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Beneficial microbe functions range from host dietary supplementa-
tion to development and maintenance of host immune system. In
mammals, newborn progeny are quickly colonized with a symbiotic
fauna that is provisioned in mother’s milk and that closely resem-
bles that of the parent. Tsetse fly (Diptera: Glossinidae) also
depends on the obligate symbiont Wigglesworthia for nutritional
supplementation, optimal fecundity, and immune system develop-
ment. Tsetse progeny develop one at a time in an intrauterine en-
vironment and receive nourishment and symbionts in mother’s
milk. We show that the host Peptidoglycan Recognition Protein
(PGRP-LB) is expressed only in adults and is a major component of
the milk that nourishes the developing progeny. The amidase activ-
ity associated with PGRP-LB may scavenge the symbiotic peptido-
glycan and prevent the induction of tsetse’s Immune Deficiency
pathway that otherwise can damage the symbionts. Reduction of
PGRP-LB experimentally diminishes female fecundity and damages
Wigglesworthia in the milk through induction of antimicrobial pep-
tides, including Attacin. Larvae that receive less maternal PGRP-LB
give rise to adults with fewer Wigglesworthia and hyperimmune
responses. Such adults also suffer dysregulated immunity, as indi-
cated by the presence of higher trypanosome densities in parasit-
ized adults. We show that recPGRP-LB has antimicrobial and
antitrypanosomal activities that may regulate symbiosis and impact
immunity. Thus, PGRP-LB plays a pivotal role in tsetse’s fitness by
protecting symbiosis against host-inflicted damage during develop-
ment and by controlling parasite infections in adults that can other-
wise reduce host fecundity.

maternal transfer | transgenerational immune effects | antimicrobial
activity \ antitrypanosomal activity

M aternal effects profoundly affect the phenotype of the off-
spring (1). In vertebrates, maternal transfers include im-
mune proteins such as antibodies, which are vital in shaping the
B- and T-cell repertoire of the offspring and protecting juveniles
against fatal infections (2, 3). Maternal transfers also include
symbiotic microbes that have coevolved with their eukaryotic
hosts. Newborn progeny are quickly colonized with a microbial
fauna that closely resembles that of the parent. Gut colonization
with commensal bacteria during the juvenile state influences the
expression and localization of pattern recognition receptors and
antimicrobial peptides later in the adult state (4, 5). In germ-free
animals, it has been shown that the development of immune-re-
lated organs, such as the lymphoid system as well as antibody
production, is severely impaired.

