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Simple Summary

This study explored how a facultative symbiont, Serratia symbiotica, living inside pea
aphids, changes the transcriptional level of genes in aphid bacteriocytes. We aimed to un-
derstand the molecular details of this symbiotic relationship because it affects the aphid’s
environmental adaptations. By comparing transcriptome of bacteriocytes between aphids
with and without Serratia, we discovered that the symbiont dramatically reshapes the host
bacteriocytes’ activity. It upregulates expression of genes related to protein translation
and energy production, while downregulating those for fatty acid biosynthesis. The in-
sect’s immune response in these bacteriocytes is also finely adjusted: general immune
pathway genes are downregulated, but specific immune effectors are enhanced. These
changes suggest the aphid actively manages the symbiont Serratia, reallocating its re-
sources to benefit from the partnership while keeping it under control. Our findings pro-
vide fundamental insights into how insects and symbionts form stable, beneficial alli-
ances, which is crucial for understanding natural ecosystems and potentially managing
agricultural pests.

Abstract

The facultative endosymbiont Serratia symbiotica significantly influences the ecological fit-
ness of its aphid host. However, the molecular mechanisms by which Serratia affects the
host’s symbiotic organ, the bacteriocyte, remain poorly understood. Here, we conducted
a comparative transcriptomic analysis of bacteriocytes from Serratia— and Serratia+ pea
aphid (Acyrthosiphon pisum) strains. Our analysis revealed that Serratia colonization exten-
sively modulates gene expression within bacteriocytes. Key metabolic pathways were sig-
nificantly altered: genes involved in ribosomal biogenesis and oxidative phosphorylation
were upregulated, while those in fatty acid biosynthesis were downregulated. Further-
more, we observed a complex reshaping of the immune profile, characterized by a broad
downregulation of immune recognition and signaling components alongside an upregu-
lation of specific effector genes and antioxidant enzymes. These findings suggest that Ser-
ratia induces a state of enhanced anabolic capacity and energy production in bacteriocytes,
coupled with strategic reallocation of resources and a finely tuned immune response that
balances symbiont tolerance with control. Our RT-qPCR validation confirmed the RNA-
seq results, further supporting these results. This study provides the first bacteriocyte-
specific transcriptomic resource for the aphid-Serratia interaction system, offering novel
insights into the molecular integration of a facultative symbiont into host physiology.

Insects 2026, 17, 815

https://doi.org/10.3390/insects17080815



Insects 2026, 17, 815

2 of 14

Keywords: aphid; Serratia symbiotica; bacteriocyte; transcriptome

1. Introduction

Throughout long-term co-evolution, insects and their symbionts have established
stable, mutualistic relationships, forming a canonical holobiont system in nature [1]. In
these relationships, insects provide a suitable habitat for the bacteria, while the symbionts
enhance the host’s ecological adaptability across multiple levels [2]. Based on their degree
of integration and shared evolutionary history, insect symbionts are classified as either
obligate (primary) or facultative (secondary). Obligate symbionts have undergone ancient,
specialized co-evolution with their hosts. They reside exclusively within specialized host
cells called bacteriocytes, provide essential nutrients to the host, and are strictly vertically
transmitted [3]. In contrast, facultative symbionts maintain a more dynamic and evolu-
tionarily recent relationship with their hosts, often lacking strict co-speciation [1]. These
symbionts can exhibit traits characteristic of environmental microbes, including the ability
to invade various host tissues. From the host’s perspective, these associations are typically
conditional; while often beneficial, they can also impose physiological costs [4]. Faculta-
tive symbionts can be vertically transmitted via host reproduction and are also capable of
horizontal transfer within and between host species [5].

