvae, larval
ostia exist, but are not functional, which means that hemolymph mainly
enters the heart through incurrent openings at the posterior end of the
heart (League et al., 2014). These incurrent openings are surrounded by
thin, respiratory tubes called tracheal tufts where hemocytes accumulate
and kill pathogens (League et al., 2017; League and Hillyer, 2016). He-
mocytes are observed in tracheal tufts of other insects such as (Locke,
1997) caterpillars, but Drosophila lacks tracheal tufts. Structural differ-
ences such as these can be the reason why one finds variation in DV
hemocyte accumulation patterns across species or developmental stages.

Developmental age and response to infection both increase hemocyte
association with the DV. Other genes likely participate in hemocyte
accumulation at the DV. Infection triggers recruitment of hemocytes to
the ostia of in the mosquito, which is enhanced by Nimrod family pro-
teins Eater and Draper, as well as complement-like Opsonins that pro-
mote phagocytosis (Yan and Hillyer, 2019; Sigle and Hillyer, 2018a,b). A
misexpression study in Drosophila identified candidate hemocyte genes
that, when over-expressed, led to hemocyte accumulation at the DV in
the absence of infection (Stofanko et al., 2008). Further exploration into
the functions of these candidate genes may shed light on the mechanisms
of hemocyte targeting, and the function of DV hemocytes.

Acknowledgements

We thank Qanber Syed for Fig. 1A. Wing Yip Chan and Herb Schell-
horn genotyped the bacteria. Megan Collie, Ana Stosic, and Pouya Arefi
assisted with preliminary studies and protocol development and with
Mahan Ghodrati, assisted with data analysis. We thank Erika Bach,
Achim Paululat and Katja Brückner for sharing Drosophila stocks and Eva
Kurucz for antibody.

Research was funded by NSERC Discovery 46651 (JRJ), and infra-
structure supported by the Leaders Opportunity Fund of the Canada
Foundation for Innovation.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ydbio.2019.06.006.

https://doi.org/10.1016/j.ydbio.2019.06.006
https://doi.org/10.1016/j.ydbio.2019.06.006


D. Cevik et al. Developmental Biology 454 (2019) 52–65
References

Alayari, N.N., Vogler, G., Taghli-Lamallem, O., Ocorr, K., Bodmer, R., Cammarato, A.,
2009. Fluorescent labeling of Drosophila heart structures. J. Vis. Exp. 1–5 https://
doi.org/10.3791/1423.

Anderl, I., Vesala, L., Ihalainen, T.O., Vanha-aho, L.M., And�o, I., R€amet, M., Hultmark, D.,
2016. Transdifferentiation and proliferation in two distinct hemocyte lineages in
Drosophila melanogaster larvae after wasp infection. PLoS Pathog. 12, 1–34. https://
doi.org/10.1371/journal.ppat.1005746.

Babcock, D.T., Brock, A.R., Fish, G.S., Wang, Y., Perrin, L., Krasnow, M. a, Galko, M.J.,
2008. Circulating blood cells function as a surveillance system for damaged tissue in
Drosophila larvae. Proc. Natl. Acad. Sci. U. S. A. 105, 10017–10022. https://doi.org/
10.1073/pnas.0709951105.

Bachmann, A., Knust, E., 1998. Dissection of cis-regulatory elements of the Drosophila
gene Serrate. Dev. Gene. Evol. https://doi.org/10.1007/s004270050190.

Cevik, D., Acker, M., Arefi, P., Ghaemi, R., Zhang, J., Selvanapathy, P.R., Jacobs, J.R.,
2019. Chloroform and desflurane immobilization with recovery of viable Drosophila
larvae for confocal imaging. J. Insect Physiol.IP 420. https://doi.org/10.1016/
j.jinsphys.2019.103900.

Chartier, A., Zaffran, S., Astier, M., S�em�eriva, M., Gratecos, D., 2002. Pericardin, a
Drosophila type IV collagen-like protein is involved in the morphogenesis and
maintenance of the heart epithelium during dorsal ectoderm closure. Development
129, 3241–3253.

Crozatier, M., Ubeda, J.M., Vincent, A., Meister, M., 2004. Cellular immune response to
parasitization in Drosophila requires the EBF orthologue collier. PLoS Biol. 2 https://
doi.org/10.1371/journal.pbio.0020196 e196.