Unlike vertebrates that harbor complex microbiomes with many
taxa, most of which cannot be cultivated in vitro, invertebrates—
particularly insects—harbor a vertically transmitted microbiome
that is highly restricted in composition. The symbiotic functions in
insects also range from nutritional supplementation of host diets to
provisioning host physiological processes, including fecundity and
immunity (6-8). The insect systems are easier to maintain with
shorter generation times and less husbandry costs. Thus, they make
excellent models to understand the functional aspects of host—
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symbiont biology and the contribution(s) of individual symbionts
toward host physiology as we explore here in the tsetse system.
Tsetse flies are the sole vectors of medically and agriculturally
important African trypanosomes. In addition, tsetse is an excellent
model system for studying host-symbiont dynamics. Both male and
female tsetse feed on only vertebrate blood, and the female has
viviparous reproduction in which the offspring develop one at
a time in utero. The larva is nourished by mother’s milk produced
by accessory glands. The milk contains lipids and proteins, in-
cluding Transferrin and Milk Gland Protein (a novel protein in the
lipocalin family), as well as tsetse’s microbial symbionts (9).
Females give birth to a single mature larva, which pupates and
remains dormant until eclosion. All tsetse harbor the obligate
mutualist Wigglesworthia glossinidia, which resides intracellularly in
the midgut bacteriome organ and extracellularly in mother’s milk
(7, 10). Wigglesworthia supplements tsetse’s nutritionally restricted
blood diet with vitamins (11), and without Wigglesworthia, females
are reproductively sterile. Juvenile progeny that develop without
Wigglesworthia give rise to immune-compromised adults that are
especially deficient in cellular immune responses and that exhibit
unusual susceptibility for trypanosome infections (7). Some natu-
ral populations and laboratory lines of tsetse can also harbor the
commensal Sodalis glossinidius and the parasitic Wolbachia
pipientis. Whereas Wolbachia is vertically transmitted transovum,
Sodalis is maternally transmitted in mother’s milk (9). Tsetse’s
viviparous reproduction limits the microbial exposure of the im-
mature stages developing in the uterus only to the maternally
transmitted symbionts (Wigglesworthia, Sodalis, and Wolbachia).
Because hosts require the beneficial microbes for full fitness,
they have likely evolved high tolerance for these microbes, while
they can resist closely related pathogens (12). In tsetse, both host-
and symbiont-mediated mechanisms may contribute to tolerance
to microbial fauna. Modifications in the major coat protein (Outer
Membrane Protein; OmpA) of Sodalis confer resistance to the
symbiont against host immune peptides (Antimicrobial peptides;
AMP) (13). Host—pathogen recognition processes involve a family
of Peptidoglycan Recognition Proteins (PGRPs). In insects,
PGRP-LC has been shown to be the receptor of the Immune
Deficiency (Imd) pathway and can bind microbial peptidoglycan
(PGN), which leads to the synthesis of a battery of AMPs (14).
Humans PGRPs can clear pathogens directly via bactericidal ac-
tivity (15). The Drosophila PGRP-LB has a catalytic amidase ac-
tivity that can degrade PGN and prevent host immune activation
(16, 17). The ability of PGRP-LB to control host immune acti-
vation provides protection to beneficial microbes in several insects
(18-20). In tsetse, pgrp-Ib is expressed in Wigglesworthia harboring
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tissues (bacteriome and milk gland), and there is a positive cor-
relation between Wigglesworthia density and pgrp-Ib expression
levels. When PGRP-LB is reduced through RNA interference-
based gene silencing, tsetse’s Imd pathway is activated, resulting in
production of AMPs, which in turn damage Wigglesworthia (21).
Interestingly, silencing PGRP-LB also results in higher suscepti-
bility to trypanosome infections, suggesting a possible anti-
protozoal function for PGRP-LB. Given that parasitism induces
host immunity, which reduces host fecundity, PGRP-LB can be
a strong driver for Wigglesworthia symbiosis and host fitness (22).
Here, we investigated the regulation of the microbiome during
the maternal transmission process in tsetse pregnancy with a focus
on the role of PGRP-LB and Wigglesworthia dynamics for host fit-
ness traits. Spatial and temporal analysis of PGRP-LB reveals that it
is an essential milk protein transmitted to the intrauterine progeny.
We evaluated the long-term consequences of PGRP-LB reduction
in pregnant females on fitness traits in emerging adult progeny.
We expressed recPGRP-LB in Drosophila cells and tested its ami-
dase, antimicrobial, and antiprotozoal activities to understand the
mechanism(s) by which PGRP-LB may regulate symbiotic ho-
meostasis and influence parasitism. We discuss the regulation
of maternal processes that enable efficient transfer and colonization
of progeny with the symbiotic fauna and the fine-tuned regulation of
symbiotic densities that maximize host fitness traits (23, 24).

Results

Spatial and Temporal Expression of PGRP-LB. Our studies had shown
that pgrp-Ib transcripts are preferentially expressed in the bacter-
iome and female milk gland organ and that pgrp-Ib expression level
correlates with Wigglesworthia density (21). We performed immu-
nohistochemical analysis to determine the cellular and subcellular
localization of PGRP-LB protein relative to symbiont presence
(Fig. 1 and Fig. S2). DAPI staining confirmed the presence of
symbionts in the gut bacteriome, milk gland cells, and lumen (7, 9).