Aphids are globally significant pests whose ecological success is profoundly driven
by a rich community of symbionts. These symbionts influence diverse aspects of host bi-
ology, including host metabolism, life-history traits, stress tolerance, environmental ad-
aptation, and trophic interactions [6-10]. Most aphids harbor a single obligate symbiont,
Buchnera aphidicola, which resides exclusively within bacteriocytes. Buchnera shares the
oldest and most stable symbiotic relationship with its aphid host, and is strictly vertically
transmitted [1]. Despite extensive genome reduction due to prolonged co-evolution, Buch-
nera has retained pathways for synthesizing essential amino acids and vitamins, thereby
supplying these critical nutrients to aphids that feed on phloem sap—a diet inherently
poor in these compounds [10]. In contrast to the obligate Buchnera, aphids can also be
infected by various facultative symbionts [11]. This diversity underlies a wide range of
functions, enabling facultative symbionts to modulate host traits such as metabolism [12],
phenotype [13], immune response [14], stress resistance [7], and host plant suitability [9],
which ultimately shapes the ecological fitness of their aphid hosts.

Serratia symbiotica is a widely distributed and highly diversified facultative symbiont
found in numerous aphid populations [15-17]. In the pea aphid Acyrthosiphon pisum, Ser-
ratia typically resides within the sheath cells surrounding the bacteriocytes. At this evolu-
tionary stage, it lacks the capacity for independent extracellular life or horizontal trans-
mission, indicating a high level of host adaptation [18]. Although it cannot replace Buch-
nera in providing essential nutrients to the host, a previous study has shown that Serratia
can invade the bacteriocytes from the sheath cells under specific conditions [19]. This sug-
gests a close and potentially evolving interaction with the primary symbiont, possibly
marking a transition toward a co-obligate symbiosis. However, the precise molecular
mechanisms underlying the interaction between Serratia and the host bacteriocyte remain
largely unknown.

Therefore, to elucidate how Serratia colonization reshaping bacteriocytes function at
the transcriptional level, we conducted a bacteriocyte-specific comparative transcriptomic
analysis between Serratia-free (Serratia—) and Serratia-harboring (Serratia+) pea aphid
strains. Our analysis revealed extensive transcriptional change in host bacteriocytes. GO
and KEGG pathway enrichment analyses highlighted a significant upregulation of genes
associated with the ribosome and oxidative phosphorylation pathways, coupled with a
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marked downregulation of genes in the fatty acid biosynthesis pathway. Intriguingly, we
also observed substantial alterations in the expression profiles of immune-related genes.
This study provides a foundational transcriptomic framework for understanding the in-
teraction between Serratia and the aphid bacteriocyte, offering novel insights into the sym-
biosis systems.

2. Materials and Methods

2.1. Insect Rearing

A pea aphid colony, naturally only harboring the obligate symbiont Buchnera and the
facultative symbiont Serratia, was collected in 2020 from a Medicago sativa field in Yunnan,
China. The presence of the facultative symbiont in this colony was screened using diag-
nostic PCR by specific primers (Table S1). The aphid colony was maintained on broad
bean Vicia faba plants under controlled conditions at 22 °C, 70% relative humidity, and a
16:8 h (light:dark) photoperiod.

2.2. Establishment of Serratia— and Serratia+ Aphid Strains

The original laboratory aphids were microinjected with 5 g ampicillin using a Nano-
liter 2010 injector system (World Precision Instruments Inc., Sarasota, FL, USA). The in-
jected aphids were designated as GO and were reared on V. faba seedlings separately. Eight
G1 nymphs from GO adults were randomly selected and were also maintained on V. faba
seedlings separately. This process was repeated for one G2 nymph from each G1 adult,
and the same process was repeated for the subsequent generations of aphids. PCR was
conducted for the screening of Serratia in each generation of aphids. The specific primers
were listed in Table S1. We established a stable Serratia— aphid strain in the 6th generation.
This method referred to previous study [20].