Drechsler, M., Schmidt, A.C., Meyer, H., Paululat, A., 2013. The conserved ADAMTS-like
protein lonely heart mediates matrix formation and cardiac tissue integrity. PLoS
Genet. 9 https://doi.org/10.1371/journal.pgen.1003616 e1003616.

Evans, C.J., Hartenstein, V., Banerjee, U., 2003. Thicker than blood: conserved
mechanisms in Drosophila and vertebrate hematopoiesis. Dev. Cell. https://doi.org/
10.1016/S1534-5807(03)00335-6.

Fiúza, U.-M., Arias, A.M., 2007. Cell and molecular biology of Notch. J. Endocrinol. 194,
459–474. https://doi.org/10.1677/JOE-07-0242.

Ghosh, S., Singh, A., Mandal, S., Mandal, L., 2015. Active hematopoietic hubs in
Drosophila adults generate hemocytes and contribute to immune response. Dev. Cell
33, 478–488. https://doi.org/10.1016/j.devcel.2015.03.014.

Gold, K.S., Bruckner, K., 2015. Macrophages and cellular immunity in Drosophila
melanogaster. Semin. Immunol. vol. 27, 357–368. https://doi.org/10.1002/
anie.201602763.

Gold, K.S., Bruckner, K., 2014. Drosophila as a model for the two myeloid blood cell
systems in vertebrates. Exp. Hematol. 42, 717–727. https://doi.org/10.1016/
j.exphem.2014.06.002.

Goto, A., Kadowaki, T., Kitagawa, Y., 2003. Drosophila hemolectin gene is expressed in
embryonic and larval hemocytes and its knock down causes bleeding defects. Dev.
Biol. 264, 582–591. https://doi.org/10.1016/j.ydbio.2003.06.001.

Gu, Y.C., Kortesmaa, J., Tryggvason, K., Persson, J., Ekblom, P., Jacobsen, S.E.,
Ekblom, M., 2003. Laminin isoform-specific promotion of adhesion and migration of
human bone marrow progenitor cells. Blood 101, 877–885. https://doi.org/10.1182/
blood-2002-03-0796 2002-03-0796 [pii].

Hartenstein, V., 2006. Blood cells and blood cell development in the animal kingdom.
Annu. Rev. Cell Dev. Biol. 22, 677–712. https://doi.org/10.1146/
annurev.cellbio.22.010605.093317.

Hillyer, J.F., 2015. Integrated immune and cardiovascular function in pancrustacea:
lessons from the insects. Integr. Comp. Biol. 55, 843–855. https://doi.org/10.1093/
icb/icv021.

Hollfelder, D., Frasch, M., Reim, I., 2014. Distinct functions of the laminin β LN domain
and collagen IV during cardiac extracellular matrix formation and stabilization of
alary muscle attachments revealed by EMS mutagenesis in Drosophila. BMC Dev. Biol.
14, 26. https://doi.org/10.1186/1471-213X-14-26.

Holz, A., Bossinger, B., Strasser, T., Janning, W., Klapper, R., 2003. The two origins of
hemocytes in Drosophila. Development 130, 4955–4962. https://doi.org/10.1242/
dev.00702.

Honti, V., Csord�as, G., Kurucz, �E., M�arkus, R., And�o, I., 2014. The cell-mediated immunity
of Drosophila melanogaster: hemocyte lineages, immune compartments,
microanatomy and regulation. Dev. Comp. Immunol. 42, 47–56. https://doi.org/
10.1016/j.dci.2013.06.005.

Hughes, C.J.R., Jacobs, J.R., 2017. Dissecting the role of the extracellular matrix in heart
disease: lessons from the Drosophila genetic model. Vet. Sci. 4, 24. https://doi.org/
10.3390/vetsci4020024.

Ivy, J.R., Drechsler, M., Catterson, J.H., Bodmer, R., Ocorr, K., Paululat, A., Hartley, P.S.,
2015. Klf15 is critical for the development and differentiation of drosophila
nephrocytes. PLoS One 10, 1–17. https://doi.org/10.1371/journal.pone.0134620.

Jung, S.-H., Evans, C.J., Uemura, C., Banerjee, U., 2005. The Drosophila lymph gland as a
developmental model of hematopoiesis. Development 132, 2521–2533. https://
doi.org/10.1242/dev.01837.

King, J.G., Hillyer, J.F., 2012. Infection-induced interaction between the mosquito
circulatory and immune systems. PLoS Pathog. 8 https://doi.org/10.1371/
journal.ppat.1003058 e1003058.