Fig. 1. Localization of PGRP-LB by immunostaining. Sections were in-
cubated with either anti-PGRP-LB antibody (A-/) or preimmune sera (Fig.
S2). (A-C) Bacteriome. (D-F) Midgut. (G-/) Milk gland. A, D, and G show DAPI
staining. B, E, and H show staining with PGRP-LB. C, F, and / show merged
images. Arrows denote symbionts (1), host cell nuclei (2), PGRP-LB associated
with gut matrix (3), gut lumen (4), milk gland storage reservoir (5), and milk
gland lumen (6). (Scale bar: 25 pm.)
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PGRP-LB was also localized to the periphery of the bacteriome
organ (Fig. 1 B and E), as well as in the storage reservoirs of milk
gland cells and lumen (Fig. 1H), confirming its secretory nature
and direct transfer from mother to her intrauterine larval progeny.

To determine the tissue and host developmental stage-specific
regulation of PGRP-LB, RT-PCR and Western analysis were
performed on milk glands, intrauterine larva, early pupae, late
pupae, and adult guts (2 and 7 d after emergence) (Fig. 2). Both
PGRP-LB transcripts and protein were detected in the milk
gland and gut tissue of adults, and pgrp-Ib levels in the gut in-
creased after emergence. In contrast, no PGRP transcripts but
PGRP-LB protein was detected in the juvenile stages—con-
firming the maternal transmission of PGRP-LB to the developing
larva in mother’s milk.

PGRP-LB Influences Wigglesworthia Density and Host Fecundity. To
understand PGRP-LB influences on symbiont density regulation
in the maternal transmission process, fertile mothers were sub-
jected to double-stranded PGRP-LB (dsLB) treatments. Com-
parative analysis of PGRP-LB transcript levels between the
control dsGFP and dsLB treatment groups and protein levels in
the milk gland reservoirs and lumen indicated a significant
knockdown effect (Fig. S3). Milk gland sections from dsLB
females stained with a different antibody (anti-Milk Gland
Protein) (9) showed the presence of high levels of GmmMGP
and confirmed the specificity of dsLB treatment (Fig. S3B3).

Wigglesworthia density in the milk gland of dsLB-females showed
a significant decrease in comparison with dsGFP controls (Fig.
3A4), whereas no significant difference was noted for Sodalis. We
next measured the transcript levels for one of the AMPs (Attacin),
expressed downstream of the Imd immune pathway. In agreement
with our previous observations from whole dsLB females, attacin
expression in the milk gland tissue was up-regulated in LB de-
pleted flies (Fig. 3B). The effector AMPs (including Attacin) may
be responsible for the decreased Wigglesworthia density we ob-
served when PGRP-LB levels were reduced because silencing both
PGRP-LB and -LC proteins could prevent damage to Wig-
glesworthia (21). Sodalis was shown to be resistant to the bacter-
iocidal activity of insect AMPs in vitro, which may explain the lack
of density effects we observed for Sodalis in the presence of in-
creased Attacin levels (25, 26).

Because Wigglesworthia fitness is essential for host fecundity, we
measured the effect of PGRP-LB silencing on female fecundity.
The pupal deposition rate of dsGFP-treated flies was 57%, whereas
that of dsLB was reduced to ~26.7% in the second gonotrophic
cycle (GC). The same trend was seen in the third GC, with 56.3% in
dsGFP and 27.2% in dsLB flies (Fig. 3C). Loss of fecundity could be
due to either decreased Wigglesworthia-mediated nutritional effects
or to a tradeoff caused by increased host immune activity. A similar
loss of fecundity was observed when tsetse were parasitized with
trypanosome strains that resulted in host immune induction (22).
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Fig. 2. PGRP-LB expression in different host developmental stages. Tran-
scriptional analysis (A) and protein expression analysis (B) were conducted for
milk gland and fat body fractions of adult females (M, lane 1); larva (L, lane 2);
pupae at 24 h (E, lane 3) and 3 wk (L, lane 4) after deposition; and guts at 2 d
(2D) and 7 d (7D) after emergence (lanes 5 and 6, respectively). Each sample
represents three pooled individuals. Results from one of two independent
experiments are shown. The PCR amplification cycle was 25. Tsetse tubulin
RNA (gmmtub) and Tubulin protein (GmmTub) were used as internal controls.
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Fig. 3. Effect of PGRP-LB silencing on symbiont density, immune response,
and fecundity of pregnant females. (A and B) Symbiont densities (Wig-
glesworthia and Sodalis) (A) and attacin levels (B) were measured from
dsRNA-treated females. Error bars indicate SEM (n = 5). The levels of attacin
were normalized against host tubulin. (C) Fecundity effects of dsRNA
treatments on pregnant females. Pupal deposition percentage for each of
the three GCs is given as total pupal deposition number per female. *Sta-
tistically significant values between dsGFP and dsLB treatments in second GC
(G2) and third GC (G3), respectively (P < 0.05). Results are the mean of three
independent experiments.