To obtain the Serratia+ aphid strain, we microinjected hemolymph from original la-
boratory aphids into Serratia— aphids. In detail, aphid legs were dissected, and the flowing
hemolymph was pipetted. Hemolymph from a total of fifty original laboratory aphids
were harvested and was microinjected into fifty 2nd-instar Serratia— nymphs (50 nL per
nymph). Injected aphids were maintained on V. faba seedlings separately. The G1 nymphs
were subjected to PCR, and the aphids harboring Serratia were reared on fresh V. faba
seedlings to re-establish the Serratia+ aphid strain. Both aphid strains were maintained on
broad bean V. faba plants under controlled conditions at 22 °C, 70% relative humidity, and
a 16:8 h (light:dark) photoperiod. Both aphid strains were maintained for more than 10
generations before conducting further experiments.

2.3. Whole-Mount Fluorescence In Situ Hybridization

Localization of symbionts was performed using whole-mount fluorescence in situ
hybridization (FISH). The 3rd-instar nymphs were fixed in Carnoy’s fixative (etha-
nol:chloroform:acetic acid, 6:3:1) at room temperature for 24 h. Fixed samples were
washed in 100% ethanol and bleached in 6% H2O2 (in ethanol) at room temperature for
10 days. After bleaching, samples were washed in 70% ethanol, and then legs were re-
moved. Samples were rehydrated in 0.3% PBST (PBS with 0.3% Tween 20) and incubated
in pre-hybridization buffer (20 mM Tris-HCl pH 8.0, 0.9 M NaCl, 0.01% SDS, 30% forma-
mide) at 46 °C for 30 min. Hybridization was performed overnight at 46 °C in the same
buffer containing 100 nM of each fluorescently labeled, symbiont-specific DNA probe (tar-
geting Serratia or Buchnera 165 rRNA). Probes were listed in Table S1. After hybridization,
samples were washed in 0.3% PBST, counterstained with DAPI (1:2000 dilution in PBST),
and mounted on slides for observation. Specimens were imaged using a laser scanning
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confocal microscope and analyzed with ZEN software v2.3 (Carl Zeiss Microscopy
GmbH, Jena, Germany).

2.4. PCR and Absolute Quantitative PCR

For DNA extraction, individual aphids were surface-sterilized in 75% ethanol and
washed in PBS. Total genomic DNA was extracted using the TTANamp Genomic DNA
Kit (Tiangen, Beijing, China). Diagnostic PCR with Serratia-specific primers was used for
screening of the symbiont’s presence. The thermal profile was: 95 °C for 2 min; 35 cycles
of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min; and a final extension at 72 °C for 5
min.

Absolute gPCR was used to quantify symbiont titers [20]. The single-copy dnaK
genes from Buchnera and Serratia, and the aphid single-copy nuclear gene elongation fac-
tor 1-a (EFla), were amplified from whole-aphid DNA. Standard curves were generated
using ten-fold serial dilutions (102 to 108 copies) of plasmid DNA containing each target
gene. Reactions were performed in a CFX Connect Real-Time PCR Detection System (Bi-
oRad, Hercules, CA, USA) using 2xSYBR Premix Ex Tagll (Takara, Kusatsu, Japan) with
specific primers. The thermal profile was: 95 °C for 15 min; 40 cycles of 95 °C for 15 s and
60 °C for 1 min; followed by a melt curve analysis.

2.5. Bacteriocyte Collection and RNA Extraction

Bacteriocytes were manually dissected from adult aphids of both strains in ice-cold
PBS. For each biological replicate, bacteriocytes from 40 aphids were pooled. Three inde-
pendent biological replicates were collected per aphid strain. Total RNA was extracted
from the pooled tissues using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s protocol. RNA concentration and integrity were assessed, and sam-
ples were stored at -80 °C.

2.6. cDNA Library Construction and RNA-Seq Sequencing

RNA-seq libraries were constructed using a stranded, poly(A)-enrichment protocol.
Briefly, mRNA was enriched from total RNA using oligo(dT) magnetic beads, frag-
mented, and reverse-transcribed using random hexamers. Double-stranded cDNA was
synthesized, end-repaired, adenylated, and ligated to sequencing adapters. The ligated
products were PCR-amplified, and the final libraries were quality-controlled. Qualified
libraries were used to generate DNA nanoballs, which were loaded onto patterned
nanoarrays and sequenced on the DNBSEQ-T7 platform (MGI Tech Co., Ltd., Shenzhen,
China), generating 150 bp paired-end reads.

