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Evaluation of safety and efficacy of an
auxotrophic aroAmutant live attenuated
vaccine against piscine Streptococcus
agalactiae infection
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Streptococcus agalactiae is a major pathogen threatening global tilapia aquaculture, causing severe
economic losses due to high mortality. The rise of antimicrobial resistance necessitates the
development of effective vaccines for streptococcosis control. Here, we generated an auxotrophic
mutant through the targeteddeletion of the aroAgene,which encodes a key enzyme in aromatic amino
acid biosynthesis. The aroA mutant (ΔaroA) exhibited reduced intracellular survival within
macrophages, a phenotype that was not restored by supplementation with exogenous aromatic
amino acids under our experimental conditions. These findings suggest that aroA contributes to
intracellular survival through mechanisms extending beyond its role in aromatic amino acid
biosynthesis. In zebrafish, Nile tilapia and mouse models, ΔaroA demonstrated stable attenuation,
reducedendothelial cell damage, andmitigated blood-brain barrier disruption andneuroinflammation,
confirming its safety. The ΔaroA strain provided dose-dependent protection against lethal S.
agalactiaechallenges in both tilapia andmice,with 100%protection in tilapia conferred at adoseof 106

CFU following intraperitoneal administration. This study represents the first investigation into the role
of aroA in S. agalactiae pathogenicity, providing valuable insights into the mechanisms of
micronutrient utilizationduringbacterial pathogenesis. Also, our findingsstrongly support auxotrophic
mutation as a promising attenuation strategy for vaccine development against streptococcosis in
aquatic species.

Streptococcus agalactiae (groupB Streptococcus, GBS), a β-hemolyticGram-
positive pathogen, exhibits remarkable zoonotic potential with confirmed
infections in diverse hosts, including humans1,2, mammals3,4, and aquatic
species5,6. Tilapia rankedas the secondmost cultivatedfish in theworld,with
global production exceeding 5.3million tonnes in 20227. China has become
the largest producer and consumer of tilapia8.However, the rapid expansion
of tilapia farming has been accompanied by severe disease outbreaks caused
by GBS, particularly the hypervirulent sequence type 7 (ST7) strain pre-
valent in China9,10. GBS infections in tilapia manifest as acute meningoen-
cephalitis and hemorrhagic septicemia11,12, causing high cumulative
mortality rates in affected farms that threaten to both food security and
economic sustainability in major producing regions13. Although beta-
lactam antibiotics remain the first-line treatment for S. agalactiae

infections14, increasing evidence reveals an alarming trend of decreaseddrug
susceptibility to penicillin, erythromycin, levofloxacin, and clindamycin,
and other antibiotics15–18. This antimicrobial resistance is further amplified
by the transmission of antimicrobial resistance genes (ARGs) through
aquaculture systems, creating a cycle that endangers both ecosystem
integrity and human health19,20. Despite growing concerns, effective control
measures for GBS infection remain limited21.

Vaccination represents a promising approach for disease control in
aquaculture. However, while inactivated vaccines offer superior safety, their
application is limited by their unsuitability for small fish fry (approximately
5 g), whether administered by injection or immersion, posing a significant
barrier to their widespread adoption in aquaculture22. As an alternative, live-
attenuated vaccines have emerged as promising candidates for inducing
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protective immunity against bacterial diseases infish23. This is supported by a
recent meta-analysis of tilapia vaccination against Streptococcus infections,
which demonstrated that attenuated vaccines provide the highest mean
relative percentage survival (RPS)24. The conventional strategy for developing
live attenuated vaccines involves attenuating highly virulent strains by
deleting specific virulence factors25–27. Although these vaccines typically
cannot disseminate or cause disease in competent hosts, they may pose a
clinical safety risk due to potential reversion to virulence, particularly for
immunocompromised individuals28. Also, there could be the concern that the
loss of classical virulence factors may compromise the efficacy of primed
immune responses. Engineered auxotrophic bacteria whose replication is
dependent on anatural or unnaturalmetabolite not found in the host provide
a good candidate for a live attenuated vaccine. Some reports indicated that
auxotrophic mutations can effectively attenuate bacterial virulence while
preserving the ability to induce a robust immune response29–32. Several studies
havedescribed thedevelopment of attenuated auxotrophic strains bydeleting
the aroA gene,which encodes 5-enolpyruvylshikimate-3-phosphate synthase
(EPSPS) involved in the biosynthesis of aromatic amino acids33, and
demonstrated that these mutant strains could exhibit protective immunity
against bacterial infections34–36. Recently, Sereme et al.37. developed an effec-
tive ΔaroA attenuated live vaccine in Escherichia coli K1, further supporting
the potential of targeting the shikimate pathway for vaccine development.