Thus, these findings further support obligate Wigglesworthia as be-
ing indispensible for female fecundity and PGRP-LB as protecting
Wigglesworthia from host damage by preventing immune activation.

Maternal PGRP-LB Influences on Larval Symbiosis and Immunity.
Larval progeny acquire Wigglesworthia through their mother’s
milk, and maternal PGRP-LB levels in the milk can influence the
symbiotic densities transferred. We measured the immune status
and symbiont density from the intrauterine larva microscopically
dissected from dsRNA-treated mothers (Larva®"P). Both the
PGRP-LB protein levels and Wigglesworthia density were signiﬁ-
cantly lower in Larva®"® in comparison with control Larva®™“"?
(Fig. 4 A and B, respectively). It appears that the maternal Wig-
glesworthia levels transferred to the larva are important for sym-
biotic infection densities, especially because our earlier studies
had shown little to no proliferation of symbionts during the im-
mature developmental stages (27). The attacin levels in Larva®™®
were also significantly lower than the controls (Fig. 4C). Because
Larva®'® has less Wigglesworthia, there may be less bacterial
stimuli to activate the larval immune system. Given that the
presence of Wigglesworthia in larval stages is essential for the de-
velopment of adult immune system, we reasoned that Larva®"®
could give rise to adults with decreased fitness traits, particularly
compromised immunity (28).

Maternal Effects on Inmune Status of Adult Progeny. We evaluated
the long-term effects of maternal PGRP-LB level modification on
adult progeny fitness. We measured PGRP-LB levels, symbiont
density, and immune response (attacin levels) from Pro®"® and
control Pro®™S** flies 20 d after eclosion. Both the mRNA and
protein levels of PGRP-LB in Pro®™® were approximately
threefold lower than the controls (Fig. 5 A and B, respectively).
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Fig. 4. Effect of PGRP-LB silencing on symbiont density and larval immune

response. (A) Three third-instar larva from each treatment group underwent
Western analysis. PGRP-LB levels were normalized according to host p-Tu-
bulin. (B) Wigglesworthia and Sodalis densities in Larva®™'® and Larva®c"®
were normalized according to host p-tubulin. Error bar indicates SE (n = 3).
(C) Attacin levels were measured from the same samples and normalized to
host p-tubulin. Error bar indicates SE (n = 3). Results from one of two in-
dependent experiments are shown.

Wigglesworthia density in Pro®'® was also significantly less,

whereas Sodalis levels were not significantly different (Fig. 5D).
The attacin levels, however, were approximately twofold higher in
LB than in controls (Fig. 5C). We tested the consequences of
decreased larval Wigglesworthia and PGRP-LB effects on vector
competence of Pro®™™®. When challenged with trypanosomes,
there was no significant difference in the infection prevalence
between Pro®™® and Pro™°*" (Fig. SE). However, parasitized
Pro®™® had fourfold higher trypanosome density than the control
Pro®CF? (Fig. 5F). These results suggest that varying transmission
dynamics of Wigglesworthia and PGRP-LB from mother to im-
mature progeny can have long-lasting consequences on emerging
adults. Flies that acquire fewer symbionts, and consequently less
PGRP-LB, during juvenile development have immune defects and
are at a disadvantage as young adults.

