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Summary
Immune memory is an ability of organisms to potentiate immune responses at
secondary infection. Current studies have revealed that innate immunity, as well as
adaptive immunity, exhibits the memory character called "trained immunity". Although
it is suggested that epigenetic reprogramming plays important roles in trained immunity,
its underlying mechanism is not fully understood, especially on the individual level.
Here we established experimental systems for detecting trained immunity in
Drosophila melanogaster. Namely, training infection with low-pathogenic bacteria
enhanced the survival rate of the flies at subsequent challenge infection with highpathogenic bacteria. We found that among low-pathogenic bacteria, Micrococcus luteus
(Ml) and Salmonella typhimurium (St) mediated apparent training effects in fly, but
seemed to act through different ways. Ml left training effects even after its removal
from flies, while living St persisted inside flies for a long time. Our RNA-Seq analysis
revealed that Ml-training enhanced the expression of immune-related genes during the
challenge infection, but did not do so without challenge infection. In contrast, Sttraining maintained high expression of the immune-related genes with or without
challenge. These results suggest that training effects with Ml and St were due to
memory and persistence of immune responses, respectively. Furthermore, we searched
the factor involved in Ml-training and identified a candidate, Ada2b, which is a
component of the histone modification complex. We found that the Ada2b RNAi and
mutant flies showed dampened enhancement of survival rates after Ml-training. These
results suggest that Ada2b is involved in the Drosophila trained immunity.
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Introduction
Immunity is necessary for organisms to fight against pathogens. The immune
machinery generally consists of two systems: innate immunity and adaptive immunity.
Innate immunity is the primitive immune system evolutionarily conserved among
multicellular organisms and functions at the first line of the defense. Since this system
recognizes the molecular patterns of pathogens, its reaction is not specific to a pathogen
but works in heterologous manners. In contrast, adaptive immunity recognizes pathogens
in highly specific manners and was evolutionarily developed in the lineage of vertebrates.
Moreover, adaptive immunity exhibits the character of memory that potentiates immune
responses at secondary infection. Although it has been thought for a long time that innate
immunity does not possess memory character, recent studies have provided evidence
against this concept [1,2].
Bacillus Calmette Guérin (BCG) vaccine has been widely used for protecting infants
from Mycobacterium tuberculosis. During its long history, it has been frequently
observed that BCG vaccination promotes the protection against not only tuberculosis but
also a wide variety of pathogens in heterologous manners. Recent studies demonstrated
that the innate immune system is responsible for heterologous effects of the BCG vaccine
[3,4]. Moreover, the SCID mouse deficient for the adaptive immune system preserves the
capacity to enhance immune responses at subsequent infection [5], suggesting memory
functions of innate immune system. Thus, the heterologous reinforcement of immunity
through repeated infections has been observed in many other organisms and systems [6–
8]. These phenomena are called "innate immune memory" and also "trained
immunity"[1,2]. As seen in the case of BCG vaccine, "trained immunity" has attracted
notice in the clinical field, and many researchers are addressing the molecular
mechanisms underlying it.
The innate immune cells of mammals (e.g., macrophages and monocytes) respond to
the pathogen-associated molecular patterns (PAMPs) and change their gene expression
in vitro, as well as in vivo. Previous studies showed that the responses of gene expression
upon primary stimulus were enhanced or suppressed upon secondary stimulus, suggesting
"potentiation" or "tolerance" of immune responses, respectively [9–13]. Anti-microbial
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peptide (AMP) genes, for example, showed potentiation of gene expression during
secondary stimulus, while pro-inflammatory genes (e.g., interleukins) showed tolerance
of gene expression. It is thought that these responses of gene expression represent the
trained immunity at the molecular level. Furthermore, it is shown that epigenetic
regulation of gene expression plays important roles in trained immunity. Histone
modifications, such as methylation of histone H3 Lys4 (H3K4) and acetylation of histone
H3 Lys14 (H3K14), are dynamically changed by immune stimuli, and modify the gene
expression in response to secondary stimuli [10–13]. Epigenetic reprogramming is
observed not only in short-lived peripheral myeloid cells (e.g., macrophages and
monocytes) but also in long-lived stem cells (e.g., hematopoietic stem and progenitor
cells: HSPCs) [14,15], consistent with long-lasting effects of the trained immunity in
mammalian individuals. Moreover, metabolic shifts of cholesterol synthesis and
glycolysis in innate immune cells are observed under immune training, and contribute to
the potentiation of immune responses [16,17]. Thus, numerous data have been
accumulated in the field of "trained immunity", but their mechanisms are not fully