Knibiehler, B., Mirre, C., Cecchini, J.-P., Parco, Y., 1987. Haemocytes accumulate
collagen transcripts during Drosophila melanogastermetamorphosis. Roux’s Arch. Dev.
Biol. 196, 243–247. https://doi.org/10.1007/BF00376348.

Krzemie�n, J., Dubois, L., Makki, R., Meister, M., Vincent, A., Crozatier, M., 2007. Control
of blood cell homeostasis in Drosophila larvae by the posterior signalling centre.
Nature 446, 325–328.
64
Kurucz, E., V�aczi, B., M�arkus, R., Laurinyecz, B., Vilmos, P., Zs�amboki, J., Csorba, K.,
Gateff, E., Hultmark, D., And�o, I., 2007. Definition of Drosophila hemocyte subsets by
cell-type specific antigens. Acta Biol. Hung. 2007 (58 Suppl. l), 95–111. https://
doi.org/10.1556/ABiol.58.2007.

Kusche-Gullberg, M., Garrison, K., MacKrell, a J., Fessler, L.I., Fessler, J.H., 1992. Laminin
A chain: expression during Drosophila development and genomic sequence. EMBO J.
11, 4519–4527.

Lammers, K., Abeln, B., Hüsken, M., Lehmacher, C., Psathaki, O.E., Alcorta, E., Meyer, H.,
Paululat, A., 2017. Formation and function of intracardiac valve cells in the
Drosophila heart. J. Exp. Biol. 220, 1852–1863. https://doi.org/10.1242/jeb.156265.

Lanot, R., Zachary, D., Holder, F., Meister, M., 2001. Postembryonic hematopoiesis in
Drosophila. Dev. Biol. 230, 243–257. https://doi.org/10.1006/dbio.2000.0123.

League, G.P., Est�evez-Lao, T.Y., Yan, Y., Garcia-Lopez, V.A., Hillyer, J.F., 2017. Anopheles
gambiae larvae mount stronger immune responses against bacterial infection than
adults: evidence of adaptive decoupling in mosquitoes. Parasites Vectors 10. https://
doi.org/10.1186/s13071-017-2302-6.

League, G.P., Hillyer, J.F., 2016. Functional integration of the circulatory, immune, and
respiratory systems in mosquito larvae: pathogen killing in the hemocyte-rich
tracheal tufts. BMC Biol. https://doi.org/10.1186/s12915-016-0305-y.

League, G.P., Onuh, O.C., Hillyer, J.F., 2014. Comparative structural and functional
analysis of the larval and adult dorsal vessel and its role in hemolymph circulation in
the mosquito Anopheles gambiae. J. Exp. Biol. 218, 370–380. https://doi.org/
10.1242/jeb.114942.

Lebestky, T., Chang, T.V.,H., Banerjee, U., 2000. Specification of Drosophila hematopoietic
lineage by conserved transcription factors. Science 288, 146–149. https://doi.org/
10.1126/science.288.5463.146, 80.

Lebestky, T., Jung, S., Banerjee, U., 2003. A Serrate-expressing signaling center controls
Drosophila hematopoiesis. Genes Dev. 17, 348–353. https://doi.org/10.1101/
gad.1052803.348.

Lehmacher, C., Abeln, B., Paululat, A., 2012. The ultrastructure of Drosophila heart cells.
Arthropod Struct. Dev. 41, 459–474. https://doi.org/10.1016/j.asd.2012.02.002.

Leit~ao, A.B., Sucena, E., 2015. Drosophila sessile hemocyte clusters are true hematopoietic
tissues that regulate larval blood cell differentiation. Elife 4. https://doi.org/
10.7554/eLife.06166.001 e06166.

Letourneau, M., Lapraz, F., Sharma, A., Vanzo, N., Waltzer, L., Crozatier, M., 2016.
Drosophila hematopoiesis under normal conditions and in response to immune stress.
FEBS Lett. 590, 4034–4051. https://doi.org/10.1002/1873-3468.12327.

Locke, M., 1997. Caterpillars have evolved lungs for hemocyte gas exchange. J. Insect
Physiol. 44, 1–20. https://doi.org/10.1016/S0022-1910(97)00088-7.

Makhijani, K., Alexander, B., Tanaka, T., Rulifson, E., Brückner, K., 2011. The peripheral
nervous system supports blood cell homing and survival in the Drosophila larva.
Development 138, 5379–5391. https://doi.org/10.1242/dev.067322.