Antipathogenic Functions of recPGRP-LB. Our previous studies had
incriminated both the Imd pathway and PGRP-LB for trypano-
some resistance in tsetse, because independent experimental re-
duction of pgrp-Ib and pgrp-lc led to higher parasite infection
prevalence and density (21). This result was unexpected because
increased levels of AMPs (including Attacin) in the presence of
reduced PGRP-LB should have reduced parasite infections (25,
26). Thus, we speculated that PGRP-LB could have an antipara-
sitic activity, which could also harm parasites. Here, we expressed
recPGRP-LB in S2 cells and tested its antimicrobial and amidase
activities. When recPGRP-LB (10 pg/mL corresponding to 0.4
pM) was added to the growth medium in vitro, >99% of Escher-
ichia coli waskilled in 1 h (Fig. 64). When Zn?** was removed from
rec-protein by EGTA treatment, recPGRP-LB lost its bactericidal
activity, in agreement with the human and zebrafish PGRPs (29,
30). The bactericidal action of recPGRP-LB was dose-dependent
with low concentrations (<5 pg/mL) showing less killing activity
(Fig. 6B). recPGRP-LB (at 5 pg/mL) was able to hydrolyze DAP-

Wang and Aksoy


www.pnas.org/cgi/doi/10.1073/pnas.1116431109

L T

/

1\

=y

A B ProdsGFP ProdsLB
251 1 2 3 4 5 1 2 3 4
P=0.042 PGRP-LE W — e o -
204 TUB o o, S s ———
a 1507 P=0.016
3 15
S
[ o
. 2 1004
£. 101 £ 100
g 3
54 o
& 504
0- o
Pro™  prot
04
ProusDFF‘ Pro\lr!
C D i P=0.045
807 P=0.040 # co0od
z
o g 4000+
N o 2000 =N
3o s
3 ©
@ 204 2 2004
5 1004
0- e 0 T T
ProcsGFF Prods'.;l PronsGFP PdeaLB PronsSEP Prousl.ﬁ
Wigglesworthia Sodalis
E _ =, F . 15x10° 4 P=0.038
= N=63 - =
@ = c ]
g 15 8 1.0x106 4
2 1 n
©
a 2 50x105 —
| = © -
o 54 o [ ]
3 g Se
e =
E o 0 —ee— N —
Prossc.cp prousw Pro™ Prem“

Fig. 5. Long-term effects of reduced maternal PGRP-LB transmission on sym-
biont density and immune response of adult progeny. (A) pgrp-Ib levels from
Pro?Sf? and Pro®® adult females 20 d after eclosion normalized to p-tubulin
(n = 5). (B) Western analysis of PGRP-LB from the same flies normalized to host
B-Tubulin (n > 4). (C) attacin levels normalized to host p-tubulin. Error bar
indicates SE (n = 5). (D) Wigglesworthia and Sodalis genome copy numbers
normalized to host g-tubulin (n = 5). (E) Midgut infection prevalence for T. b.
rhodesiense in Pro®® and Pro®*¢™. (F) Parasite infection density in parasitized
flies. Results show the combination of three independent experiments.

PGN as efficiently as mutanolysin (200 units/mL), but not LYS-
PGN (Fig. 6C). Next, we tested the antiparasitic effects of
recPGRP-LB. Both procyclic insect and cultured bloodstream
form parasites showed ~50% Kkilling in vitro relative to control
medium when supplemented with 10 pg/mL recPGRP-LB (Fig.
6D). The depletion of Zn** by EGTA treatment did not impair
the trypanocidal activity of recPGRP-LB, which indicates that
PGRP-LB killing of trypanosomes did not involve amidase activity
but rather depended upon yet another unknown amidase-in-
dependent mechanism (Fig. 6D). It remains to be seen, however,
whether the recPGRP-LB used in killing assays reflects physio-
logical levels typically associated with PGRP-LB in the gut tissue.
The antiparasitic activity of PGRP-LB may explain the higher
trypanosome densities that we noted in parasitized Pro®™® adults,
which have less PGRP-LB levels than corresponding control
adults. The molecular aspects of tsetse’s PGRP-LB anti-
trypanosomal activity remain to be investigated. Because parasite
infections and intensity can have a negative impact on host fe-
cundity through immune induction (22), the antiparasitic activity
of PGRP-LB can further enhance host fitness.
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Fig. 6. Bactericidal and trypanocidal activity of recombinant PGRP-LB. (A) E.
coli was incubated with 10 pg/mL (0.4 pM) recPGRP-LB or EGTA-treated
recPGRP-LB for indicated times. *P < 0.05. Results show the mean of four in-
dependent experiments. (B) E. coli was incubated with recPGRP-LB at different
concentrations for 1 h. Results show one of two independent experiments. (C)
Amidase activity of recPGRP-LB on DAP- and LYS-PGN. Data shown are rep-
resentative of two independent experiments. (D) Trypanocidal activity of
recPGRP-LB with and without EGTA treatment on bloodstream and procyclic
cell cultures or with protein buffer (control), respectively. Results show one of
two independent experiments. Error bar indicates SE (n = 4). The significance
of differences was calculated by the Student t test. ***P < 0.0001.