understood yet. For example, it is not known how immune information is converted into
epigenetic information during trained immunity. It is also unclear how trained immunity
is organized on the individual level.
We study "trained immunity" using Drosophila. This insect is amenable to various
genetic tools for dissecting the molecular mechanisms on the individual level. Insects do
not possess adaptive immunity, and protect themselves from pathogens only via the innate
immune system. Therefore, analysis of innate immunity in insects is relatively simple and
has untangled its molecular networks this decades [18,19]. Molecules involved in innate
immunity are well conserved between insects and mammals. For example, the Toll and
Imd pathways are two major signaling pathways of Drosophila immunity, and they
correspond to Toll-like receptor (TLR) and tumor necrosis factor receptor (TNF-R)
signaling pathways in mammals, respectively. These signaling pathways in Drosophila
display some broad specificity against pathogens. The Toll pathway is activated mainly
by gram-positive bacteria and fungi, while the Imd pathway is activated mainly by gramnegative bacteria. However, these responses are not exclusive, but rather are overlapping
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to some extent. Ultimately, these signaling pathways regulate the expression of immunerelated genes, such as AMPs, through NF-B transcription factors.
In response to infection, AMPs are produced and secreted mainly from the fly fat body
(corresponding to the mammalian liver) into hemolymph (body fluid), and those attach
directly to pathogens [18,19]. In addition to this humoral response, the cellular response
of immunity is mediated by fly hemocytes (corresponding to mammalian macrophages).
Hemocytes incorporate pathogens into cellular vesicles through phagocytosis to kill them.
One kind of hemocytes also induces coagulation and melanization of hemolymph to
prevent the proliferation of pathogens. Humoral and cellular immunity are organized
locally and systemically. Moreover, non-immune cells, such as gut, muscle, neuronal,
and reproductive organ cells also respond to pathogen infection [20]. These responses are
coordinated on the individual level and influence physiology, metabolism, behavior, and
homeostasis of fly individuals.
We still do not know how trained immunity is evolutionarily conserved among
organisms. In Drosophila, phenomena related to trained immunity have been observed in
several previous experiments [21–23]. In those experiments, primary infections enhanced
the survival rates of flies after secondary infections. However, these training effects on
survival rate could be attributed to immune persistence rather than immune memory [9].
In the case of immune persistence, primary immune activation is maintained at the time
of secondary infection. In the case of immune memory, primary immune activation has
ceased at the time of secondary infection but reinforces immune responses against
secondary infection. It remains obscure which mode acts in the "trained immunity" in fly.
Here, we established experimental systems of trained immunity in Drosophila. We
performed RNA-Seq analysis and observed memory and persistence of immune
responses at the molecular level. We also identified a chromatin regulator potentially
involved in the trained immunity in fly.
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Materials and Methods
Flies
The Drosophila melanogaster lines used in this study were Oregon-R (Bloomington
Drosophila Stock Center (BDSC) #6362), da-Gal4 (BDSC#55851), UAS-GFP RNAi
(BDSC#9330), UAS-Ada2b RNAi (National Institute of Genetics, Japan (NIG) #9638R3), white[1118] mutant (BDSC#3605), Ada2b [d272] mutant (a gift from Dr. N. Zsindely,
University of Szeged) [24, 25] lines. Flies were reared on standard corn meal medium at
25 ºC.
Bacteria
We used the following bacteria in this study: Micrococcus luteus (Ml: IFO:13276),
Salmonella typhimurium (St: SL1344), Staphylococcus saprophyticus (Ss: GTC:0205),
Erwinia carotovora carotovora 15-GFP (Ec) [26], Staphylococcus aureus (Sa:
ATCC10801), Pseudomonas aeruginosa (Pa: ATCC15692), Sa-GFP (RN4220 /
pTetON-GFPopt, spectinomycin-resistant strain) [27], Pa-Kan (PA01 / pBBR1MCS2,
kanamycin-resistant strain) [28], and Sa-Lux (ATCC 12600 / Tn4001-luxABCDE-kan,
kanamycin-resistant strain) [29]. Ml, St, Ec, Sa, and Pa bacteria were cultured in LB
medium (Nacalai Tesque), and Ss was cultured in NB medium (Becton Dickinson). SaGFP and Pa-Kan were cultured in medium with antibiotics: spectinomycin (100 g/ml)
and kanamycin (200 g/ml), respectively. Sa-Lux was cultured in TSB medium (Becton
Dickinson). Ml was cultured at 30 ºC, and other bacteria were cultured at 37 ºC.
Bacteria used for training were cultured overnight (~16 hours) and were pelleted by
centrifugation (5000 rpm, 10 minutes). Bacteria pellets were resuspended in saline
(Otsuka Pharmaceutical), and their concentrations were adjusted to the concentrations
indicated in the text (usually OD = 1, unless otherwise noted). Bacteria used for challenge
were re-cultured for 3 hours from a 1: 100 dilution of the overnight culture. Challenge
bacteria were also precipitated and diluted to the concentrations indicated in the text (Pa
and Pa-GFP: OD = 1E-5, Sa: OD = 0.2, Sa-GFP and Sa-Lux: OD=0.1, unless otherwise
noted) in saline.
Survival assay