Mandal, L., Martinez-Agosto, J. a, Evans, C.J., Hartenstein, V., Banerjee, U., 2007.
A Hedgehog- and Antennapedia-dependent niche maintains Drosophila
haematopoietic precursors. Nature 446, 320–324. https://doi.org/10.1038/
nature05585.A.

M�arkus, R., Laurinyecz, B., Kurucz, E., Honti, V., Bajusz, I., Sipos, B., Somogyi, K.,
Kronhamn, J., Hultmark, D., And�o, I., 2009. Sessile hemocytes as a hematopoietic
compartment in Drosophila melanogaster. Proc. Natl. Acad. Sci. U. S. A. 106,
4805–4809. https://doi.org/10.1073/pnas.0801766106.

Martinez-Agosto, J., Mikkola, H.K.A., Hartenstein, V., Banerjee, U., 2007. The
hematopoietic stem cell and its niche: a comparative view. Genes Dev. 21,
3044–3060. https://doi.org/10.1101/gad.1602607.maintained.

Medioni, C., S�enatore, S., Salmand, P.-A., Lalev�ee, N., Perrin, L., S�em�eriva, M., 2009. The
fabulous destiny of the Drosophila heart. Curr. Opin. Genet. Dev. 19, 518–525.
https://doi.org/10.1016/j.gde.2009.07.004.

Merzin, M., 2008. Applying Stereological Method in Radiology. Volume Measurement.
University of Tartu.

Moreira, S., Stramer, B., Evans, I., Wood, W., Martin, P., 2010. Prioritization of competing
damage and developmental signals by migrating macrophages in the Drosophila
embryo. Curr. Biol. 20, 464–470. https://doi.org/10.1016/j.cub.2010.01.047.

Mukherjee, T., Kim, W.S., Mandal, L., Banerjee, U., 2011. Interaction between Notch and
Hif-alpha in development and survival of Drosophila blood cells. Science 332,
1210–1213. https://doi.org/10.1126/science.1199643.

Nilsson, S.K., Debatis, M.E., Dooner, M.S., Madri, J. a, Quesenberry, P.J., Becker, P.S.,
1998. Immunofluorescence characterization of key extracellular matrix proteins in
murine bone marrow in situ. J. Histochem. Cytochem. 46, 371–377. https://doi.org/
10.1177/002215549804600311.

Pennetier, D., Oyallon, J., Morin-Poulard, I., Dejean, S., Vincent, A., Crozatier, M., 2012.
Size control of the Drosophila hematopoietic niche by bone morphogenetic protein
signaling reveals parallels with mammals. Proc. Natl. Acad. Sci. Unit. States Am. 109,
3389–3394. https://doi.org/10.1073/pnas.1109407109.

Reed, B.H., McMillan, S.C., Chaudhary, R., 2009. The preparation of Drosophila embryos
for live-imaging using the hanging drop protocol. J. Vis. Exp. https://doi.org/
10.3791/1206 e1206.

Rizki, R.M., Rizki, T.M., 1984. The cellular defense system of Drosophila melanogaster. In:
King, R.C., H, A. (Eds.), Insect Ultrastructre. Springer, Boston, MA, pp. 579–604.

Rizki, T.M., 1978. The circulatory system and associated cells and tissues. In: The
Genetics and Biology of Drosophila, pp. 397–452.

Rizki, T.M., 1962. Experimental analysis of hemocyte morphology in insects. Am. Zool. 2,
247–256.

Rizki, T.M., 1957. Alterations in the haemocyte population of Drosophila melanogaster.
J. Morphol. 100, 437–458.

Rizki, T.M., Rizki, R.M., 1992. Lamellocyte differentiation in Drosophila larvae parasitized
by Leptopilina. Dev. Comp. Immunol. 16, 103–110. https://doi.org/10.1016/0145-
305X(92)90011-Z.