Discussion

Symbiosis with beneficial microbes is widespread in animals (31).
The functional roles of symbionts in host physiology, symbiont
colonization processes, and host- or symbiont-mediated mecha-
nisms that protect symbiosis from hostile host immune responses
are of interest. Here we show that a host pathogen recognition
protein (PGRP-LB) plays an essential role in tsetse symbiosis.
Tsetse PGRP-LB is expressed only in adults and is maternally
transferred to the intrauterine larva in mother’s milk. PGRP-LB
protects Wigglesworthia symbiosis by suppressing the activation of
symbiont-damaging host immune responses via its catalytic activ-
ity. Adult fecundity and immune system expression rely on a fine-
tuned balance between Wigglesworthia density and maternal
PGRP-LB levels acquired during juvenile development. In addi-
tion, PGRP-LB has an antiprotozoal activity to influence tsetse’s
vector competence. Although antibacterial functions for PGRPs
have been documented, this report describes an antipathogen
function for PGRP against eukaryotic protozoa.

Tsetse has coevolved with its symbionts so that the fly does not
mount a strong antimicrobial immune response. Symbiont densi-
ties, however, are tightly controlled throughout host development,
with the exception of the teneral state immediately after eclosion
when symbionts proliferate for a few days before being maintained
at homeostatic levels (32). Wigglesworthia resides tightly packed in
bacteriocytes in the gut bacteriome but has a free-living pop-
ulation in the lumen of the milk gland. Although the intracellular
Wigglesworthia may be protected from hostile immune responses,
the extracellular forms in the milk can induce host immune
responses and can be adversely affected by host immune effectors.
Our results show that tsetse PGRP-LB plays a key role in main-
taining symbiotic homeostasis. Reduction of PGRP-LB induces
the expression of the immune effector AMPs in the gut, which
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negatively impact Wigglesworthia densities. Loss of Wigglesworthia
fitness, in turn, decreases the reproductive output of females by
half in comparison with dsGFP-treated controls. PGRP-LB si-
lencing also reduces Wigglesworthia densities in the milk and
Wigglesworthia numbers transmitted to the intrauterine progeny.
In the extreme case, when we had eliminated the extracellular
population of Wigglesworthia, thus preventing its transmission to
the larva, the emerging adult progeny were found to suffer major
fitness losses, including total sterility, impaired cellular immune
responses, and high susceptibility to trypanosome infections (7,
28). PGRP-LB synthesis is restricted to the adult state and is in-
duced shortly after flies receive their first blood meal (21). The
juvenile stages do not synthesize PGRP-LB, but rather acquire it
in the milk. The abundant levels of PGRP-LB transferred to the
juvenile stages can also prevent the induction of larval and pupal
immunity in response to the presence of the symbiotic fauna. The
impaired development of immune system during juvenile de-
velopment when PGRP-LB levels in the milk are reduced has
negative consequences for the establishment of symbiosis in the
offspring and then later in the emerging adults. Our results in-
dicate that fluctuations in symbiotic densities (and PGRP-LB
levels) transferred from mother to larva can have long-lasting
effects on emerging adult progeny. We find that reduced PGRP-
LB levels in fertile mothers leads to progeny with lower Wig-
glesworthia densities and less PGRP-LB, even when analyzed in
emerging adults 20 d after eclosion. The emerging adults also lack
the ability to control trypanosome densities when parasitized. It is
possible that the smaller seed of Wigglesworthia provisioned by the
mother to her larva is unable to stimulate host immune de-
velopment sufficiently during the immature stages. Our results
suggest that tsetse innate immunity actively regulates symbiotic
homeostasis throughout development largely through PGRP-LB,
and PGRP-LB plays an important role in this regulation both
directly as an antimicrobial effector or indirectly through
modulation of host immune response activation.