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Infection experiments were performed as described previously [30]. Briefly, adult male
flies aged from 4 to 7 days were used for the experiments. Bacteria solution or saline
(control) was drawn into a glass needle (Drummond, 3 1/2 inch capillary), and 70 nl of
the solution was injected into body cavity of the fly thorax by using a micromanipulator
(Drummond, Nanoject II). Challenge injection was usually performed at 6 days after
training injection, unless otherwise noted. The flies that died within 3 hours after
challenge were ignored for the survival assay. From the next day, dead flies were counted
every 2 hours for Pa challenge and every day for Sa challenge. Statistical comparisons of
survival curves were performed by Log-rank test and post-hoc Tukey HSD test using the
R program.
Bacteria load assay
For measuring the bacteria load, the flies at the indicated times after injection were
collected and were washed briefly with 70 % ethanol. Then one fly was placed into a tube
and was homogenized using a pestle in 100 l of LB medium. After making serial
dilutions of fly extracts, 10 l of diluted extracts were spotted on LB agar plates, and the
plates were incubated at 30 ºC (Ml) or 37 ºC (St, Sa, Pa) overnight. Bacteria load of the
original fly extract (colony formation units per fly: cfu / fly) was calculated according to
colony numbers and dilutions. In this protocol, we did not observe any colonies from
control flies without training or challenge. For measuring the bacteria load of challenge,
antibiotic-resistant strains of challenge bacteria (Sa-GFP and Pa-Kan) were used, and fly
extracts were spotted on LB agar plates containing antibiotics as described above.
Statistical comparisons of bacteria loads were performed by Kruskal-Wallis ANOVA and
post-hoc Wilcoxon rank sum test using the R program.
Sample preparation and RNA-Seq
We performed training and challenge infections of Oregon-R adult male flies as
described above. The flies at 4 hours after challenge were collected in tubes, were quickly
frozen in liquid nitrogen, and were stored at -80 ºC until RNA extraction. As one sample
for RNA-Seq, 10 flies were homogenized in TRIzol reagent (Thermo Fisher Scientific),
and total RNAs were extracted according to the manufacturer’s standard procedure. We
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evaluated the yield and purity of RNAs using Nano-Drop (Thermo Fisher Scientific),
Qubit (Invitrogen), and Bioanalyzer (Agilent). The libraries were prepared using a
Strand-specific RNA Library Prep kit (Agilent), and the sequencing (36 bases, singleend) was performed using Illumina HiSeq 2000. Raw data of sequences were deposited
in DDBJ, DRA (accession number DRA008187).
Data analysis for RNA-Seq
Transcriptome analyses were performed using the Linux or the Macintosh operating
system. Adaptor sequences were removed from read sequences using Cutadapt [31].
Cleaned read sequences were mapped on the Drosophila melanogaster reference genome
(ver. 6.04) using the Hisat2 program [32] with default parameters. Gene annotation data
(ver. BDGP6.79) were utilized to attribute reads to genes. The number of reads was
counted for each gene using Htseq [33], and was normalized using edgeR [33].
Multidimensional scaling (MDS) analysis was performed using edgeR and R programs.
Differentially expressed genes (DEGs) were identified using a statistical criterion
(generalized linear model likelihood ratio test, false discovery rate (FDR)-adjusted pvalue < 0.05). Clustering analysis of DEGs was performed using the R program. The webbased databases DAVID [34], FlyMine [35] and FlyBase [36] were used for analyses of
Gene Ontology (GOTERM_BP_DIRECT category), publication enrichment, and gene
function.
qPCR analysis
We performed quantitative PCR (qPCR) analysis for the Ada2b and RpL32 genes.
We extracted total RNA from three flies for each sample and analyzed three samples as
biological replicates for each experimental condition. cDNAs were synthesized from
total RNAs using ReverTra Ace (Toyobo) according to the manufacturer’s protocol.
The qPCR reactions were performed in triplicate for each cDNA sample using the
Thunderbird Next SYBR qPCR Mix kit (Toyobo) on Light Cycler 96 (Roche). The
primers used were the followings: 5'-ATATACACCCGCCGACTCAG-3' and
5'-GATCCCAATAGCCGCTCATA-3' for the Ada2b gene, and
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5’-AGATCGTGAAGAAGCGCACCAAG-3’ and 5’CACCAGGAACTTCTTGAATCCGG-3’ for the RpL32 gene. The relative gene
expression was quantified using the R program, and data were statistically analyzed by
ANOVA and post-hoc Tukey HSD test on the R program.
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Results
Experimental system for detecting trained immunity
We initially attempted to establish an experimental system to detect trained immunity
in Drosophila. Considering the effectiveness of live vaccines, we examined the training
effects of live bacteria. Namely, low-pathogenic bacteria were injected into wild-type
flies (Oregon-R strain) as training, and at day 6 after training, high-pathogenic bacteria
were injected into some flies as challenge. Subsequently we measured the survival rates
of the flies (Fig. 1A). As controls, saline was injected into flies for training and/or
challenge. We tested various combinations of low-pathogenic bacteria (Micrococcus
luteus (Ml), Salmonella typhimurium (St), Staphylococcus saprophyticus (Ss), or Erwinia
carotovora

