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Abstract Starvation, in particular amino acid deprivation,
induces autophagy in trophocytes (adipocytes), the major
component of the fat body cell types, in the larvae of
Drosophila melanogaster. However, the fat body of cock-
roach has two additional cell types: urocytes depositing uric
acid in urate vacuoles as a nitrogen resource and mycetocytes
harboring an endosymbiont, Blattabacterium cuenoti, which
can synthesize amino acids from the metabolites of the stored
uric acid. These cells might complement the roles of autoph-
agy in recycling amino acids in the fat body or other organs of
cockroaches under starvation. We investigate the pres-
ence of autophagy in tissues such as the fat body and midgut
of the American cockroach, Periplaneta americana, under
starvation by immunoblotting with antibody against Atg8, a
ubiquitin-like protein required for the formation of
au tophagosomes and by e l ec t r on mic ro scopy.
Corresponding changes in acid phosphatase activity were also
investigated as representing lysosome activity. Starvation in-
creased the level of an autophagic marker, Atg8-II, in both the
tissues, extensively stimulating the formation of autophagic
compartments in trophocytes of the fat body and columnar
cells of the midgut for over 2 weeks. Acid phosphatase
showed no significant increase in the fat body of the starved
cockroaches but was higher in the midgut of the continuously
fed animals. Thus, a distinct autophagic mechanism operates
in these tissues under starvation of 2 weeks and longer. The
late induction of autophagy implies exhaustion of the stored

uric acid in the fat body. High activity of acid phosphatase in
the midgut of the fed cockroaches might represent enhanced
assimilation and not an autophagy-related function.
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Introduction

Autophagy, a cellular self-digestion system, is conserved
among various eukaryotes such as yeast, nematodes, plants,
vertebrates and invertebrates (Kovács et al. 1981; Schworer
et al. 1981; Tsukada and Ohsumi 1993; Hanaoka et al. 2002;
Meléndez et al. 2003; Mizushima et al. 2004; Rusten et al.
2004; Scott et al. 2004; Barth et al. 2011; Rost-Roszkowska
et al. 2012). Double-membrane vesicles are initially formed
that enclose cytoplasmic components. The enclosed structures
are called autophagosomes and require Atg8-II, which is
cleaved Atg8 (Atg8-I), tethered to phosphatidylethanolamine
(PE) at the C-terminal (Kirisako et al. 1999; Kabeya et al.
2000; Amar et al. 2006; Nakatogawa et al. 2007).
Autolysosomes, which are autophagosomes fused with lyso-
somes for the degradation of the enclosed components, trans-
port recycled amino acids into the cytoplasm through the
membrane (Mizushima et al. 2008; He and Klionsky 2009).

Autophagy is induced under starvation in various tissues of
mice, such as liver, muscle tissues and pancreas (Mizushima
et al. 2004). In larvae of Drosophila melanogaster, autophagy
is observed in adipocytes of the fat body, the mammalian
counterpart of which is the liver (Rusten et al. 2004; Scott
et al. 2004). Adipocytes are the major cell type of the fat body
in insects and are characterized morphologically by the pres-
ence of lipid droplets, glycogen rosettes and protein granules
(Dean et al. 1985; Willott et al. 1988; Arrese and Soulages
2010; Lipovšek et al. 2011). However, cockroaches (except
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for Nocticolidae) have two additional cell types in the fat
body, namely urocytes and mycetocytes (Downer 1982;
Locke 1984; Lo et al. 2007). Urocytes are specialized for urate
storage with characteristic vacuoles or units having a fibrous
cortex and characteristic cores (Downer 1982; Sobotník et al.
2006; Arrese and Soulages 2010; Lipovšek et al. 2011; Park
et al. 2013). Cockroaches such asPeriplaneta americana store
uric acid, which is considered to be a nitrogen resource for
amino acid synthesis upon low- or no-protein food conditions
(Mullins 1974; Mullins and Cochran 1975a, 1975b; Cochran
et al. 1979; Cochran 1985). Mycetocytes maintain an endo-
symbiont, Blattabacterium cuenoti, which inhabits not only
the fat body but also the ovaries and embryos (Hollande and
Favre 1931; Brooks 1970). This endosymbiont contributes to
the synthesis of essential nutrients such as amino acids, an
example being the aphid endosymbiont Buchnera (Brooks
and Richards 1955; Henry 1962; Douglas 1998). B. cuenoti
uses urea and ammonia, which are metabolites of uric acid, for
amino acid synthesis (Sabree et al. 2009). The presence of
both urocytes and mycetocytes might complement the roles of
autophagy in recycling amino acids in the fat body or other
organs of cockroaches under starvation.