2.7. RNA-Seq Analysis

Raw sequencing reads were processed to obtain clean data by removing adapter se-
quences, reads containing poly-N, and low-quality reads using in-house Perl scripts.
Quality metrics, including Q20, Q30 scores, and GC content, were calculated. Clean reads
were then mapped to the pea aphid reference genome (assembly:
pea_aphid_22Mar2018_4r6ur_v2) using HISAT2. Gene expression levels were quantified
as Fragments Per Kilobase of transcript per Million mapped reads (FPKM). Principal com-
ponent analysis (PCA) and sample correlation heatmaps were generated based on nor-
malized expression values. The raw data were uploaded to NCBI with the accession num-
ber PRINA1419713.

Differential expression analysis was performed using DESeq2. Genes with an abso-
lute fold change > 2 (11log2FC| > 1) and a false discovery rate (FDR) < 0.05 were considered
significantly differentially expressed. Gene function was annotated using the NCBI non-
redundant (Nr), Swiss-Prot, KEGG, Gene Ontology (GO), and Clusters of Orthologous
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Groups (COG) databases. Statistical enrichment of differentially expressed genes (DEGs)
in KEGG pathways and GO terms was tested.

2.8. RT-qPCR Validation

To validate the RNA-seq data, we selected ten DEGs representing the main functional
groups. Total RNA of bacteriocytes was extracted from the four biological replicates.
cDNA was synthesized using PrimeScript RT Reagent Kit (Takara). qRT-PCR was per-
formed with CFX Connect system. The aphid EF1a and PRS20 gene was used as the in-
ternal control. Relative expression was calculated by the 2-24¢t method. Student’s t-test
was applied to determine significance (p < 0.05). Primer sequences are provided in Table
S1.

2.9. Statistical Analysis

All the statistical analyses were performed using GraphPad Prism v8.0 (GraphPad
Software) and SPSS 26 (IBM). The normality of the distribution of the data was tested
using the Shapiro-Wilk test. We used Student’s ¢ tests to determine the statistical signifi-
cance of symbiont titer differences between Serratia— and Serratia+ aphid strains.

3. Results
3.1. Establishment of Serratia— and Serratia+ Aphid Strains

We firstly screened the presence of facultative symbionts in our pea aphid colony
using diagnositic PCR. Results showed that the aphid colony only harbors the obligate
symbiont Buchnera and the facultative symbiont Serratia (Figure S1). To generate a Serratia-
free aphid strain, ampicillin was microinjected into original laboratory aphids (naturally
harboring Serratia). Individual aphids (G0) were then isolated and allowed to reproduce.
The offspring were screened via PCR for the absence of Serratia infection to establish a
stable Serratia— aphid strain. To re-establish the Serratia+ aphid strain, hemolymph from
original laboratory aphids was microinjected into the Serratia— aphids. Their offspring
were similarly screened by PCR to obtain a stable Serratia+ aphid strain. Whole-mount
FISH confirmed that Serratia specifically resided in the sheath cells surrounding the bac-
teriocytes in the Serratia+ aphid and was absent in the Serratia— aphid (Figure 1A). Fur-
thermore, absolute quantitative PCR verified the complete absence of Serratia in the Ser-
ratia— aphid strain (Figure 1B), while the titer of the primary endosymbiont Buchnera did
not differ significantly between Serratia— and Serratia+ aphid strains (Figure 1C).
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Figure 1. Establishment of Serratia— and Serratia+ aphid strains. (A) Whole-mount FISH analysis of
each aphid strain to detect Buchnera and Serratia. Buchnera, green; Serratia, red; aphid DNA (DAPI),
blue. Scale bar = 0.2 mm. (B) Serratia titer in Serratia— or Serratia+ aphid strain. (C) Buchnera titer in
Serratia— or Serratia+ aphid strain. For (B,C), data are means + SEM from six biological replicates

p

represented by the scatter points. Statistical significances were determined by Student’s f-test (***

<0.001; ns, not significant).