carotovora

15

(Ec))

for

training

and

high-pathogenic

bacteria

(Staphylococcus aureus (Sa) or Pseudomonas aeruginosa (Pa)) for challenge. Thereby,
we observed increased survivals of the trained, challenged flies with several of these
combinations compared to control untrained, challenged flies. For example, challenge
injection of Sa gradually killed most of the flies within a week, but the advance training
with Ml significantly increased the survival of the flies after challenge with Sa (Fig. 1B).
Furthermore, Pa was highly pathogenic and killed all flies within a day. Training with St
had a drastic effect so that most of the trained flies survived for days after challenge with
Pa (Fig. 1C).
The training effect seemed not to be specific, but rather showed cross reactivity (S1
Fig). Ml-training significantly increased survival of the flies after Pa-challenge as well as
Sa-challenge. Moreover, St showed training effects against Sa as well as against Pa.
However, some combinations of bacteria displayed some specificity of training effects.
Ss showed training effect against Sa, but not against Pa. Conversely, Ec showed training
effect against Pa, but not against Sa. We speculate that the specificity of these training
effects might reflect the broad specificity of innate immune signaling pathways. However,
overall, the trained immunity in Drosophila exhibited heterologous effects, consistent
with the features of trained immunity observed in other organisms.
To further characterize the trained immunity, we focus hereafter on two experimental
systems: Ml-training and Sa-challenge (MA system), and St-training and Pa-challenge
(TP system).
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Persistence and removal of training bacteria
Training effects on survival rate could be due to persistence or memory of immune
responses. To address this issue, we initially evaluated persistence of training bacteria
after injection and measured bacteria load of Ml and St. Immediately after injection, Ml
bacteria load was approximately 12,000 colony formation units (cfu) / fly in our
experiments, and it gradually decreased day by day (Fig. 2A). At day 6 after injection,
most of the Ml was removed from flies, and only 0.5% of the initial load (31 cfu / fly)
was retained. After 12 days, Ml bacteria were not detected in fly anymore. In contrast, St
bacteria load was kept at high levels and even increased to about 20 fold after 15 days
(from 2,650 to 68,250 cfu / fly) (Fig. 2B). Thus, Ml and St bacteria behave differently in
fly: Ml was removed, but St was persistent. A previous study [37] showed that St bacteria
are incorporated into phagosomes of hemocytes and live there for a long time, and it was
also suggested that St bacteria activate immune responses continuously in fly.
Ml was completely removed from fly by 12 days after training. How long did the
training effect of Ml last? At day 12, the Ml-training still increased the survival of flies
after Sa challenge as effectively as at day 6 (S2 Fig). This indicates that live Ml bacteria
are not needed for training effects at the time of challenge. However, the training effect
of Ml seemed not to be permanent, because at day 23, Ml-training did not increase fly
survival after challenge.
We next asked whether immune training is detrimental for fly longevity (S3 Fig). The
flies with Ml-training showed almost the same longevity as control flies. However, as
shown previously [37], the flies with St-training showed significantly shorter longevity
(median survival time, 32 days) than the control (59 days). Thus, persistent St bacteria is
advantageous for flies by enhancing immunity during a short term but is detrimental for
maintaining longevity during a long term. In contrast, we did not detect such negative
effects of Ml-training.
Clearance of challenge bacteria and survival
Life-or-death under infection would be the overall results of immunity (to remove
pathogens), resistance (to protect flies from pathogen-induced damage) and other
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physiological states [38]. To characterize the phenomena in our survival assay, we
measured the load of challenge bacteria in live and dead flies. We used antibiotic-resistant
strains of challenge bacteria to distinguish them from training bacteria (see Materials and
Methods). In the TP system, we observed that Pa bacteria sharply increased in the control
flies, but were completely eliminated within 2 hours in the St-trained flies (Fig. 2D). This
all-or-none load is consistent with the survival rate in the TP system: most of the control
flies died after Pa-challenge, but most of the St-trained flies survived (Fig. 1C). Thus, Sttraining stimulated the immunity of flies to remove Pa.
In the MA system, Sa bacteria slowly increased in the control live flies, and at day 3
after challenge, we observed two discrete populations of the live flies that had either a
high or low load of Sa bacteria (Fig. 2C). This high load was mostly close to that of the
dead flies at day 3, suggesting that the fly individuals having a high load of Sa might be
going to die shortly, while the flies having a low load might survive longer. After Mltraining, many flies maintained a low load of Sa, suggesting that Ml-training enhances
fly immunity to remove Sa. Moreover, the Ml-trained flies at day 3 showed a relatively
broad distribution of Sa load, while the dead Ml-trained flies carried a high load of Sa
similar to that of the dead control flies. This result suggests that Ml-trained flies might be
resistant against middle ranges of Sa load (see Discussion).
RNA-Seq analysis of trained immunity