In the midgut of arthropods, starvation stimulates the ex-
pression of Atg8, for example, in the tick Haemaphysalis
longicornis (Umemiya-Shirafuji et al. 2010) and the waxmoth
Galleria mellonella (Khoa and Takeda 2012). InP. americana,
starvation over 2 weeks reduces survival and increases the
appearance of apoptosis in the nidi, which are the nests of
stem cells producing the new midgut epithelium (Park et al.
2009, 2013). However, whether autophagy is induced in the
midgut of starved cockroaches before or after the massive
death and explosive increase of apoptosis has not been
established. Autophagy is also observed in the remodeling
of the larval midgut of the silk worm, Bombyx mori, during
metamorphosis and Franzetti et al. (2012) pointed out that
the remodeling of the tissues involves a combination of au-
tophagy initially and apoptosis subsequently.

In the present study, we cloned a cDNA encoding an
Atg8 homolog from P. americana and determined the amino
acid sequence of Atg8 of P. americana, PaAtg8. On the basis
of this sequence, we designed a PaAtg8 antibody (Shelly
et al. 2009). The presence and amounts of the Atg8-II form
were monitored as an autophagic marker both in the fat
body and in the midgut of the starved cockroaches by immu-
noblotting with the PaAtg8 antibody, because the amount of
Atg8-II is clearly correlated with the number of
autophagosomes (Mizushima and Yoshimori 2007).
Ultrastructurally, the presence of autophagic compartments,
namely, autophagosomes and autolysosomes, was ob-
served and quantified in each of the three types of fat body
cell (trophocytes, urocytes and mycetocytes), in columnar
cells, which are major components of the midgut epithelium
and in the nidi, by electron microscopy. In the trophocytes, we

also quantified the presence of protein granules, derived
from the hemolymph proteins that have been taken up, at this
time (Locke and Collins 1968; Locke 1984). Acid phospha-
tase activity was investigated as lysosomal activity in both
the tissues, because autolysosomes are a combination of
autophagosomes and lysosomes (Franzetti et al. 2012). Our
aim is thus to characterize the roles of autophagy in adaptation
to starvation with regard to the fat body and midgut of
P. americana.

Materials and methods

Insects

Stock colonies of P. americana were maintained in terms of
mass on an artificial diet (MF, ORIENTAL YEAST, Tokyo,
Japan) with water provided ad libitum, at 25 °C, under
light:dark (LD) 12:12. Newly emerged adult males collected
from the colonies were kept together in plastic containers
(30.0×16.5×13.5 cm) for 1 week. Each container housed
15–18 cockroaches that had constant access to the artificial
diet and water. The cockroaches were transferred to small
plastic cups (diameter: 10.0 cm, height4.5 cm) that were
individually placed for several weeks at 25 °C under LD
12:12. Control roaches were fed normally, whereas the exper-
imental animals were deprived of food.

Cloning and sequence analysis of PaAtg8

Total RNAwas extracted from the ventral nerve cords of fed
cockroaches according to the manufacturer’s instructions
(ISOGEN, NIPPON GENE, Japan), because the massive
lipids and glycogen in the fat body disturbed the extraction
by the solution. A cDNA library was constructed from the
total RNA by using ReverTra Ace (TOYOBO, Japan) and
random primers. The partial sequence of Atg8 of P. americana
was amplified with the first degenerate primer pair (forward
primer, 5′-CCNGTNATHGTNGARAARGCNCCNAA-3′;
reverse primer, 5′-GTNGGNGGDATNAYRTTRTTNACRA
A-3′). The amplification was performed by using 5 cycles,
each consisting in 94 °C for 30 s, 55–50 °C for 30 s and 72 °C
for 2 min followed by 30 cycles each consisting in 94 °C for
30 s, 50 °C for 30 s and 72 °C for 2 min and a final extension
at 72 °C for 10min. The first-round polymerase chain reaction
(PCR) products were reamplified by using the second degen-
erate primer pair (forward primer, 5′-CCNGTNATHG
TNGARAARGCNCCNAA-3 ′ ; reverse primer, 5 ′-
GGDATNAYRTTRTTNACRAARAARAA-3′). The amplifi-
cation was performed by using five cycles each consisting in
94 °C for 30 s, 54–49 °C for 30 s and 72 °C for 2 min
followed by 30 cycles each consisting in 94 °C for 30 s,
49 °C for 30 s and 72 °C for 2 min and a final extension at
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72 °C for 10 min. The resulting product was purified by using
the Qiaquick Gel Extraction kit (GE Healthcare Life Sciences,
UK) and subcloned into the pT7 blue vector (NOVAGEN,
USA and Canada) by using Ligation High (TOYOBO). The
DNA inserts of the positive clones were amplified by PCR
with pT7 blue vector primers (forward primer, 5′-ATGACC
ATGATTACGCCAAG-3′; reverse primer, 5′-GTTTTCCC
AGTCACGAC-3′). The single-stranded cDNA for 5′/3′
RACE PCR was synthesized with the anchor primer supplied
in the SMARTer RACE cDNA Amplification Kit (Clontech,
USA). All primers were ordered from Invitrogen (USA) and
all PCR experiments were performed by using Advantage 2
Polymerase Mix (Clontech) and 0.25 mM deoxynucleotide
triphosphate on a thermal cycler (model Gene Amp PCR
system 9600; Applied Biosystems, USA).