3.2. Overview of the RNA-Seq Data

To analyze the transcriptional changes in bacteriocytes between the Serratia— and Ser-
ratia+ aphid strains, we performed RNA-seq on bacteriocytes from both strains. Following
quality control, 76.07% to 91.51% of the clean reads were uniquely mapped to the pea
aphid reference genome. The overall sequencing data had an average GC content of
40.45% and an average Q30 score of 97.10% (Table S2). A total of 16,654 genes were iden-
tified across all six samples. The expression level of each gene was calculated and normal-
ized using the FPKM method.

3.3. Differential Expression Analysis

PCA and the correlation heatmap demonstrated high intra-group similarity and clear
inter-group separation among six samples, indicating reliable replicates and substantial
transcriptional differences (Figure 2A,B). We identified 3658 DEGs (llog2(Fold change)|
>1; FDR <0.05), with 2196 upregulated and 1462 downregulated in Serratia+ bacteriocytes
compared to Serratia— ones (Figure 2C).

https://doi.org/10.3390/insects17080815



Insects 2026, 17, 815 7 of 14

group 1 B3 Up (2196)
 Serratia- » Down (1462)
087 087 Serratia-_1 [ 0% o Sorratia+ NoDiff (12,996)
40
092
089 088 Serratia-_2 | gg 2]
20 i
2 3
Serratia-_3 X . &
2 5
2 oA . . %
& T el
3]
Serratia+_1 a °
)
204
]
Serratia+_2
-40 1
087 088 088 Serratia+_3
o
" . " e 60 T T T T
Serratia-_1 Serratia-_2 Serratia-_3 Serratia+_1 Serratia+_2 Serratia+_3 n = o 3 = - s o : o A
PC1:61.72% log2(fold change)

Figure 2. Differential expression analysis of Serratia— and Serratia+ aphid bacteriocytes. (A) Correla-
tion heatmap of Serratin— and Serratia+ aphid bacteriocyte samples. The cyan and red annotation
bars indicate the Serratia— and Serratia+ groups, respectively, and the blue color scale represents the
pairwise correlation coefficients between samples. (B) PCA of Serratia— and Serratia+ aphid bacteri-
ocyte samples. (C) Volcano plot showing the DEG Serratia— and Serratia+ aphid bacteriocyte samples
(FDR < 0.05 and fold change > 2, Benjamini-Hochberg FDR method).

To investigate the potential biological functions of the DEGs, GO and KEGG enrich-
ment analyses were performed. For the GO classification (Q Value < 0.05), the DEGs were
categorized into three ontologies: biological process, cellular component, and molecular
function. Within the biological process ontology, the term with the highest number of as-
signed DEGs was “cellular process” (1142 genes). In the cellular component ontology, it
was “cellular anatomical entity” (1652 genes), and in the molecular function ontology, the
term “binding” was the most enriched (1154 genes) (Figure S2). The DEGs were also
mapped to KEGG pathways. A total of 2353 genes were assigned to 32 pathway terms
(Figure 3A). Among these, the terms “signal transduction” and “translation” were the
largest groups, containing 256 and 207 genes, respectively. Notably, KEGG pathway en-
richment analysis revealed that the “Ribosome” and “Oxidative phosphorylation” path-
ways were significantly enriched among the upregulated genes (involving 110 and 83
genes, respectively) (Figure 3B). In contrast, the “Fatty acid biosynthesis” pathway was
significantly enriched among the downregulated genes (involving 26 genes) (Figure 3C).
Collectively, the GO and KEGG analyses provide a systematic overview of the functions
associated with the transcriptional changes, highlighting key pathways that are likely to
play important roles in the functional modulation of aphid bacteriocytes associated with
the presence of Serratia.
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Figure 3. KEGG pathway analysis of DEGs. (A) KEGG pathway classification for all DEGs. (B)
KEGG significant enrichment analysis for the upregulated genes. (C) KEGG significant enrichment
analysis for the downregulated genes.
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3.4. Upregulation of Gene Expression in the Ribosome and Oxidative
Phosphorylation Pathway

