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How the insect immune system interacts
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The animal immune system provides defence against microbial infection, and the evolution of certain
animal—microbial symbioses is predicted to involve adaptive changes in the host immune system to
accommodate the microbial partner. For example, the reduced humoral immune system in the pea
aphid Acyrthosiphon pisum, including an apparently non-functional immune deficiency (IMD) signalling
pathway and absence of peptidoglycan recognition proteins (PGRPs), has been suggested to be an adap-
tation for the symbiosis with the bacterium Buchnera aphidicola. To investigate this hypothesis, the
interaction between Buchnera and non-host cells, specifically cultured Drosophila S2 cells, was investigated.
Microarray analysis of the gene expression pattern in S2 cells indicated that Buchnera triggered an immune
response, including upregulated expression of genes for antimicrobial peptides via the IMD pathway with
the PGRP-LC as receptor. Buchnera cells were readily taken up by S2 cells, but were subsequently
eliminated over 1-2 days. These data suggest that Buchnera induces in non-host cells a defensive
immune response that is deficient in its host. They support the proposed contribution of the Buchnera
symbiosis to the evolution of the apparently reduced immune function in the aphid host.
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1. INTRODUCTION

At first sight, it appears paradoxical that animals possess
an immune system that protects them from micro-
organisms, while simultaneously supporting a large, and
often diverse, microbiota that contributes to various
host functions, including immune function and nutrition.
There is a growing recognition that this paradox is
resolved, at least in part, by precisely coordinated inter-
actions between the resident micro-organisms and the
host immune system [1-5]; and that these interactions
are crucial for the sustained health and wellbeing of the
animal host [6-8]. As a consequence, the animal
immune system function is predicted to be shaped by
the distinct (and possibly conflicting) selection pressures
to defend against pathogens and maintain beneficial
micro-organisms [9—11].

The possible evolutionary impact of the resident ben-
eficial microbiota on the animal immune system is
highlighted by the genetic capacity for immune function
in the pea aphid, Acyrthosiphon pisum, revealed by the
recent sequencing of its genome [12]. In many insects,
the humoral branch of the innate immune system com-
prises two canonical signalling pathways, immune
deficiency (IMD) and Toll, which are activated by DAP-
type and lys-type peptidoglycan broadly characteristic of
Gram-negative and Gram-positive bacteria, respectively
[1,13]. Exceptionally, the pea aphid lacks recognizable
genes for peptidoglycan recognition proteins (PGRPs),
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most genes of the IMD pathway, and also has an apparent
dearth of anti-microbial peptides (AMPs; [14]). Most
aphids, including the pea aphid, require the vertically
transmitted vy-proteobacterium, Buchnera aphidicola,
and Gerardo er al. [14] specifically hypothesize that the
symbiosis with Buchnera might have selected for the
reduction and simplification of the aphid humoral
immune system.

One prediction arising from this hypothesis is that
Buchnera possesses molecular patterns that are recognized
by receptors for the IMD pathway of non-host insect
cells. An opportunity to investigate this hypothesis has
arisen from the discovery that various bacteria can
infect heterologous insect cells in culture. In particular,
the Drosophila S2 cell line, an embryo-derived line with
properties akin to haemocytes [15], enables dissection
of the host—microbial interaction founded on the exten-
sive Drosophila genomic and post-genomic tools and
detailed understanding of the molecular basis of the
immune system in this species. S2 cells have been used
in research on various bacteria, including Mycobacterium,
Laisteria, Chlamydia, Ehrlichia and Wolbachia [16—18]; and
aphid-associated bacteria known as secondary symbionts
can also be maintained indefinitely in S2 cell culture
[19]. In this study, we investigated the capacity of
Buchnera to infect and persist in Drosophila S2 cells, and
whether the Drosophila cells mount an immune response
to this bacterium.