DNA sequencing was performed by using a 3100 Genetic
Analyzer (Applied Biosystems) with the BigDye Cycle
Sequencing Terminator System (Applied BioSystems) and
then analyzed with Genetyx (Genetic Information
Processing Software, Tokyo, Japan) or Bio Edit (Biological
Sequence Alignment Editor, Ibis Therapeutic, Carlsbad,
Calif., USA). The deduced amino acid sequence was checked
for homology with other Atg8 sequences by using a FASTA
homology search in the databases of the National Center for
Biotechnology Information (NCBI).

Antibody

Polyclonal rabbit anti-PaAtg8 antibody for immunoblot-
ting was generated against a peptide sequence
(FEKRKAEGEKIRRKYPDR) by Genemed Synthesis
(Texas, USA) as referenced from the Atg8 antibody
for D. melanogaster (Shelly et al. 2009).

Immunoblotting

Sample preparation and blotting followed the protocol of
Abcam (www.abcam.com/technical; USA). Fat bodies or
midguts (50 mg) collected from 3–5 cockroaches were ho-
mogenized in 500 μl modified RIPA buffer consisting of
150 mM sodium chloride, 1.0 % Triton X-100, 0.5 % sodium
deoxycholate, 0.1 % SDS, 1 mM phenylmethane
sulfonylfluoride (PMSF), 50mMTRIS, pH 8.0. After homog-
enization, the tissues were agitated for 2 h at 4 °C and then
centrifuged for 20 min (10,000g, 4 °C). The supernatant,
whose protein concentration was checked by using a BCA
Protein Assay Kit (Thermo Fisher Scientific, Yokohama,
Japan), was adjusted to 5 μg/μl, diluted twice in Laemmli
buffer (4 % SDS, 10 % 2-mercaptoethanol, 20 % glycerol, 0.
004 % bromophenol blue, 0.125 M TRIS–HCl) and boiled
for 5 min. The samples were subsequently kept for 5 min at
room temperature and then stored at −20 °C before SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). A total of

20μg protein applied to each lane was separated on a 15% gel
by SDS-PAGE and then blotted onto a polyvinylidene
difluoride (PVDF) transfer membrane (0.45 μm pore size;
Millipore, USA). As an internal standard, replicated gels were
stained with Coomassie Brilliant Blue (CBB) to check the
amount of applied proteins (Welinder and Ekblad 2011;
Franzetti et al. 2012).

Non-specific binding was blocked by using 5 % skim milk
powder (MEGMILK SNOW BRAND, Japan) dissolved in
TTBS (0.05 M TRIS–HCl, 0.25 M NaCl, pH 7.0 containing
0.1 % Tween 20). After being blocked, membranes were
washed three times with TTBS and incubated at 4 °C over-
night in PaAtg8 primary antibody solution diluted 1:10,000 in
TTBS containing 1% bovine serum albumin (Nacalai Tesque,
Japan). As a negative control, preimmune rabbit serum was
incubated instead of the anti-PaAtg8 antibody. After incuba-
tion, the membranes were washed 3 times in TTBS and
incubated in horseradish-peroxidase-conjugated donkey anti-
rabbit secondary antibody (GE Healthcare Life Sciences)
diluted at 1:2000 for 1 h at room temperature. After incuba-
tion, membranes were rinsed in TTBS and then allowed to
react with ECL Western blotting detection reagents (ECL
Prime, GE Healthcare Life Sciences). Bands were detected
by using ImageQuant LAS 4000 (GE Healthcare Life
Sciences). The protein sizes were estimated by using protein
markers (Bio-Rad Laboratories, USA).

Electron microscopy

Dissected fat bodies or midguts were fixed in 2.5 % glutaral-
dehyde (GA) in Millonig’s phosphate buffer (M-PBS). Five
minutes later, the tissues were cut into small cubes (1 mm×
1 mm×1 mm), transferred into a new container and fixed in
fresh GA solution at 4° C overnight. The tissue cubes were
rinsed in M-PBS 3 times for 10 min each, fixed with buffered
1 % osmium tetroxide for 1 h at 4° C, dehydrated in ethanol
and embedded in Quetol 812 resin mixture. Ultrathin sections
were cut from the resin blocks with an ultra-microtome MT-1
(Ivan Sorvall) by using a histo-diamond knife or diamond
knife (Diatome, Switzerland). The sections on 100 mesh grids
(VECO, Holland) were stained with 4 % uranyl acetate for
10 min and lead citrate for 10 min and were then observed by
using an H-7100 electron microscope (Hitachi, Japan) or a
JEM-1400 (JEOL DATUM, Japan) at 80 kV.