https://doi.org/10.3791/1423
https://doi.org/10.3791/1423
https://doi.org/10.1371/journal.ppat.1005746
https://doi.org/10.1371/journal.ppat.1005746
https://doi.org/10.1073/pnas.0709951105
https://doi.org/10.1073/pnas.0709951105
https://doi.org/10.1007/s004270050190
https://doi.org/10.1016/j.jinsphys.2019.103900
https://doi.org/10.1016/j.jinsphys.2019.103900
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref6
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref6
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref6
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref6
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref6
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref6
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref6
https://doi.org/10.1371/journal.pbio.0020196
https://doi.org/10.1371/journal.pbio.0020196
https://doi.org/10.1371/journal.pgen.1003616
https://doi.org/10.1016/S1534-5807(03)00335-6
https://doi.org/10.1016/S1534-5807(03)00335-6
https://doi.org/10.1677/JOE-07-0242
https://doi.org/10.1016/j.devcel.2015.03.014
https://doi.org/10.1002/anie.201602763
https://doi.org/10.1002/anie.201602763
https://doi.org/10.1016/j.exphem.2014.06.002
https://doi.org/10.1016/j.exphem.2014.06.002
https://doi.org/10.1016/j.ydbio.2003.06.001
https://doi.org/10.1182/blood-2002-03-0796 2002-03-0796 [pii]
https://doi.org/10.1182/blood-2002-03-0796 2002-03-0796 [pii]
https://doi.org/10.1146/annurev.cellbio.22.010605.093317
https://doi.org/10.1146/annurev.cellbio.22.010605.093317
https://doi.org/10.1093/icb/icv021
https://doi.org/10.1093/icb/icv021
https://doi.org/10.1186/1471-213X-14-26
https://doi.org/10.1242/dev.00702
https://doi.org/10.1242/dev.00702
https://doi.org/10.1016/j.dci.2013.06.005
https://doi.org/10.1016/j.dci.2013.06.005
https://doi.org/10.3390/vetsci4020024
https://doi.org/10.3390/vetsci4020024
https://doi.org/10.1371/journal.pone.0134620
https://doi.org/10.1242/dev.01837
https://doi.org/10.1242/dev.01837
https://doi.org/10.1371/journal.ppat.1003058
https://doi.org/10.1371/journal.ppat.1003058
https://doi.org/10.1007/BF00376348
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref26
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref26
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref26
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref26
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref26
https://doi.org/10.1556/ABiol.58.2007
https://doi.org/10.1556/ABiol.58.2007
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref28
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref28
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref28
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref28
https://doi.org/10.1242/jeb.156265
https://doi.org/10.1006/dbio.2000.0123
https://doi.org/10.1186/s13071-017-2302-6
https://doi.org/10.1186/s13071-017-2302-6
https://doi.org/10.1186/s12915-016-0305-y
https://doi.org/10.1242/jeb.114942
https://doi.org/10.1242/jeb.114942
https://doi.org/10.1126/science.288.5463.146
https://doi.org/10.1126/science.288.5463.146
https://doi.org/10.1101/gad.1052803.348
https://doi.org/10.1101/gad.1052803.348
https://doi.org/10.1016/j.asd.2012.02.002
https://doi.org/10.7554/eLife.06166.001
https://doi.org/10.7554/eLife.06166.001
https://doi.org/10.1002/1873-3468.12327
https://doi.org/10.1016/S0022-1910(97)00088-7
https://doi.org/10.1242/dev.067322
https://doi.org/10.1038/nature05585.A
https://doi.org/10.1038/nature05585.A
https://doi.org/10.1073/pnas.0801766106
https://doi.org/10.1101/gad.1602607.maintained
https://doi.org/10.1016/j.gde.2009.07.004
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref45
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref45
https://doi.org/10.1016/j.cub.2010.01.047
https://doi.org/10.1126/science.1199643
https://doi.org/10.1177/002215549804600311
https://doi.org/10.1177/002215549804600311
https://doi.org/10.1073/pnas.1109407109
https://doi.org/10.3791/1206
https://doi.org/10.3791/1206
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref51
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref51
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref51
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref52
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref52
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref52
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref53
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref53
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref53
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref54
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref54
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref54
https://doi.org/10.1016/0145-305X(92)90011-Z
https://doi.org/10.1016/0145-305X(92)90011-Z


D. Cevik et al. Developmental Biology 454 (2019) 52–65
Rizki, T.M., Rizki, R.M., Grell, E.H., 1980. A mutant affecting the crystal cells in
Drosophila melanogaster. Wilhelm Roux’s Arch. Dev. Biol. 188, 91–99. https://
doi.org/10.1007/BF00848799.

Roberts, N., Puddephat, M.J., McNulty, V., 2000. The benefit of stereology for
quantitative radiology. Br. J. Radiol. https://doi.org/10.1259/bjr.73.871.11089458.