2. MATERIAL AND METHODS

(a) Aphids and cells

The pea aphid Acyrthosiphon pisum clone LLLO1 was reared on
preflowering Vicia faba cv. Sutton at 20°C with 18 L: 6 D. It
was confirmed to bear no detectable internal bacteria other
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than Buchnera by microscopical examination, PCR assays
with general 16S rRNA gene primers and microbiological
cultivation experiments. Aposymbiotic aphids, i.e. lacking
the symbiotic bacterium Buchnera, were generated by oral
administration of the antibiotic rifampicin at 50 pg ml~!
diet over 2 days after birth; and aphids were used when
7 days old, at which time Buchnera were undetectable
microscopically and by Buchnera-specific PCR assay
[20]. The Drosophila S2 cells were cultured aseptically in
Schneider’s Drosophila medium (SDM) + 10% foetal calf
serum (FCS) (Invitrogen) at 20°C and maintained
in exponential phase by passaging every fourth day.

To isolate Buchnera for administration to Drosophila S2
cells, ca 0.4 g aphids were surface-sterilized by immersion
in 70 per cent ethanol for 30 s, rinsed in sterile water and
then homogenized in 2 ml SDM + 10% FCS (Invitrogen)
under aseptic conditions. The homogenate was passed
slowly through a 5 pm filter (Sartorius), the filtrate was cen-
trifuged at 1600g for 3 min, and the pellet was washed twice
in SDM + 10% FCS with centrifugation. As a control, apos-
ymbiotic aphids were subjected to the same treatment, and
the equivalent extract was administered to S2 cells.

For Buchnera infections, S2 cells were brought to 8 x 10°
cells ml™! and incubated overnight in 1.9 ml aliquots in 6-
well plates. Buchnera (ca 10® bacterial cells in 0.1 ml
SDM + 10% FCS) were added to each culture of S2 cells
(which had proliferated overnight to ca 107 cells ml™"), the
plate was swirled gently, centrifuged at 125g¢ for 10 min
and returned to standard culture conditions. Buchnera in
S2 cells were quantified by quantitative real-time PCR
(gRT-PCR) of the dnaK gene by TagMan in 96-well reaction
plates, exactly as in Douglas ez al. [21].

(b) Analysis of S2 cell gene expression
A microarray experiment was conducted on four replicate S2
cell cultures that had been maintained separately for at least
20 passages prior to analysis. Six replicate 2 ml volumes of
each culture were transferred to wells of a 6 well plate allo-
cated randomly as three experimental samples (infected
with Buchnera) and three uninfected control samples; and
one experimental and control samples from each culture
were harvested at 1 h, 6 h and 24 h. After RNA extraction
and labelling, the control samples from all four cultures
were pooled to give a single common reference sample.
Each of the 12 experimental samples (four cultures x three
time points) was hybridized against the common reference
sample, with dye swap, to give a total of 24 hybridizations.
Standard protocols of FlyChip were used for RNA extraction
and labelling, hybridization on a FLLOO2 microarray (14 400
genes), and fluorescent spot finding (electronic supplemen-
tary material). Data were normalized using the package
VSN (the variance stabilizing normalization library [22]
within BroconpucTtor [23], and differentially expressed
genes identified by Microarray Significant Profiles [24]
in BrocoNnpucTER (MaSigPro: single time-series analysis
with parameters o« =0.05/3; degree=2; Q=0.05;
step.method = ‘backward’; rsq = 0.7; min.obs = 3; see the
electronic supplementary material). The microarray exper-
iment is summarized at GEO (http:/www.ncbi.nlm.nih.gov/
geo/) under accession ID: GSE11 012.

As a control, the expression of the genes arztB CG18 372,
cec A2 CG1367 and dipt CG12763 in S2 cells challenged
with Buchnera cells and the equivalent extract from
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aposymbiotic cells was quantified by qRT-PCR (see methods
in electronic supplementary material).

() Microscopical analysis

The vitality of Buchnera cells was assessed by BacLight
RedoxSensor CTC vitality kit (Invitrogen), using cells incu-
bated with 5 mM 5-cyano-2,3-ditolyl tetrazolium chloride
(CTC) for 0.5-2h and counterstained with the green-
fluorescent 0.5 uM SYTO24 nucleic acid stain. Their
viability was assessed by BacLight bacterial viability kit
(Invitrogen), by incubating cells with 0.5 pM SYTO9 and
30 pM propidium iodide for 15 mins. (These concentrations
are lower than advised by the manufacturer; at the rec-
ommended concentrations, the concentration of dimethyl
sulphoxide in the propidium iodide preparation is deleterious
to Buchnera, causing an artefactual reduction in scored
viability.) At least 600 Buchnera cells per sample were scored.