Morphometric analysis

In the fat body, trophocytes, urocytes and mycetocytes were
photographed at a magnification of ×1000 at random
(H-7100). The negatives were enlarged 13 times and printed.
The proportion of the total area of each of the three different
cell types that was occupied by autophagic compartments not
related to the degraded endosymbionts was calculated (Weibel
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1979, 1980). In trophocytes, the proportion of the total area
that was occupied by protein granules was also calculated.
The means and standard errors were obtained from measure-
ments within 56 trophocytes, 12 mycetocytes and 23 urocytes
from three samples per treated group.

In the midgut epithelium, one picture was taken at ×5000
magnification on a chosen grid. After being photographed, the
field in the charge-coupled device camera (JEM-1400) was
moved a distance of 18.6 μm and then photographed at the
same magnification once again. The whole area of the epithe-
lium on the grid frommicrovilli to basal membrane, except for
nidi and a total of 47–69 positions were photographed at
random from three samples per treated group. Eight to four-
teen nidi, which were chosen randomly from three to four
samples, were also photographed at 1500× or 2000× magni-
fication. The pictures were printed and the proportion of the
total area of columnar cells or nidi that was occupied by
autophagic compartments was calculated by a point-
counting method (Weibel 1979, 1980). The means and stan-
dard errors were obtained from measurements within 69 pic-
tures for columnar cells or 14 pictures for nidi.

Acid phosphatase activity

Fat bodies or midguts (50 mg) collected from two to four
cockroaches were homogenized in 100 mM HEPES buffer
(pH 5.0) containing 1 mM PMSF. The tissues were then
centrifuged for 20 min (10,000g, 4 °C) and the supernatant
was divided into tubes and stored at −80 °C before the assay.
The protein concentration in the supernatant was determined
by using the BCA Protein Assay Kit. The acid phosphatase
activity in 20 μl supernatant was assayed on 96-well plates
with 10 μl HEPES buffer and 20 μl 4-nitrophenyl phosphate
as a substrate (5 mM) for 20 min, according to the modified
methods of Moss (1983) and Franzetti et al. (2012) and the
protocols of Abcam (ab83367, Acid Phosphatase Assay Kit)
and the Cayman Chemical Company (10008051, Acid
Phosphatase Assay kit). The reaction was performed at
37 °C and stopped with 100 μl 0.5 M sodium hydroxide.
The chromogenic reaction was determined at 405 nm by using
a Micro-plate reader (BioRad Model 550, Bio-Rad
Laboratories). To convert the measurements into relative ac-
tivity, mean values based on three to five measurements in the
various samples (adjusted per milligram of protein concentra-
tion) from cockroaches before starvation were designated as
1.0.

Statistical analysis

Multiple comparisons between groups were performed by the
Tukey-Kramer method for morphometric analysis.
Statistically significant differences were determined by a t-test
for acid phosphatase activity between the starved and

unstarved treatments at the same time points (StatView 5.0
software Japanese version, SAS Institute, USA).

Results

cDNA cloning and sequence analysis of PaAtg8

cDNA encoding an Atg8 homolog was cloned from the ven-
tral nerve cord of P. americana by means of a degenerate PCR
strategy with oligonucleotide primers based on conserved
amino acid sequences from Atg8 homologs of other insects
and a budding yeast (PaAtg8; ID accession: AB856588). The
amplified 896-bp cDNAwas not the full sequence but covered
all of the coding region. This cDNAwas composed of a short
5′ untranslated sequence of 87 bp, a single open reading frame
(ORF) of 351 bp and a 3′ untranslated sequence of 458 bp
(Fig. 1a). The ORF region began with a start codon at position
88 and terminated with a TAA stop codon at position 441. The
deduced sequencewas 117 amino acids long, with a molecular
weight of 14 kDa (Genetyx).

An alignment (Fig. 1b) and a BLAST search (Table 1)
indicated that the amino acid sequence had high identity with
the Atg8 of other insects such as D. melanogaster (97 %, NP
727447), B. mori (96 %, NP 001040244) and Apis mellifera
(90 %, XP 001120069). The sequence had low identity with
the Atg8 of Saccharomyces cerevisiae (59 %, NP 009475)
and with LC3, which is microtubule-associated protein 1-light
chain 3 and functions as Atg8 in mammals, of Homo sapiens
(32 %, NP 115903) and Mus musculus (32 %, NP 080011).