The antimicrobial actions of PGRPs have been described in
eukaryotes, but the antiprotozoal activity we describe here is
unprecedented. Our results show that, in addition to the immune
effector AMPs, PGRP-LB may regulate the success of trypano-
some infections and parasite densities in tsetse. Although adult
tsetse show high resistance to trypanosome infections, flies im-
mediately after eclosion show greater susceptibility to parasitism
(33). The inability of young tsetse to regulate parasite resistance
may reflect the immature nature of its immune system, which
after a few blood meals becomes fully active. Given that PGRP-
LB expression is also induced following blood feeding, the in-
creased resistance to trypanosomes may be due to the higher
levels of PGRP-LB present in the gut of older flies. The levels of
the maternally transmitted PGRP-LB present in the teneral gut
could also influence the trypanosome susceptibility traits in
young adults. Progeny that acquire higher maternal PGRP-LB
during juvenile development may be more resistant to trypano-
somes as a young adult than those that receive less. PGRP-LB
may constitute the first line of defense against invading trypa-
nosomes, followed by the effector AMPs produced once the
immune signal cascades are activated.

Several studies have demonstrated that both insects and mam-
mals deploy multiple negative regulatory mechanisms to prevent
immune activation by reducing signal strength (6, 23, 34, 35). A
tightly regulated immune system is important for the host to mount
an effective immune response against the incoming pathogens and
can also benefit symbiosis. Vertebrate PGRPs can directly kill in-
vading microbes through their antimicrobial activity by triggering
bacterial two-component system that cause membrane de-
polarization and [OH]Je production in the cytoplasm (29, 36).
Drosophila PGRP-LB has a catalytic activity that can help scavenge
microbial PGN and prevent induction of Imd pathway (16). The
catalytic functions of PGRP-LB may protect Wigglesworthia
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symbiosis by scavenging the released PGN to prevent host immune
induction, and its bactericidal function may eliminate the invading
bacteria directly, similar to the actions of vertebrate PGRPs. Un-
like Wigglesworthia, tsetse’s immune effectors do not impact
Sodalis adversely. Prior studies had also indicated that recAttacin
is not affective against Sodalis despite its potent activity against
E. coli and trypanosomes in vitro (26). Thus, it appears that, al-
though tsetse actively protects the indispensable Wigglesworthia
symbiosis, commensal Sodalis has undergone adaptations to sur-
vive in the hostile host environment.

Regulated expression of PGRP-LB is essential for protecting
symbiosis in the adult to ensure host fecundity, for the success of
symbiotic transfer to juvenile progeny in the milk, and for optimal
symbiont colonization processes in juvenile development. PGRP-
LB also has an antitrypanosomal activity that may influence the
vector competence in adult tsetse. Trypanosome infections have
been shown to reduce host fecundity due to the cost of host im-
mune response activation. Thus, both as a direct immune effector
and as the negative regulator of the Imd pathway, PGRP-LB plays
a crucial role in symbiotic homeostasis for optimal fecundity.
Ultimately, the evolutionary success of tsetse relies on optimal
maternal transmission of Wigglesworthia and PGRP-LB to the
intrauterine progeny. Similar long-term beneficial effects have also
been described for maternal antibodies, which induce T-cell-
dependent idiotypic responses during the neonatal period (3). In
addition, transgenerational immune priming has been demon-
strated in insects challenged with bacteria or viruses (37, 38).
Maternally transmitted susceptibility for trypanosome infections
has also been described in tsetse (39-41). It remains to be seen
whether PGRP-LB levels may be responsible for transgenerational
effects as such and whether parasitism with trypanosomes can lead
to long-term maternal imprinting in tsetse.