Rugendorff, A., Younossi-Hartenstein, A., Hartenstein, V., 1994. Embryonic origin and
differentiation of the Drosophila heart. Roux’s Arch. Dev. Biol. 203, 266–280.

Schneider, C.A., Rasband, W.S., Eliceiri, K.W., 2012. NIH Image to ImageJ: 25 years of
image analysis. Nat. Methods 9, 671–675. https://doi.org/10.1038/nmeth.2089.

Sigle, L.T., Hillyer, J.F., 2018a. Mosquito hemocytes associate with circulatory structures
that support intracardiac retrograde hemolymph flow. Front. Physiol. 9, 1–9. https://
doi.org/10.3389/fphys.2018.01187.

Sigle, L.T., Hillyer, J.F., 2018b. Eater and draper are involved in the periostial haemocyte
immune response in the mosquito Anopheles gambiae. Insect Mol. Biol. 27, 429–438.
https://doi.org/10.1111/imb.12383.

Sigle, L.T., Hillyer, J.F., 2016. Mosquito hemocytes preferentially aggregate and
phagocytose pathogens in the periostial regions of the heart that experience the most
hemolymph flow. Dev. Comp. Immunol. 55, 90–101. https://doi.org/10.1016/
j.dci.2015.10.018.

Siler, U., Seiffert, M., Puch, S., Richards, A., Torok-Storb, B., Müller, C. a, Sorokin, L.,
Klein, G., 2000. Characterization and functional analysis of laminin isoforms in
human bone marrow. Blood 96, 4194–4203.

Sinenko, S.A., Mandal, L., Martinez-Agosto, J.A., Banerjee, U., 2009. Dual role of wingless
signaling in stem-like hematopoietic precursor maintenance in Drosophila. Dev. Cell
16, 756–763. https://doi.org/10.1016/j.devcel.2009.03.003.

Sinenko, S.A., Mathey-Prevot, B., 2004. Increased expression of Drosophila tetraspanin,
Tsp68C, suppresses the abnormal proliferation of ytr-deficient and Ras/Raf-activated
hemocytes. Oncogene 23, 9120–9128. https://doi.org/10.1038/sj.onc.1208156.

Sl�ama, K., Farka�s, R., 2005. Heartbeat patterns during the postembryonic development of
Drosophila melanogaster. J. Insect Physiol. 51, 489–503. https://doi.org/10.1016/
j.jinsphys.2004.11.016.

Sonnenfeld, M.J., Jacobs, J.R., 1995. Macrophages and glia participate in the removal of
apoptotic neurons from the Drosophila embryonic nervous system. J. Comp. Neurol.
359, 644–652. https://doi.org/10.1002/cne.903590410.

Staubach, F., Baines, J.F., Künzel, S., Bik, E.M., Petrov, D.A., 2013. Host species and
environmental effects on bacterial communities associated with Drosophila in the
65
laboratory and in the natural environment. PLoS One 8. https://doi.org/10.1371/
journal.pone.0070749 e70749.

Stofanko, M., Kwon, S.Y., Badenhorst, P., 2008. A misexpression screen to identify
regulators of Drosophila larval hemocyte development. Genetics 180, 253–267.
https://doi.org/10.1534/genetics.108.089094.

Stofanko, M., Kwon, S.Y., Badenhorst, P., 2010. Lineage tracing of lamellocytes
demonstrates Drosophila macrophage plasticity. PLoS One. https://doi.org/10.1371/
journal.pone.0014051 e14051.

Tao, Y., Schulz, R. a, 2007. Heart development in Drosophila. Semin. Cell Dev. Biol. 18,
3–15. https://doi.org/10.1016/j.semcdb.2006.12.001.

Tepass, U., Fessler, L.I., Aziz, a, Hartenstein, V., 1994. Embryonic origin of hemocytes and
their relationship to cell death in Drosophila. Development 120, 1829–1837.

Tepass, U., Hartenstein, V., 1994. The development of cellular junctions in the Drosophila
embryo. Dev. Biol. https://doi.org/10.1006/dbio.1994.1054.

Vanderploeg, J., 2014. αPS3βPS1 Integrin and its Adaptor Talin Are Essential for
Drosophila Embryonic Heart Tubulogenesis. McMaster University. http://hdl.han
dle.net/11375/15982.