Presence of Atg8-II

The presence of Atg8-II in the fat body and midgut was
examined by immunoblotting under starvation and under
continuous feeding to assess the onset of the autophagic
pathway. PaAtg8-I and PaAtg8-II bands were localized be-
tween 15 and 20 kDa on the PVDF membrane (Fig. 2a, b). In
the fat body, starvation slightly reduced PaAtg8-I and in-
creased PaAtg8-II (Fig. 2a). Continuous feeding showed no

Fig. 1 Sequence analysis of PaAtg8. a Nucleotide sequence of the
cDNA encoding Atg8 isolated from Periplaneta americana and the
deduced amino acid sequence (asterisk stop codon). The C-terminal
glycine residue underlined is tethered to phosphatidylethanolamine. b
Comparison of amino acid sequences of PaAtg8 with Atg8 of other
insects, the fruit fly (Drosophila melanogaster), silk worm (Bombyx
mori) and honeybee (Apis mellifera). Amino acid sequences are available
from the NCBI/GenBank database (asterisks identical residues). The
peptide sequence for PaAtg8 antibody production is boxed. Tyr49 and
Leu50, which are required for activation of the lipidated form of Atg8 by
Atg7 and Atg3, are boxed in red. Phe77 and Phe 79, which are parts of the
recognition site for Atg4, are boxed in blue

b
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tendency to increase or decrease PaAtg8-I and PaAtg8-II
(Fig. 2a). In the midgut, however, starvation strongly in-
creased PaAtg8-I gradually but PaAtg8-II rapidly, over
2 weeks (Fig. 2b). Continuous feeding also strongly increased
PaAtg8-I but not PaAtg8-II (Fig. 2b). Some weak
immunopositive bands were observed below 15 kDa under
both nutritional conditions. Preimmune rabbit serum showed
no bands of PaAtg8-I and PaAtg8-II in either the fat body or
midgut (data not shown). CBB staining showed no significant
difference in protein bands from 15 to 20 kDa (data not
shown).

Ultrastructural observation and quantification

Trophocytes, major components of fat body, contained lipid
droplets and electron-dense protein granules that lay in the

granular cytoplasm that shows stored glycogen (Fig. 3a,
b). Mycetocytes are centrally located in the fat body lobes and
contained an endosymbiont, B. cuenoti (arrowhead in Fig. 3a).
Urocytes in the vicinity of mycetocytes had urate vacuoles,
which had a fibrous cortex and a characteristic core (Fig. 3a).
Starvation for 2 weeks eliminated protein granules in
trophocytes (Fig. 3c) and reduced the proportion of the total
area occupied by the granules in the cells (Fig. 4a).
However, the proportion recovered to half of the origi-
nal level after 4 weeks. The formation of autophagic
compartments showing electron-dense and non-electron-
dense areas and enveloping mitochondrion-like struc-
tures was stimulated in trophocytes (Fig. 3c, d) and
urocytes (Fig. 3e) and the proportion of the total area
occupied by the compartments increased in both the cell
types over 2 weeks of starvation (Fig. 4b). However,
urocytes did not show a statistically significant increase
(P>0.05, Tukey-Kramer method). Mycetocytes did not
show autophagic compartments similar to those ob-
served in trophocytes, even under starvation (Fig. 3c).

Columnar cells, which were major components of the
midgut epithelium, were cylindrical in shape and char-
acterized morphologically by the presence of microvilli
(Fig. 5a). Nidi were located on the basal membrane of
the epithelium and characterized by multilayered packed
cells (Fig. 5a). Starvation stimulated the appearance of
autophagic compartments in the columnar cells
(Fig. 5b), autophagosomes delineated by double mem-
branes (arrows in Fig. 5c) and autolysosomes showing
electron-dense myelin-like structures (arrowhead in
Fig. 5c), or denaturing rough endoplasmic reticulum
(arrow in Fig. 5d) and increased the proportion of the
total area occupied by the compartments in the cells
(Fig. 6a). Four weeks of starvation changed the struc-
ture of some nidi from the multilayered packed type
into the papilla-shaped form (Fig. 5e) and stimulated
the appearance of autolysosomes in the nidi (arrowhead
in Fig. 5e). The proportion of the total area occupied by
the autophagic compartments in the nidi increased after
4 weeks (Fig. 6b) but this increase was not statistically
significant (P>0.05, Tukey-Kramer method). Apoptotic
bodies, which had condensed chromatin enveloped by
nuclear membrane (arrows in Fig. 5e), were also ob-
served near the compartments (arrowhead in Fig. 5e).