Materials and Methods

Insects and Trypanosome Infection. Glossina morsitans morsitans colony and
trypanosomes were maintained as described (7, 42). For fly infections, 2 x
108 per milliliter of Bsf T. b. rhodesiense were provided in the second blood
meal. Flies that did not feed were discarded. Fourteen days after challenge,
midgut infections were microscopically scored, and parasite density was
measured by quantitative RT-PCR for trypanosome -tubulin.

dsRNA Treatments and Fecundity Measurements. The dsRNAs (8 ug per fly) were
introduced via thoracic microinjection as described (21). Third-instar larva from
the second and third GCs were surgically obtained from dsLB- and dsGFP-trea-
ted mothers (denoted as Larva®'® or Larva®C™), respectively. Adult progeny
from treated mothers were collected 20 d after eclosion (denoted as Pro®® or
Pro®Sf”). The experimental plan is schematically shown in Fig. S1. Fertile
females treated with dsRNAs were monitored for three GC. Surviving mothers
and the number of pupae deposited daily by each group was recorded.
Fecundity is expressed as the percentage of number of pupae deposited per
female for each of the three GC.

Gene Expression and Symbiont Density. Gene expression (gmmatt and pgrp-
Ib) and symbiont numbers were analyzed by quantitative PCR. Values are
represented as the mean (+SEM), and statistical significance was determined
by using a Student t test and Microsoft Excel software. All primer sequences
used in this study are listed in Table S1.

Western Blot Analysis and Immunohistochemistry. Milk gland/fat body tissues
of 40-d-old pregnant mothers and their intrauterine larvae were dissected.
Deposited pupae were collected. For Western analysis, equal volumes of
protein extract were combined from three flies as described (9), and rabbit
polyclonal sera was generated as described in Fig. S2. recPGRP-LB and
tsetse—B-Tubulin specific antisera were used at concentrations of 1:5,000 and
1:10,000, respectively. Carcasses of 30-d-old females, 15 d after dsGFP and
dsLB treatments, respectively, were fixed and processed as described (9).
Slides were incubated with anti-PGRP-LB (1:50), anti-GmmMGP (1:5,000), or
preimmune sera (1:50), respectively. Secondary antibodies were Alexa Fluor
488 goat anti-rabbit IgG (for PGRP-LB) and Alexa Fluor 546 goat anti-rabbit
19G (for milk gland protein) (Invitrogen) at a concentration of 4 pg/mL.
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Expression of Active recPGRP-LB in S2 Cells. The complete pgrp-/b CDS without
the signal peptide (GenBank accession no. DQ307160) was cloned into pMT/
BiP/V5-His vector (Invitrogen) and transformed into S2 cells by using Effec-
tene Transfection Reagent (Qiagen; Cat No: 301425). recPGRP-LB expression
was induced with 500 mM CuSO,, purified from the supernatant by nickel-
agarose (His-Bind Kit; Novagen) affinity chromatography, and dialyzed
against buffers as described (30).

Amidase and Antipathogen Assay. For amidase activity, 0.5 mg/mL insoluble
DAP- and LYS-PGN (Sigma) were incubated with 5 pg/mL (0.2 uM, 10% vol/
vol) recPGRP-LB in protein buffer (5 mM Tris, pH 7.6, 150 mM NacCl, 5 uM
ZnSO,, 10% glycerol) at 37 °C for 48 h, respectively, and ODggo Was measured
as described (29). Mutanolysin (200 units/mL, 10% vol/vol) (Sigma) and
protein buffer were used as positive and negative controls, respectively.
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Antibacterial assay with E. coli was preformed as described (30), except that
E. coli were incubated with recPGRP-LB or BSA in 10% LB for up to 4 h. Trypa-
nocidal activity of recPGRP-LB was assayed as described (43). In a volume
of 100 pL, 2 x 10% Pcf Ytat or 5 x 10° Bsf 427 was incubated with recPGRP-LB
(10 pg/mL; 0.4 pM) for 66 h at 28 °C and 37 °C, respectively. recPGRP-LB treated
with 100 pM EGTA were used as control to test whether PGRP-LB killed microbes
through amidase activity. Protein buffer (as above but with 10 pM ZnSQO,4) was
used as control.
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