To address the molecular mechanism of trained immunity, we performed RNA-Seq
analysis for our experimental systems. We took 3 biological replicates for each of 7
conditions in MA and TP systems: Control (Ct-Ct), Ml-training only (Ml-Ct), Sachallenge only (Ct-Sa), Ml-training plus Sa-challenge (Ml-Sa), St-training only (St-Ct),
Pa-challenge only (Ct-Pa), and St-training plus Pa-challenge (St-Pa) conditions. Total
RNAs were extracted from the whole body of flies at 4 hours after challenge. Sequence
reads were mapped on the Drosophila genome (S1 Table), and read counts of each gene
were analyzed (S1 Data, S2 Data).
To obtain an overview of the transcriptome profiles of all samples, we initially
performed multidimensional scaling (MDS) analysis (Fig. 3A). In the MA system, the
transcriptome profile of the training only (Ml-Ct: green triangles) was similar to that of
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control (Ct-Ct: blue circles), while the profile of the challenge only (Ct-Sa: yellow
triangles) was similar to that of the training plus challenge (Ml-Sa: red triangles). In the
TP system, the transcriptome profile of the training only (St-Ct: green squares) was
different to that of the control (Ct-Ct: blue circles) but was similar to that of the challenge
only (Ct-Pa: yellow squares) and the training plus challenge (St-Pa: red squares). Thus,
these results suggest that the transcriptome of Ml-training is close to the steady state,
while the transcriptome of St-training is similar to the state of immune activation. This is
consistent with the result of bacteria load: Ml was removed, while St was persistent in the
flies.
Pairwise comparisons between the conditions identified differentially expressed genes
(DEGs) (Table 1). In the MA system, comparisons between control (Ct-Ct) and training
only (Ml-Ct) detected fewer DEGs (80 genes in total, 11 genes in fold-change >= 2) than
that between control (Ct-Ct) and challenge only (Ct-Sa) (1298 genes in total, 357 genes
in fold-change >= 2) (Fig. 3B, C). However, in the TP system, comparison between
control (Ct-Ct) and training only (St-Ct) detected as many DEGs (5033 genes in total,
1377 genes in fold-change >= 2) as the comparison between control (Ct-Ct) and challenge
only (Ct-Pa) (5037 genes in total, 1337 genes in fold-change >= 2) (Fig. 3E, F). In both
systems, comparisons between challenge only (Ct-Sa or Ct-Pa) and training plus
challenge (Ml-Sa or St-Pa) detected relatively small numbers of DEGs (Fig. 3D, G, Table
1). These data are consistent with the results of MDS analysis.
Gene expression patterns of trained immunity
To characterize patterns of gene expression in trained immunity, we calculated Zscores (normalized deviations of expression) for DEGs (2077 genes in the MA system,
5965 genes in the TP system) and displayed the heatmap of Z-scores clustered by genes
(in rows) (Fig. 4A, B). The heatmaps clearly showed the similarity of transcriptomes
between Ml-training and control in the MA system, and the similarity between St-training
and Pa-challenge in the TP system. These data further support the steady state for Mltraining and the immune-active state for St-training.
Using given thresholds of clustering dendrograms, we categorized DEGs into 8 and 11
groups for the MA and TP systems, respectively (Fig. 4A, B, colored bars and numbers
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on the left side of heatmap), and analyzed the expression pattern of each clustering group
(S3 Data, S4 Data). In the MA system, 398 genes of MA1 group were up-regulated by
challenge and were further stimulated by training plus challenge (Fig. 4C). On the other
hand, 301 genes of the MA3 group were up-regulated by challenge but were suppressed
by training plus challenge (Fig. 4E). Thus, expression patterns of the MA1 and MA3
groups recaptured "potentiation" and "tolerance" of gene expression in trained immunity,
respectively (see Introduction). In the case of the TP system, the majority of DEGs were
categorized into the TP11 group (up-regulated by any stimulus) (Fig. 4D) or TP1 group
(down-regulated by any stimulus) (Fig. 4F). In addition, some groups of the MA and TP
systems shared similar expression patterns. For example, the genes of the MA5 and TP8
groups were up-regulated by training, but not by challenge (S4 Fig, S5 Fig). Expression
patterns of other clustering groups were diverse, as shown there.
To explore biological functions of DEGs, we performed Gene Ontology (GO) analysis
for each clustering group and observed significant enrichment of some GO terms (S5
Data, S6 Data). The MA1 group of the MA system was enriched for the genes related to
"GO:0045087~innate immune response" (Fig. 5). The TP11 group of the TP system was
also enriched for the genes related to the same GO term. Indeed, MA1 shared 124 genes
with TP11 (1.3-fold enrichment, p-value = 8.2E-4, chi-square test), and the shared genes
were enriched again for the "innate immune response" (13-fold enrichment, p-value =
1.1E-10, chi-square test). Thus, a significant number of the immune-related genes
displayed an expression pattern like that of the MA1 group in the MA system and the
TP11 group in the TP system. Indeed, many AMP genes (e.g., Drosomycin, Cecropin A1,
and Attacin-A genes) showed such expression patterns (S6 Fig), although St-training
induced their expression to considerably high levels. Thus, these results suggest that Mltraining potentiates expression of the immune-related genes in response to Sa-challenge,
but the Ml-training only showed the steady state of their expression. In contrast, Sttraining solely activates expression of these genes as Pa-challenge does. Taken together,