Comparison of acid phosphatase activity

Acid phosphatase activities per milligram of protein in
the fat body and midgut were investigated under star-
vation and continuous feeding. In the fat body, the
enzymatic activity increased slightly after 1 week of
starvation but showed no significant difference from that
of fed cockroaches (P>0.05, Fig. 7a). In the midgut,

Table 1 Identity in deduced amino acid sequences of PaAtg8 with Atg8
of other insects and yeast or LC3 (microtubule-associated protein 1-light
chain 3) of mammals

Species Accession number Identity

Drosophila melanogaster (NP 727447) 97 %

Bombyx mori (NP 001040244) 96 %

Apis mellifera (XP 001120069) 90 %

Saccharomyces cerevisiae (NP 009475) 59 %

Homo sapiens (LC3) (NP 115903) 32 %

Mus musculus (LC3) (NP 080011) 32 %

Fig. 2 Immunoblotting with PaAtg8 antibody in the fat body (a) and
midgut (b) under starvation and continuous feeding. a In the fat body,
starvation slightly reduced PaAtg8-I and increased PaAtg8-II. Continu-
ous feeding showed no tendency to increase or decrease either PaAtg8-I
or PaAtg8-II. b In the midgut, starvation and continuous feeding in-
creased PaAtg8-I but PaAtg8-II was increased only after 2 weeks of
starvation. PaAtg8-I and PaAtg8-II bands are found between 15 and
20 kDa. Some weak immunopositive bands were observed below
15 kDa under both nutritional conditions. The numbers above the lanes
indicate the number of weeks of starvation or feeding
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starvation gradually reduced the enzymatic activity
(Fig. 7b) and the activity in fed cockroaches was

significantly higher than that of starved animals at the
same time points (P<0.05; t-test).

Fig. 3 Ultrastrucuture of fat body
lobe of P. americana. a Fat body
lobe of fed cockroaches.
Trophocytes (T), urocytes (U)
and mycetocytes (M) were
observed (l lipid droplet, arrow
protein granule, arrowhead
endosymbiont Blattabacterium
cuenoti). b Magnifed protein
granule showing electron-dense
body in trophocytes. c Fat body
lobe of cockroaches starved for
4 weeks. Formation of autophagic
compartments was stimulated
(arrows). dMagnified autophagic
compartment (mt mitochondria).
Mitochondrion-like structure was
observed in the compartment
(arrow). e Urocytes of
cockroaches starved for 4 weeks
(arrow autophagic compartment,
nu nucleus, uv urate vacuole).
Bars 10 μm (a), 1 μm (b, d),
5 μm (c), 2.5 μm (e)
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Discussion

Atg8 is cleaved at the last residue by Atg4 leading to exposure
of a C-terminal glycine residue (Atg8-I; Kirisako et al. 2000).
This is activated byAtg7 and finally conjugated to PE byAtg3
(Kirisako et al. 2000; Ichimura et al. 2000; He and Klionsky
2009). Atg7 and Atg3 correspond to the E1 and E2 enzymes
of the ubiquitination system, respectively. PE-conjugated
Atg8, Atg8-II, becomes tethered in the membrane of autoph-
agic compartments, as is required for the formation of an
autophagosome (Kirisako et al. 1999; Kabeya et al. 2000;
Amar et al. 2006; Nakatogawa et al. 2007). PaAtg8 has a
glycine residue at the 116th residue along its length of 117
amino acids and has two important conserved sites. Phe77 and
Phe 79 are parts of the recognition site for Atg4 and Tyr49
and Leu50 form the site for activation of the lipidated form of
Atg8 by Atg7 and Atg3 (Fig. 1b; Amar et al. 2006; Khoa and
Takeda 2012). Conservation of these sites and high homology
with the Atg8 of other insects, such as D. melanogaster,

B. mori and A. mellifera, suggest that the cloned gene is
Atg8 of P. americana (Table 1).

In the trophocytes of the fat body of P. americana, starva-
tion reduces the proportion of the total area occupied by
protein granules, derived from hemolyph proteins that have
previously been taken up, after 2 weeks (Fig. 4a). The cave
cricket, Troglophilus neglectus, stops feeding and the size of
the protein granules in the tissues is much reduced during
overwintering (Lipovšek et al. 2011). The reduction of the
granules both in the cockroach and in the cricket implies a
functional role of the granules in the storage of nutrients upon
starvation. Although the proportion recovers to half of the
original level after 4 weeks in the cockroach, another cave
cricket, T. cavicola, exhibits a reduction in the size of protein
granules fromNovember to January, with a restoration of their
size by March, during overwintering (Lipovšek et al. 2011).
The recovery inP. americana and this cave cricket, T. cavicola,
might be related to metabolic changes for the utilization of
reserved nutrients.