Numerous genes encoding ribosomal proteins, including components of both the
large and small subunits, were significantly upregulated in the bacteriocytes of Serratia+
aphids (Figure 4A and Table S3). Meanwhile, a marked upregulation was observed for
genes involved in the oxidative phosphorylation pathway in the bacteriocytes of Serratia+
aphids (Figure 4B and Table S4). This included genes encoding key enzyme complexes
such as NADH dehydrogenase, succinate dehydrogenase, cytochrome c reductase, cyto-
chrome c oxidase, and ATPase. These results suggest that bacteriocytes harboring Serratia
undergo a metabolic reshaping characterized by enhanced translational capacity and en-
ergy production, which may collectively contribute to greater cellular adaptation under
stress.

3.5. Downregulation of Gene Expression in the Fatty Acid Biosynthesis Pathway

A large number of genes involved in fatty acid biosynthesis were significantly down-
regulated in the bacteriocytes of Serratia+ aphids (Figure 4C), specifically the genes encod-
ing key enzymes such as long-chain fatty acid CoA ligase, acetyl-CoA carboxylase, and
fatty acid synthase (Table S5). This downregulation suggests that aphids harboring Serra-
tia may reduce or even cease autonomous fatty acid production within their bacteriocytes,
potentially shifting to acquire these essential lipids directly from Serratia.

3.6. Changes in Expression of Immune-Related Genes

A significant number of genes associated with immunity were identified among
DEGs in the bacteriocytes from Serratia— vs. Serratia+ aphid strains. For recognition recep-
tors, GNBP1 and GNBP2 (Gram-negative binding protein) were significantly downregu-
lated in Serratia+ aphid bacteriocytes. Within the canonical immune cascade Toll signaling
pathway, key components including one spatzle (extracellular cytokine), three transmem-
brane Toll receptors, and the transactivator dorsal were also downregulated in Serratia+
aphid bacteriocytes. Similarly, the JAK tyrosine kinase (Hopscotch) of the JAK/STAT sig-
naling pathway showed reduced expression. Furthermore, nine genes encoding serine
proteases (SPs) within the serine protease cascade were downregulated, but two SP genes
(LOC100158977 and LOC100164343) were upregulated (Table 1).
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Figure 4. The KEGG pathways showing transcriptional responses to Serratia colonization. (A) The

KEGG pathway of the ribosome pathway responds to Serratia colonization. Genes highlighted in

red are enriched and upregulated. (B) The KEGG pathway of the oxidative phosphorylation path-

way responds to Serratia. Genes highlighted in blue are enriched and upregulated. (C) The KEGG

pathway of the fatty acid biosynthesis pathway responds to Serratia. Genes highlighted in green are

enriched and downregulated.

Table 1. Differential expression of the immune-related genes in bacteriocytes between two aphid

strains.
Gene ID Serratia— FPKM Serratia+ FPKM Log2(FC) Blast nr
Recognition
LOC100164352 12.34 1.80 -2.24 GNBP1
LOC100165182 12.54 0.92 -3.19 GNBP2
Toll pathway
LOC100163265 21.59 4.31 -1.53 Spaetzle 1-1
LOC100161089 5.16 0.88 -1.96 protein toll
LOC100572161 3.98 0.5 -2.27 toll-like receptor 7
LOC100162436 29.72 4.08 -2.24 dorsal
LOC100158739 13.92 1.83 -2.30 protein toll
JAK pathway
LOC100167312 41.57 10.26 -1.15 tyrosine-protein kinase hopscotch
Serine protease and inhibitor
LOC100161864 31.14 5.89 -1.77 modular serine protease
LOC107882158 13.42 2.60 -1.79 Uncharacterized serine protease
LOC100158742 40.22 7.29 -1.77 Serine protease inhibitor
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LOC100163968
LOC100573323
LOC100160715
LOC100160985
LOC100166676
LOC100158977
LOC100163730
LOC100164343
Effectors
LOC100160909
LOC100168424
LOC100167742
novel.5244
novel.5251
LOC103310324
LOC100302494
LOC100570675
LOC100574884
ROS
LOC100168384
LOC100161272
LOC100162824