these results demonstrate that the training effects of Ml and St would be attributed to
memory and persistence of immune responses, respectively.
The MA1 and TP11 groups shared enriched GO terms for not only innate immune
response, but also for multicellular organism reproduction (GO:0032504) and
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carbohydrate metabolic process (GO:0005975) (Fig. 5). This suggests that the genes
related to innate immune response, multicellular organism reproduction, and
carbohydrate metabolic process, might be regulated by comparable pathways during
trained immunity. It is also possible that reproduction physiology and carbohydrate
metabolism might contribute to maintaining homeostasis of fly individuals during trained
immunity (see Discussion).
We found that the genes related to "GO:0045087~innate immune response" were also
enriched for other clustering groups: MA5 and TP8 (S5 Data, S6 Data). However, the
expression patterns of these groups were apparently different to those of MA1 and TP11.
The genes of MA5 and TP8 groups were up-regulated by training, but not by challenge
(S4 Fig, S5 Fig). Therefore, the immune-related genes were controlled in several different
manners during trained immunity.
MA3 and TP1 groups were enriched for genes related to "GO:0007269~
neurotransmitter secretion" (Fig. 5). The MA3 group showed the expression patterns of
immune "tolerance" (Fig. 4E), but the TP1 group was down-regulated by either training
or challenge (Fig. 4F). MA3 and TP1 groups also shared the enriched GO terms:
"GO:0006813~ potassium ion transport" and "GO:0007283~ spermatogenesis". It is
possible that these biological functions might be related to the immune tolerance in the
MA system and the immune suppression in the TP system.
As other examples, the MA4, MA8, and TP1 groups were enriched for the genes related
to "GO:0010906~regulation of glucose metabolic process" (S5 Data, S6 Data). These
groups share the expression pattern in which the genes are down-regulated by training
regardless of challenge.
We will need further experiments to evaluate whether these genes described above
function in trained immunity.
Involvement of Ada2b in trained immunity
Our results suggest that the MA system represents immune memory, and the expression
pattern of the MA1 group would recapture the potentiation of immune responses under
trained immunity at the molecular level. Therefore, we focus on the mechanism governing
the expression of the MA1 genes hereafter. We searched the database of publications for
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enrichment of the genes of the MA1 group, and found a study regarding Ada2b, a
component of the chromatin modification complex [25]. This study carried out
microarray analysis of Ada2b mutant, and identified the Ada2b-regulated genes that
actually included many immune-related genes. The genes of the MA1 group were
significantly enriched for the Ada2b-regulated genes (52 matches, p-value = 1.0E-44).
Then, we analyzed the expression patterns of the Ada2b-dependent immune-related genes
(88 genes [25]) in our RNA-Seq data and found that about half of them indeed showed
the MA1-like expression pattern (step-wise activation by training and challenge) (S7 Fig).
In contrast, the Ada2b-independent immune-related genes (30 genes [25]) rarely
displayed such an expression pattern. As control, expression of the house-keeping genes
[39] was not altered in our assay conditions. Thus, the genes enriched to the MA1 group
are not merely immune-related genes, but rather the Ada2b-regulated immune-related
genes. From these observations, we hypothesize that Ada2b might be involved in the
trained immunity.
To evaluate our hypothesis, we examined the effects of knock down using an Ada2b
RNAi line. Our qPCR analysis confirmed that the Ada2b RNAi line (da-Gal4, UASAda2b RNAi genotype) knocked down the expression of Ada2b mRNA to about half of
the control level (Fig. 6A). We then performed the survival assay and observed that Mltraining did not increase the survival rate of the Ada2b RNAi flies after Sa-challenge,
while the control line (da-Gal4, UAS-GFP RNAi genotype) showed apparent training
effects of Ml (Fig. 6B, C). Moreover, we observed that in the Ada2b mutant heterozygotes
(Ada2b [d272] / +) [24], the effect of Ml-training was abolished (Fig. 6D, E). These
results indicate that Ada2b is required for the survival enhancement in trained immunity.
Further analyses are needed for clarifying the roles of Ada2b in trained immunity.
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Discussion
We established the MA and TP experimental systems for detecting trained immunity
in Drosophila. In the TP system, St bacteria persisted in flies for at least 15 days after
injection, and the overall transcriptome of St-training was similar to the state of immune
activation, suggesting that the training effect of St would be attributed to immune
persistence. In contrast, the training effect of the MA system would be associated with
immune memory, because Ml left training effects even after its removal from flies.
Furthermore, the transcriptome of Ml-training was similar to that of the control, but the
training enhanced the expression of the immune-related genes after Sa-challenge. Our
study thus provides models of immune memory and persistence in trained immunity.
In the MA system, training effects of Ml on survival rate was dampened after 23 days.
In the mammalian system, it has been shown that epigenetic information is memorized in
the HSPCs, and immune memory lasts as long as the HSPCs produce peripheral myeloid
cells [14,15]. In our experimental system, it is possible that hidden memory might remain