Autophagy is a mechanism leading not only to the diges-
tion of the cytoplasm for the recycling amino acids under
amino acid deprivation (Rusten et al. 2004; Scott et al.
2004) but also to the formation of protein granules in the fat
body during metamorphosis (Locke 1984). The protein gran-
ules fuse with autophagic vacuoles for the digestion of exces-
sive membranes and the crystallization of stored proteins. The
crystallized proteins are mobilized for the utilization of amino
acids during development. In the fat body ofD. melanogaster,
the Aut1 mutant, namely, Atg3-loss-of-function larvae, fail to
form autophagic vacuoles and protein granules before
pupariation (Juhász et al. 2003). The absence of protein gran-
ules in these mutants implies that autophagy-related genes,
Atg genes, are involved in the formation of protein granules.
In fed cockroaches, although PaAtg8-II is observed in the fat
body (Fig. 2a), autophagic compartments were not ob-
served in the three cell types and some large protein granules
were observed in the trophocytes (Figs. 3a, 4a, b). Starvation
reduces the protein granules and extensively stimulates the
formation of autophagic compartments in the trophocytes
(Fig. 4b) but slightly increases PaAtg8-II in the fat body
(Fig. 2a). These results imply that Atg8 is related not only to
the induction of autophagy but also to the formation of protein
granules in the trophocytes in P. americana under starvation
and continuous feeding, respectively. The crystallization of
protein granules via the fusion with autophagic vacuoles
might explain the high acid phosphatase activity in the fat
body of fed cockroaches (Fig. 7a).

Although the mycetocytes contain dying B. cuenoti that
show an electron-dense outer layer and lose cytoplasm from
the symbiosome membrane, instead of autophagic compart-
ments, the death of the endosymbionts is not related to star-
vation (Park et al. 2013), unlike in the pea aphid,
Acyrthosiphon pisum, which has a lysosomal digestion system

Fig. 4 Proportion of the total area occupied by protein granules (a) or
autophagic compartments (b) in the trophocytes or urocytes under star-
vation. a The proportion occupied by protein granules in trophocytes was
reduced after 2 weeks and recovered to half of the original level after
4 weeks of starvation. b Starvation increased the proportion occupied by
atuophagic compartments in both trophocytes and urocytes. Each value is
the mean of the measurements from 23–56 trophocytes and from 13–23
urocytes derived from three samples. Error bars indicate SE. Different
letters indicate statistically significant differences between groups
(P<0.05, Tukey-Kramer method)
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Fig. 5 Ultrastrucuture of midgut
epithelium of P. americana. a
Midgut epithelium of fed
cockroach. Columnar cells (cc)
and a nidus (nd) are present (mv
microvilli, nu nucleus). b Midgut
epithelium of cockroach starved
for 2 weeks. Some autolysosomes
(arrows) were observed near
microvilli (mv). c Higher
magnification of the boxed area in
Fig. b. Autophagosomes showing
double membranes (arrows) and
an autolysosome showing an
electron-dense myelin-like
structure (arrowhead) can be
seen. d Autolysosome showing
denatured rough endoplasmic
reticulum (arrow) in the midgut
epithelium of cockroaches starved
for 4 weeks. e Papilla-shaped
nidus showing an apoptotic body
(arrows) and an autolysosome
(arrowhead) in midgut epithelium
of cockroach starved for 4 weeks.
Bars 20 μm (a), 10 μm (b), 1 μm
(c, f), 2 μm (d, e)

Cell Tissue Res (2014) 356:405–416 413



for Buchnera in its mycetocytes, as a source of nutrients for
the developing flight muscle (Nishikori et al. 2009).
Lysosomes fuse with the symbiosome membranes and then
digest Buchnera. Lysosomal digestion systems such as au-
tophagy or bacterial digestion might not be important for the
mycetocytes of P. americana as a source of nutrients.

In the midgut of P. americana, starvation stimulates the
appearance of autophagic compartments in the columnar cells
and nidi (Fig. 6a, b). However, some autolysosomes might be
engulfed together with digested debris of dead columnar cells
or stem cells by neighboring cells, because it is impossible to
distinguish ultrastructually which secondary lysosomes are
derived from autophagy or endocytosis. TUNEL (TdT-medi-
ated dUTP nick-end labeling)-positive products, which are
smaller than those of the nuclei, were observed in co-
lumnar cells (Park et al. 2009) and apoptotic bodies showing

condensed chromatin enveloped by nuclear membrane have
been localized in the nidi near the autolysosomes (Fig. 5e).
However, starvation increases Atg8-II in the midgut (Fig. 2b)
and autophagosomes showing double membranes were
observed in the columnar cells (Fig. 5c). Starvation increases
Atg8 in the midgut epithelium of the wax moth,G. mellonella
(Khoa and Takeda 2012) and the expression of Atg8 in the
midgut of the tick, Haemaphysalis longicornis, with the for-
mation of autophagic vacuoles (Umemiya-Shirafuji et al.
2010). The present results and the reports from other arthro-
pods show that not all autophagic compartments in the co-
lumnar cells are derived from engulfed cell debris and that
starvation stimulates autophagy in the cells.