723.46 163.77 -1.32 Serine protease inhibitor
13.73 2.80 -1.51 Uncharacterized serine protease
27.70 4.90 -1.96 Serine protease Hayan

134.21 30.54 -1.41 Serine protease inhibitor
13.90 3.23 -1.33 Serine protease inhibitor
84.57 115.02 1.18 Uncharacterized serine protease
2.25 0.43 -1.80 Uncharacterized serine protease
0.99 3.48 2.86 Serine protease masquerade

33,836.84 70,088.78 2.05 Lysozyme

16.62 33.61 2.06 Lysozyme

142.41 387.38 2.56 Lysozyme

324543 4808.91 1.44 BCR1

6035.59 8826.79 1.46 BCR2

6894.90 14,782.09 2.25 BCR3

420.66 740.26 1.75 BCR5

957.15 1593.88 1.47 BCR6

3622.50 8057.51 2.32 BCRS8

494.38 601.05 1.34 Peroxiredoxin 5

1352.57 1832.01 1.45 Peroxiredoxin 1

165.55 194.83 1.22 Peroxiredoxin

Interestingly, in contrast to the broad downregulation of immune signaling compo-
nents, the expression of several immune effector genes was significantly upregulated. This
included all three lysozyme genes and the majority of bacteriocyte-specific cysteine-rich
proteins (BCRs), a class of putative antimicrobial peptides. Consistently, the expression of
three genes encoding the core antioxidant enzyme Peroxiredoxin was significantly upreg-
ulated in Serratia+ aphid bacteriocytes (Table 1). These results indicate profound and com-
plex changes in bacteriocyte immunity associated with the presence of Serratia.

3.7. RT-qPCR Validation for Some Candidates

To corroborate the RNA-seq data, we performed RT-qPCR on a subset of ten DEGs
that represent the major functional categories identified in this study. The expression pat-
terns of all tested genes were consistent with the RN A-seq results (Figure 5). For example,
the ribosomal protein genes Rpl37 (LOC100159544) and RpI39 (LOC100190998) were sig-
nificantly upregulated in Serratia+ bacteriocytes, as confirmed by RT-qPCR (Figure 5).
Similarly, the oxidative phosphorylation gene OX (LOC100573220) and Ndufb2
(LOC100302482) showed significant upregulation, whereas fatty acid biosynthesis genes
Bgm (LOC100164756) and Fas (LOC100160920) were significantly downregulated (Figure
5). The immune recognition genes GNBP1 (LOC100164352) and GNBP2 (LOC100165182)
exhibited significant downregulation, while two serine protease genes (LOC100158977
and LOC100164343) showed significant upregulation (Figure 5). These qRT-PCR data
quantitatively support the reliability of our transcriptomic analysis.
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Figure 5. The RT-qPCR expression profiles for selected differentially expressed genes. All RT-qPCR
reactions were performed in four biological replicates, and data are shown as means + SEM. Aster-
isks indicate significant differences between strains (p < 0.05, *; p < 0.01, **; p < 0.001, ***; Student’s ¢-
test).

4. Discussion

The facultative endosymbiont Serratia symbiotica, with its high prevalence and genetic
diversity in aphids, serves as an excellent model for investigating insect-symbiont inter-
actions [15,21]. Our study provides the first transcriptomic exploration into the impact of
Serratia colonization on the host’s symbiotic organ (bacteriocyte), offering a valuable gene
expression resource to further elucidate the molecular basis of this symbiosis.