Buchnera in S2 cells were scored by fluorescence i situ
hybridization (FISH). S2 cells infected with Buchnera and
uninfected control cells were washed once in phosphate-
buffer saline (PBS) and transferred to glass slides by centrifu-
gation in a CytoFuge (Stat-spin, Westwood, USA) at 22¢ for
4 min. They were fixed sequentially in 4 per cent paraformal-
dehyde and 70 per cent ethanol, each for 10 min, rinsed in
three changes of PBS and hybridized overnight with the
DNA-specific counterstain 4/, 6-diamidino-2-phenylindole
(DAPI) at 1pugml ! and 5-FITC-labelled Apis-P (5'-
FITC-TCTTTTGGGTAGATCC-3"), a DNA probe
(HPLC-purified: MWG Biotech, GmbH) specific to the
16S rRNA of Buchnera at 70 pmole ml~' [25]. All exper-
iments included control treatments comprising probe-free
controls, RNase-treated slides and competitive suppression
with excess (10 pg ml~!) unlabelled probe.

Confocal microscopy was performed with a Zeiss LSM
510 Meta attached to a Zeiss Axiovert 200M fitted with a
Plan-Apochromat 63x oil immersion lens (N.A. 1.4). DAPI
was excited with the 405 nm diode laser line and emissions
collected via a 420-480 nm band pass filter. SYTOO,
SYTO24 and FITC were excited with the laser at 488 nm
with emissions collected via a 505—-530 nm band pass filter
(SYTO dyes) and 505-570 nm band pass filter (FITC).
CTC was excited with a 458 nm argon laser and emission
was collected with a 650—710 nm band pass filter. Propi-
dium iodide was excited with the HeNe laser line at
543 nm and emissions collected via a 560 nm long pass
filter. To prevent bleed-through in the experiments using
BacLIGHT stain and DAPI/FITC staining, images were
acquired sequentially.

3. RESULTS

(a) Fate of Buchnera in Drosophila S2 cell culture
Cells of the symbiotic bacterium Buchnera freshly isolated
from their native aphid host were incorporated into cul-
tured Drosophila S2 cells, as revealed by confocal
microscopical examination (figure 1a). Optical sectioning
confirmed that the bacterial cells were internalized and
not borne on the S2 cell surface. Up to 30-40% of the
S2 cells were infected by Buchnera within an hour, but
the abundance of Buchnera in the cells subsequently
declined. The infection was no longer detectable at 72 h
as determined microscopically (figure 2a) and at 144 h
as determined by qRT-PCR of the Buchnera gene dnaK
(figure 2b).


http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/

Immune system—bacterial interactions

A. E. Douglas er al. 335

Figure 1. Buchnera aphidicola in cell culture. (a) Incorporation into Drosophila S2 cells (at 1 h after challenge): the cells were
probed with FITC-ApisP (green: specific to Buchnera 16S rRNA) with DAPI (blue: DNA stain) counterstain. (b). Integrity
of isolated Buchnera cells assessed by BacLight viability assay, displayed as merged dual colour images; inset, cells killed by
incubation at 70°C for 30 min before addition of stain. (¢,d) Metabolic vitality of isolated Buchnera cells assessed by CTC
assay. Cells were incubated for 30 min at room temperature (¢) and at 70°C (d) before incubation with CTC stain for 1 h.
Split images are displayed. For (b) green is viable and red is dead; for (c¢,d), all cells stain green and metabolically active

cells additionally stain red. Scale bars, (a) 5 wm, (b,¢,d) 10 pm.