During metamorphosis, acid phosphatase activity connect-
ed to lysosomes increases in the midgut, which is degraded by
the combination of autophagy and apoptosis (Sass et al. 1989;
Franzetti et al. 2012). However, feeding rather than starvation
increases the activity of this enzyme in the midgut of
P. americana (Fig. 7b). In the midgut, acid phosphatase is
localized in the cytoplasm for the digestion of food (Srivastava
and Saxena 1967; Cheung and Low 1975; Terra et al. 1979).
The Colorado potato beetle, Leptinotarsa decemlineata,
reared under short-day conditions, shows reduced activity of
the enzyme in the midgut after the cessation of feeding for
diapause (Yi and Adams 2001). The characteristics of the
enzyme, which is related to feeding behavior, might explain
the high activity in the midgut of the fed cockroaches.

Autophagy is induced rapidly in the fat body of larval fruit
fly, D. melanogaster (Rusten et al. 2004) and adult cock-
roach, P. americana (Fig. 4b), within a day and over 2 weeks
of starvation, respectively. The late induction of autophagy in
the cockroach might be caused by the delayed exhaustion of
amino acids, which are metabolized from the stored uric acid
in the fat body, because our previous study showed the

Fig. 6 Proportion of total area occupied by autophagic compartments in
columnar cells (a) or nidi (b) from cockroaches under starvation. Starva-
tion increased the proportion of the compartments in both cells but the
increase in nidi was not statistically significant (P>0.05). Each value is
the mean of the measurements from 47–69 positions in columnar cells
derived from three samples and from 8–14 nidi derived from three to four
samples. Error bars indicate SE. Different letters indicate statistically
significant differences between groups (P<0.05, Tukey-Kramer method)

Fig. 7 Comparison of acid phosphatase activity per milligram of protein
in the fat body (a) and midgut (b) of cockroaches under starvation (filled
circles) and continuous feeding (empty circles). a In the fat body, 1 week
of starvation lead to a slight increase in activity but this was not signif-
icantly different from that of fed cockroaches. b In the midgut, starvation
reduced the enzymatic activity gradually but continuous feeding

maintained higher activity than that in the starved animals. To convert
the measurements into relative activity, mean values based on 3–5 mea-
surements, which were adjusted per milligram of protein, from cock-
roaches before starvation were expressed as 1.0 (asterisks statistically
significant difference from the fed control at the same time point, P<0.05;
t-test)
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rapid size reduction of urate vacuoles of P. americana during a
week of starvation (Park et al. 2013). In a wood-eating termite,
Reticulitermes flavipes, uric acid is transported from the he-
molymph, via the Malpighian tubules, to the hindgut in which
uric acid is metabolized into ammonia by gut bacteria
(Potrikus and Breznak 1980a, 1980b, 1981). The genome of
B. cuenoti does not contain any genes encoding uricolytic
enzymes such as uricase and xanthine dehydrogenase, which
degrade uric acid but it is capable of metabolizing urea or
ammonia, from which almost all amino acids are synthesized,
with the exceptions of glutamine and asparagine (Sabree et al.
2009). The metabolic analysis of the termite and the genomic
analysis of B. cuenoti suggest that P. americana metabolizes
the stored uric acid into amino acids by the combination of gut
symbionts (Donnellan and Kilby 1967) and B. cuenoti.
Antibiotics, which kill gut symbionts or endosymbionts, slow
the metabolism of uric acid in the whole tissues of the brown
plant hopper, Nilaparvata lugens (Hongoh and Ishikawa
1997) and affect the composition of amino acids in the
hemolymph of the shield bug, Parastrachia japonensis
(Kashima et al. 2006). The rapid increase of autophagy in
the midgut over 2 weeks of starvation (Figs. 2b, 6a) follows
the rapid size reduction of the urate vacuoles (Park et al. 2013)
and might be caused by the exhaustion of amino acids pro-
vided by symbionts, especially glutamine and leucine in the
hemolymph, because both amino acids are related to the
suppression of autophagy by the activation of TOR, a target
of rapamycin (Nicklin et al. 2009). The roles of the stored uric
acid and gut symbionts or endosymbionts for the synthesis of
amino acids should be investigated further, because they
might be up-regulators of autophagy in the tissues of
cockroaches.

In conclusion, long-term rather than short-term starvation
over 2 weeks induces autophagy in the fat body and midgut of
the American cockroach, P. americana, with autophagic pro-
files in these organs being distinct because of the presence or
absence of an endosymbiont, B. cuenoti. The late induction of
autophagy in the tissues might be related to synthesized
amino acids by the combination of urocytes and mycetocytes
in the fat body.
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