In our previous study, we identified 60 distinct genes, including aroA,
that were preferentially expressed in S. agalactiae during interaction with
macrophages38. But the role of aroA in S. agalactiae virulence remains
unclear. In this study, we characterized the attenuation phenotype of the

ΔaroA strain, and evaluated its immunological properties in both mice and
tilapia. Our findings provide substantial preclinical evidence supporting a
novel vaccine development strategy against S. agalactiae infections, high-
lighting the potential of auxotrophic mutants as safe and effective vaccine
candidates.

Results
Development of the S. agalactiae auxotrophic mutant ΔaroA
The shikimate pathway for the biosynthesis of chorismate in bacteria is
depicted as Fig. 1A, as described by a previous report from Rafia et al.39. In
this pathway, the aroA gene encodes an enzyme involved in the sixth step of
the shikimate pathway. To investigate its role, we generated a marker-free,
non-polar ΔaroA strain in the piscine S. agalactiae clinical isolate
GD201008-001 using double-crossover homologous recombination. The
complemented strain (CΔaroA) was constructed by reintroducing the aroA
gene via a shuttle cloning vector pSET2. Quantitative real-time reverse
transcription-PCR (qRT-PCR) confirmed successful deletion and com-
plementation (Fig. 1B).

Given that aroA is essential for the biosynthesis of chorismate, we
characterized the growth rates of the S. agalactiae strains in two media,
including nutrient-rich Todd-Hewitt broth (THB) and nutrient-limited
Dulbecco’sModifiedEagleMedium(DMEM).TheΔaroA exhibited growth
comparable to the wild-type (WT) strain in THB but showed significant
reduction in DMEM (Fig. 1C). This phenotype was rescued in the CΔaroA
strain. These findings suggest that aroA-mediatedmetabolism is critical for
bacterial growth under nutrient-limited conditions.

Fig. 1 | Identification and growth characteristics of the mutant strain ΔaroA and
complement strain CΔaroA.A Schematic representation of the shikimate pathway
in S. agalactiae, with locus tags and gene names displayed in the boxes. B qRT-PCR

analysis for expression of aroA and its flanking genes. C Growth curves of S. aga-
lactiae strains in THB or DMEM medium at 37 °C, and the OD600 was measured
every 2 h. Error bars represent standard deviation (SD). ***P < 0.001.
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Impact of aroA deletion on anti-phagocytosis and intrama-
crophage survival of S. agalactiae
Our previous study indicated that aroA was preferentially expressed in
macrophages38. To evaluate its role in S. agalactiae virulence, we first
investigated whether aroA contributes to bacterial resistance to phagocy-
tosis and intracellular survival. Usingmurinemacrophage RAW264.7 cells,
we compared the phagocytic uptake and post-internalization persistence of
WT,ΔaroA, andCΔaroA strains.Notably, while the phagocytosis rate of the
ΔaroA strain did not differ significantly from that of the WT or CΔaroA
strains (Fig. 2A), its intracellular survival was markedly impaired. At 2, 4, 6,
and 8 h post-infection (hpi), the ΔaroA exhibited a significant reduction in
bacterial survival compared to both the WT and CΔaroA strains (Fig. 2B).
These findings suggest that although aroA disruption does not affect initial
macrophage uptake, it severely compromises bacterial persistence within
phagocytes.