The condition of Buchnera cells used to infect the S2
cells was assessed with the BacLight stain for viability
and the RedoxSensor CTC stain for respiratory activity
via the electron transport chain. On isolation, 98 per
cent of the Buchnera cells were both viable (figure 15)
and metabolically active (figure 1¢); control experiments
using killed cells confirmed the validity of the two stains
(figure 15 inset and figure 1d). The incidence of viable
Buchnera cells in the culture medium was stable over
6 h of incubation but declined subsequently to 60—65%
at 24 h (electronic supplementary material, figure S1).
These results are consistent with published evidence
that Buchnera cells remain viable and metabolically
active for some hours after isolation [26], but cannot be
brought into long-term culture.

(b) Impact of bacterial infection on gene
expression of S2 cells

When S2 cells were challenged with Buchnera, 795 genes
were identified with expression significantly different
from the control S2 cells by least-squares regression for
multiple comparisons in MaSigPro. These genes represent
13 per cent of the 6137 genes on the microarray with signal
higher than background. The differentially expressed genes
include 13 genes with median upregulation by greater than
threefold (table 1) at one or more of the three time points
of the experiment; no genes were downregulated by two-
fold or more in Buchnera-infected cells. Four genes were
upregulated greater than threefold at all times: the anti-
microbial peptide (AMP) genes artacin A and artacin B
induced by the IMD pathway and with activity principally
against Gram-negative bacteria [27]; PGRP-LB, coding a
peptidoglycan amidase, which regulates IMD signalling
[28] and CG32 185, also implicated in defence against
bacteria [29]. Of the further five genes in table 1 with a
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Figure 2. Time course of Buchnera-infection of S2 cells.
(@) determined by FISH (604-842 cells scored) and
(b) determined by qRT-PCR of the Buchnera gene dnaK (n = 3).

described function, four are implicated in bacterial
detection and defence (cecropin A2, defensin, diptericin and
PGRP-SD) and one (omega) has a role in cell surface
receptor-linked signal transduction.
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Table 1. Genes upregulated by greater than threefold in
Buchnera-infected S2 cells (instances of greater than
threefold upregulation (log, >2) are shown in bold).

median log, expression

gene name gene symbol 1h 6h 24h

Artacin A CG10 146 3.124 3.530 2.656
Artacin B CG18372 3.126 3.723 2.834
Cecropin A2 CG1367 2.635 2.527 1.067
Defensin CG1385 0.932 2.937 2.557
Diptericin CG12763 1.380 2.361 3.192
Omega CG32 145 1.181 2.954 2.295
PGRP-LB CG14 704 2.110 2.813 3.164
PGRP-SD CG7496 1.074 1.621 2.282
— CG4267 2.616 1.619 0.199
— CG6231 1.302 2.212 1.474
— CG7510 2.018 1.161 0.652
— CG9932 2.061 0.546 0.533
— CG32185 2.748 3.433 3.506

Further analysis revealed that other genes in the IMD
pathway were expressed in the S2 cells. These included
the receptor gene PGRP-LC [30,31], components of the
IMD pathway (IMD/CG5576, TAB/CG7417, rd5/
CG4201, key/CG16910, dredd/CG7486) and the NF«B
transcriptional factor relish/CG11992. Genes for the
putative intracellular receptor of the IMD pathway,
PGRP-LE (CG8995) and two alternative phagocytic
receptors implicated in the binding and uptake of bac-
teria, Sr-Cl (scavenger receptor class C, type 1:
CG4099) and Eater (CG6124) [32,33], were not
expressed at levels above background. The gene PGRP-
SD (CG11 709), coding one receptor for the Toll pathway
(the second principal signalling pathway in the humoral
response of the Drosophila immune system) was also
upregulated, suggesting that the Toll cascade may also
have been activated. Genes coding other defensive
functions (e.g. lysozymes, cathepsins, phenoloxidases)
were not upregulated (electronic supplementary material,
table S3a).

The gqRT-PCR analysis of expression of three S2 cell
genes challenged with Buchnera preparation and an equiv-
alent extract from aposymbiotic aphids lacking Buchnera
revealed significant upregulation of awacin B, cecropin
A2 and diptericin exclusively in Buchnera-challenged cells
(electronic supplementary material, figure S2). This
experiment provides both validation of the microarray
data and confirmation that the S2 cell response is not
mounted against non-Buchnera products that may be
present in the Buchnera preparations.