Previous research has demonstrated that Serratia enhances aphid ecological fitness
by modulating various physiological processes. These include improving heat tolerance,
growth, and fecundity, suppressing host plant defenses, and even regulating wing poly-
phenism to influence population dispersal [12,13,22,23]. Our findings offer mechanistic
insights into how such benefits are energetically sustained. The concurrent upregulation
of ribosomal biogenesis and oxidative phosphorylation pathways in Serratia+ aphid bac-
teriocytes indicates a state of heightened anabolic activity and energy production. This
enhanced metabolic activity likely meets the increased biosynthetic demands of maintain-
ing the additional symbiont, thereby supporting the enhanced physiological performance
of the host.

This symbiotic benefit, however, comes with a metabolic trade-off [4,24]. We ob-
served a significant downregulation of the fatty acid biosynthesis pathway in Serratia+
aphid bacteriocytes. This finding appears to contrast with earlier reports of induced fatty
acid synthase expression upon Serratia infection [12]. We posit that this discrepancy high-
lights a strategic reallocation of resources [25,26]. In the symbiotic state, the host bacterio-
cyte may reduce its own energetically costly lipid synthesis, reallocating resources to-
wards translation and energy production. The essential lipid requirements may instead
be supplemented through cooperation with Serratia, exemplifying a deep metabolic inte-
gration.

Furthermore, our analysis reveals a sophisticated reshaping of the bacteriocyte im-
mune profile in response to Serratia colonization. The broad downregulation of immune
recognition (GNBPs) and signaling (Toll, JAK/STAT) components suggests a suppression
of canonical immune responses within the bacteriocyte. This systemic downregulation
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likely represents a host adaptation to tolerate and maintain the facultative symbiont, pre-
venting energetically costly and potentially damaging immune activation against a bene-
ficial partner [27-29]. Crucially, this immunosuppression is not absolute but is fine-tuned.
The documented potential of Serratia to invade bacteriocytes under certain conditions re-
veals an inherent instability in the symbiosis [15,19,30], necessitating host mechanisms to
prevent over-proliferation or inappropriate localization of the symbiont [31,32]. The se-
lective upregulation of specific effectors—such as bacteriocyte-specific cysteine-rich pro-
teins (BCRs) and lysozymes [33-36] —implies a retained host capacity to monitor and reg-
ulate symbiont titers, potentially preventing uncontrolled invasion of the bacteriocyte.
The significant upregulation of peroxiredoxins likely serves as a targeted antioxidant re-
sponse to manage reactive oxygen species produced by the enhanced oxidative phosphor-
ylation, thereby maintaining cellular homeostasis.

In conclusion, Serratia colonization drives a comprehensive reshaping of the bacteri-
ocyte at the transcriptional level. This involves investing in core biosynthetic and energetic
systems, outsourcing certain metabolic functions, and precisely modulating the immune
responses—from broad tolerance to targeted surveillance and homeostasis maintenance.
This study reveals the complex transcriptional change underlying stable symbiosis and
provides a framework for understanding how facultative partners are integrated into host

physiology.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/insects17080815/s1: Figures S1 and S2; Tables S1-S5; Figure
S1. The screening of facultative symbionts in our pea aphid colony via PCR; Figure S2. The GO
classification showing transcriptional responses to Serratia colonization (Q Value < 0.05); Table S1.
Primers used in this study; Table S2. Data output quality and mapping rates for the examined sam-
ples; Table S3. The upregulated genes encoding ribosomal proteins in the bacteriocytes of Serratia+
aphids; Table S4. The upregulated genes in oxidative phosphorylation pathway in the bacteriocytes
of Serratia+ aphids; Table S5. The downregulated genes involved in fatty acid biosynthesis in the

bacteriocytes of Serratia+ aphids.
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