at the molecular level. An another important issue in our study is which cells are
responsible for trained immunity in Drosophila. A recent study of single-cell RNA-Seq
revealed the transcriptome atlas of adult fly on the single-cell level, and identified
subtypes of hemocytes and their progenitor cells [40]. This database would be valuable
for identifying the cells responsible for trained immunity. Regarding the endurance of the
training effect, a recent study demonstrated the transgenerational inheritance of innate
immune memory in mammals [41]. Whether the trained immunity in Drosophila is
transmitted to the next generation would be an interesting issue for future studies.
Survival of infected individuals would be determined by the combination of immunity
and resistance [38]. To dissect the processes in our survival assay, we measured bacteria
loads after challenge infection. In the control of the MA system, we detected two discrete
fly populations having high and low loads of Sa at day 3 after challenge. This suggest
that there might be a threshold of bacteria load, to which a fly resists or succumbs. Namely,
when a fly succumbs to a load of bacteria, bacteria would grow rapidly to the maximum
load. In the case of the Ml-training, many flies kept low loads of Sa, suggesting that Ml-
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training reinforces the immunity to prevent bacteria growth. Moreover, the Ml-trained
flies showed a broad distribution of Sa load. This suggest that Ml-trained flies might be
resistant against middle ranges of Sa load. Thus, Ml-training might potentiate both
immunity and resistance of flies against Sa infection.
Transcriptome analysis revealed that the genes related to innate immunity were
enriched to the MA1 and TP11 clustering groups. The expression patterns of these genes
suggest that St-training induces persistence of immune activation, while Ml-training
enhances immune responses after challenge via immune memory. The GO terms shared
between the MA1 and TP11 groups include not only "innate immune response", but also
"multicellular organism reproduction" and "carbohydrate metabolism process". We
speculate that these genes might be regulated via comparable pathways and might be
involved in trained immunity. No doubt immune responses influence many aspects of
physiology, metabolism, and behaviors, and these responses altogether impact the
homeostasis of the organism [20]. We thus consider it possible that reproductive
physiology and carbohydrate metabolism might contribute to maintaining homeostasis
under trained immunity.
In mammalian innate immune cells, it is known that immune training changes gene
expression representatively via two modes. Up-regulation of gene expression under
challenge conditions is enhanced or suppressed by advance training [10–13]. The genes
showing potentiation and tolerance under trained immunity are enriched for the AMP
genes and the pro-inflammatory genes, respectively. Thus, these studies in mammals
suggest that immune training enhances the immunity to eliminate pathogens and
suppresses the inflammatory response to prevent detrimental effects of immunity, and
both contribute to maintaining homeostasis of the organism under trained immunity.
In the Drosophila MA system, the expression pattern of the MA1 group corresponds
to the potentiation mode under immune training. Moreover, these genes were enriched in
the innate immune response genes, including many AMP genes. Thus, the enhancement
of immune-related genes under trained immunity is conserved between flies and
mammals. On the other hand, the expression pattern of the MA3 group corresponds to
tolerance mode under training. However, these genes were not enriched for any GO term
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related to immunity, but rather for "neurotransmitter secretion". We consider it possible
that the neurotransmitter might contribute to the trained immunity on the individual level,
although we need further experiments to evaluate this possibility. It is known that neural
networks respond to and regulate immunity [42]. For example, a recent study
demonstrated that some neurons are activated by local inflammation and retrieve the
inflammatory state [41]. The function of neural networks in trained immunity would be
an attractive future issue.
We searched for the factor(s) involved in trained immunity of Drosophila and
identified a candidate, Ada2b. The RNAi and mutant lines for Ada2b showed dampened
survival enhancement via Ml-training. This result suggests that the Ada2b is involved in
the trained immunity. It is known that Ada2b interacts with the HAT (histone
acetyltransferase) module containing GCN5 and Ada3 [24,25,43]. The HAT module
further associates with many other proteins to form large complexes (e.g., SAGA
complex). Ada2b-containing complexes induce acetylation of histone H3 Lys9 (H3K9)
and H3 Lys14 (H3K14) and regulate gene expression. Although we consider it possible
that the Ada2b-containing complex might be involved in epigenetic regulation during
trained immunity, further analysis is needed to clarify the roles of Ada2b and complexes
containing it in trained immunity.
Here, we showed transcriptome features of trained immunity in Drosophila. However,
we still do not know how gene expression is organized in spatiotemporal manners on the
individual level. Moreover, we need to address the extent to which the mechanism
underlying trained immunity is evolutionarily conserved. Our Drosophila system for
trained immunity would be useful to address these issues in the future.
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Figure legends
Fig. 1