Vogler, G., Ocorr, K., 2009. Visualizing the beating heart in Drosophila. J. Vis. Exp. 6–8
https://doi.org/10.3791/1425.

Yan, Y., Hillyer, J.F., 2019. Complement-like proteins TEP1, TEP3 and TEP4 are positive
regulators of periostial hemocyte aggregation in the mosquito Anopheles gambiae.
Insect Biochem. Mol. Biol. 107, 1–9. https://doi.org/10.1016/j.ibmb.2019.01.007.

Yarnitzky, T., Volk, T., 1996. Laminin is required for heart, somatic muscles, and gut
development in the Drosophila embryo. Dev. Biol. 169, 609–618. https://doi.org/
10.1006/dbio.1995.1173.

Yasothornsrikul, S., Davis, W.J., Cramer, G., Kimbrell, D.A., Dearolf, C.R., 1997. viking:
identification and characterization of a second type IV collagen in Drosophila. Gene
198, 17–25.

Zhang, F., Zhao, Y., Han, Z., 2013. An in vivo functional analysis system for renal gene
discovery in Drosophila pericardial nephrocytes. J. Am. Soc. Nephrol. 24, 191–197.
https://doi.org/10.1681/ASN.2012080769.

Zielke, N., Korzelius, J., vanStraaten, M., Bender, K., Schuhknecht, G.F.P., Dutta, D.,
Xiang, J., Edgar, B.A., 2014. Fly-FUCCI: a versatile tool for studying cell proliferation
in complex tissues. Cell Rep. 7, 588–598. https://doi.org/10.1016/
j.celrep.2014.03.020.

https://doi.org/10.1007/BF00848799
https://doi.org/10.1007/BF00848799
https://doi.org/10.1259/bjr.73.871.11089458
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref58
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref58
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref58
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.3389/fphys.2018.01187
https://doi.org/10.3389/fphys.2018.01187
https://doi.org/10.1111/imb.12383
https://doi.org/10.1016/j.dci.2015.10.018
https://doi.org/10.1016/j.dci.2015.10.018
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref63
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref63
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref63
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref63
https://doi.org/10.1016/j.devcel.2009.03.003
https://doi.org/10.1038/sj.onc.1208156
https://doi.org/10.1016/j.jinsphys.2004.11.016
https://doi.org/10.1016/j.jinsphys.2004.11.016
https://doi.org/10.1002/cne.903590410
https://doi.org/10.1371/journal.pone.0070749
https://doi.org/10.1371/journal.pone.0070749
https://doi.org/10.1534/genetics.108.089094
https://doi.org/10.1371/journal.pone.0014051
https://doi.org/10.1371/journal.pone.0014051
https://doi.org/10.1016/j.semcdb.2006.12.001
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref72
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref72
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref72
https://doi.org/10.1006/dbio.1994.1054
http://hdl.handle.net/11375/15982
http://hdl.handle.net/11375/15982
https://doi.org/10.3791/1425
https://doi.org/10.1016/j.ibmb.2019.01.007
https://doi.org/10.1006/dbio.1995.1173
https://doi.org/10.1006/dbio.1995.1173
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref78
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref78
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref78
http://refhub.elsevier.com/S0012-1606(19)30109-5/sref78
https://doi.org/10.1681/ASN.2012080769
https://doi.org/10.1016/j.celrep.2014.03.020
https://doi.org/10.1016/j.celrep.2014.03.020

	Pericardin, a Drosophila collagen, facilitates accumulation of hemocytes at the heart
	1. Introduction
	2. Materials and methods
	2.1. Drosophila melanogaster stocks
	2.2. Live imaging
	2.3. Immunolabelling
	2.4. Imaging and image processing
	2.5. Collecting embryos, larvae and adults
	2.6. Bacterial culture and antibiotic
	2.7. Statistical treatment

	3. Results
	3.1. Clusters of hemocytes accumulate inside the ECM networks of the DV during L3
	3.2. DV hemocytes proliferate
	3.3. DV plasmatocytes are capable of transdifferentiating into crystal cells
	3.4. Pericardin is required to retain hemocytes at the DV and dorsal stripe
	3.5. Degenerating pericardial cells attract hemocytes
	3.6. Exposure to Acetobacteraceae and Lactobacillaceae correlates with more DV hemocytes in L3

	4. Discussion
	Acknowledgements
	Appendix A. Supplementary data
	References