These results indicate that the genes with a defensive
function, especially those regulated by the IMD pathway,
make an important contribution to the response of S2
cells to Buchnera. This interpretation was confirmed by
global analysis of the patterns of gene expression
over the time course of the experiment (electronic
supplementary material), which identified defence
against micro-organisms as one of five broad functional
groupings of differentially expressed genes. The other
groups, genes implicated in uptake and intracellular
transport, cytoskeleton organization, carbohydrate
metabolism and rRNA processing are considered in elec-
tronic supplementary material, figure S3 and table S3).
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4. DISCUSSION

The upregulated expression of genes encoding AMPs in
Drosophila S2 cells challenged with Buchnera (table 1)
demonstrates that Buchnera possesses molecular patterns
generally detectable by the innate immune system of
insects. The gene expression pattern in the S2 cells
suggests that Buchnera principally triggers the IMD path-
way of the humoral immune system via the cell membrane
receptor PGRP-LC. The ligand for this receptor is
extracellular peptidoglycan. Consistent with this
interpretation, Buchnera has the genetic capacity to syn-
thesize the peptidoglycan backbone, despite the
reduction and simplification of its cell wall and outer
membrane architecture associated with its very small
genome size [34,35].

These data are compatible with the proposal that the
Buchnera symbiosis may have selected for reduced func-
tionality of the host immune system, including loss of
genes for the IMD pathway and all PGRPs (see §1). A
further important test for this hypothesis, the phyloge-
netic distribution of IMD pathway genes in aphids and
related insect groups, will become increasingly possible
as the genome sequences for relevant insects become
available.

A striking result of this study was that Buchnera cells
fail to persist in S2 cells over the timescale that the iso-
lated bacteria are viable. Other bacteria, including the
facultative secondary symbionts of aphids Hamultonella
defensa and Regiella insecticola, can persist and proliferate
in S2 cells [19]. This difference suggests that Buchnera
has limited capacity to tolerate or suppress the immune
responses of non-host cells; an interpretation that is con-
sistent with the proposal (above) that the aphid host
immune system may be reduced to accommodate the
Buchnera symbiosis. Even so, aphids are not without
immunological protection, including phagocytic haemo-
cytes and lysozyme and phenoloxidase activities [14,36].
This raises the possibility that the localization to one
specialized cell type, the bacteriocyte, in the aphid pro-
tects Buchnera cells from some elements of the host
immune system. Nevertheless, bacteriocytes have con-
siderable potential competence against bacteria, as is
suggested by their expression of genes for lysozyme
(ACYPIO02 175) and cathepsin L (ACYPI006974)
[37,38], and histochemical evidence for high levels of
nitric oxide synthetase [39], indicative of nitrosative
stress in these cells. The evidence here that expression
of Drosophila genes for lysozyme, cathepsin L and nitric
oxide were not upregulated in S2 cells challenged by
Buchnera further illustrates the differences between
the defensive capabilities of aphid bacteriocytes and
Drosophila S2 cells. It remains to be established whether
the poised anti-microbial capability of the bacteriocyte
is functional against Buchnera and how this capability is
kept in check.

These considerations indicate that specific adaptations
of the host immune system may have played a key role in
the evolution and maintenance of the aphid—Buchnera
symbiosis. In this respect, the pea aphid—Buchnera sym-
biosis appears to be distinct from some other
associations, notably the tsetse fly symbiosis with the bac-
terium Wigglesworthia and Sitophilus weevil symbiosis with
a Sodalis-allied bacterium, in which the IMD pathway of
the insect host is intact but downregulated in
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bacteriocytes through the action of a peptidoglycan ami-
dase, PGRP-LB [40,41]. The emerging evidence that
the interaction between the host immune system and
microbial symbionts varies among insect groups raises
the possibility that symbiosis with micro-organisms may
have played a role in the evolutionary diversification of
immune system function among insects.
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