Experimental system of Drosophila trained immunity

(A) Schematic drawing of systemic infection experiment. Low-pathogenic bacteria were
injected into body cavity of flies, and 6 days later, high-pathogenic bacteria were injected.
After that, fly survival was monitored. (B) Survival curve of MA system: Ml-training and
Sa-challenge. (C) Survival curve of TP system: St-training and Pa-challenge. Red and
blue lines represent the flies with and without training, respectively. Asterisks indicate
statistically significant (p-value < 0.05) in Log-rank test. Numbers of flies used in these
experiments are (B) 40, 57, and (C) 42, 37 (with or without training, respectively).
Fig. 2

Bacteria load assay for trained immunity

(A, B) Loads of training bacteria, Ml (A) and St (B). The flies were collected at given
times after training injection. (C, D) Loads of challenge bacteria, Sa-GFP (C) and Pa-Kan
(D). The flies were collected at the indicated times after challenge injection. "Dead"
means the fly died within 24 hours before sample preparation. Asterisks and NS indicate
statistically significant (p-value < 0.05) and not significant, respectively, in KruskalWallis ANOVA and post-hoc Wilcoxon rank sum test.
Fig. 3

Overall features of transcriptomes

(A) Multidimensional scaling analysis of transcriptomes for all samples. Distance
between plots correlates to the similarity of transcriptomes between samples. (B-G) Plots
of the fold-change (log2 values on Y-axis) and the mean expression (log2 values on Xaxis) of the genes for pair-wise comparisons between the samples of the MA (B-D) and
TP (E-G) systems. Comparisons are between control and training only (B, E), between
control and challenge only (C, F), and between challenge and training plus challenge (D,
G). Red dots represent DEGs showing FDR-adjusted p-value < 0.05 and the absolute
value of fold-change >= 2 (see also Table 1).
Fig. 4

Clustering analysis of DEGs

(A, B) Heat maps of z-scores for DEGs of MA (A) and TP (B) systems. Genes (rows)
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were ordered by clustering analysis. Numbers on the left side indicate the clustering
groups. (C-F) Box plots of z-scores of DEGs categorized to MA1 (C), TP11 (D), MA3
(E), and TP1 (F) groups. The numbers of genes categorized to these groups are indicated
in graphs.
Fig. 5

GO analysis for the clustering groups

GO analysis (GOTERM_BP_DIRECT category) for each clustering group was
performed (S5 Data, S6 Data). MA1 (green bars) and TP11 (blue bars) groups shared
some enriched GO terms. Among them, three representative GO terms are shown here.
Bar graphs show p-values of each GO term, as -log10 values. Numbers under the top of
bars indicate numbers of genes matched to the GO terms. MA3 (yellow bars) and TP11
(magenta bars) groups also shared some enriched GO terms.
Fig. 6

Involvement of Ada2b in trained immunity

(A) qPCR analysis measured relative expression of the Ada2b gene (against the RpL32
control gene). Ada2b RNAi significantly reduced expression of Ada2b. Asterisks indicate
statistically significant (p-value < 0.05) in Student t-test. (B-E) Survival curves of flies
under Ml-training and Sa-challenge. Red and blue lines represent the flies with and
without training, respectively. (B) Control line (da > GFP RNAi), (C) Ada2b knock down
line (da > Ada2b RNAi), (D) Sibling control line (w; TM6 / +), (E) Ada2b heterozygotes
(Ada2b [d272] / +). Asterisks and NS indicate statistically significant (p-value < 0.05)
and not significant, respectively, in Log-rank test. Numbers of flies used in these
experiments are (B) 56, 57, (C) 96, 100 (D) 80, 92, (E) 97, 103 (with or without training,
respectively).

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.22.473822; this version posted December 23, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Table
Table 1

DEGs detected from pair-wise comparisons

DEGs was detected from pair-wise comparisons using a criterion (FDR-adjusted p-value
< 0.05). Some DEGs were up- or down-regulated in the Y condition compared to the X
condition. Some DEGs were up- or down-regulated more than 2-fold. Numbers of DEGs
were indicated for each comparison.
UP

UP

DOWN

DOWN

TOTAL

Y>X

2-fold more

Y<X

2-fold more

UP+DOWN

Ml-Ct

55

9

25

2

80

Ct-Ct

Ct-Sa

516

98

782

259

1298

Ct-Ct

Ml-Sa

451

163

772

235

1223

Ml-Ct

Ct-Sa

637

87

860

306

1497

Ml-Ct

Ml-Sa

419

132

747

252

1166

Ct-Sa

Ml-Sa

115

16

44

2

159

Ct-Ct

St-Ct

3006

887

2027

490

5033

Ct-Ct

Ct-Pa

3235

903

1802

434

5037

Ct-Ct

St-Pa

3134

942

2041

513

5175

St-Ct

Ct-Pa

74

3

141

46

215

St-Ct

St-Pa

25

0

54

17

79

Ct-Pa

St-Pa

113

35

50

14

163

subject X

query Y

Ct-Ct
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