Considering that chorismate, the end product of the shikimate path-
way, is the precursor for the aromatic amino acids tryptophan (Trp), phe-
nylalanine (Phe) and tyrosine (Tyr)40, we hypothesized that
supplementation with the three aromatic amino acids might restore the
intracellular survival defect of theΔaroA. Unexpectedly, while phagocytosis

rates remained unaffected (Fig. 2C), supplementation with all three aro-
matic amino acids or Trp alone reduced the survival of WT within mac-
rophages and abolished its survival advantage over the ΔaroA (Fig. 2D).
Consistent with this observation, in silico genome analysis suggested that S.
agalactiaeGD201008-001 lacks the genetic capacity for de novo synthesis of
Trp, Phe, and Tyr, as indicated by a truncated trp operon (with only trpEG
retained) and the absence of pheA, tyrA and tyrB orthologs (Fig. S2).
Together, these data suggest that the intracellular survival defect ofΔaroA is
not solely attributable to impaired aromatic amino acid biosynthesis under
the conditions tested.

Characterizing the attenuation phenotypes of S. aga-
lactiae ΔaroA
To evaluate the virulence of the ΔaroA, we employed well-established
infectionmodels in both aquatic andmammalian hosts. In zebrafish (Danio
rerio), theΔaroA strain showed remarkable attenuation, requiring challenge
doses over 1000-fold higher than WT or CΔaroA strains to achieve com-
parable mortality (Fig. 3A). The 50% lethal dose (LD50) of ΔaroA was
3.97 × 105 colony-forming units (CFU) per fish, significantly higher than
that of WT (1.71 × 102 CFU/fish) or CΔaroA (3.27 × 102 CFU/fish).

Fig. 2 | Impact of aroA deletion on intracellular survival of S. agalactiae in
macrophages. A Phagocytosis rate of S. agalactiae strains by RAW264.7 macro-
phages, with intracellular bacteria quantified by CFU after 1 h infection and anti-
biotic treatment.B Intracellular survival of S. agalactiae in RAW264.7 macrophages

at the indicated time points. Effects of aromatic amino acid supplementation on
phagocytosis rate (C) and intracellular survival (D). Error bars represent SD.
***P < 0.001. Different lowercase letters indicate statistically significant differences
between groups (P < 0.05).
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Similarly, in the Nile tilapia (Oreochromis niloticus), the LD50 value of
ΔaroA (2.51 × 107 CFU/fish) exceeded that of WT (1.03 × 106 CFU/fish) or
complemented strains (1.38 × 106 CFU/fish) by one order of magnitude
(Fig. 3B). Histopathological analysis further demonstrated that infection
with WT and CΔaroA strains led to fragmentation of the optic tectum
organizationandneuronal vacuolar degeneration inNile tilapia (Fig. 3D). In
contrast, the brain tissue of tilapia infected with ΔaroA remained relatively
intact and smooth.

The attenuation of ΔaroA was further confirmed in a BALB/c
murine meningitis model. All mice infected with either WT or CΔaroA
died within 28 hpi, whereas no death occurred inΔaroA-infected mice,
demonstrating the essential role of the shikimate pathway in bacterial
pathogenesis (Fig. 4A). Quantitative analysis for the bacterial burdens
revealed severely impaired systemic dissemination of the ΔaroA,
demonstrating 3–4 log reductions in blood (Fig. 4B) and spleen (Fig.
4C), and complete absence from brain tissue (Fig. 4D) at 16 hpi, com-
pared to WT and CΔaroA. Further, histopathological analysis con-
firmed that, in contrast to ΔaroA-infected mice, WT- and CΔaroA-
infected mice exhibited significant histopathological lesions, including
meningeal vascular congestion, hemorrhage and neuronal necrosis (Fig.
4E). These findings establish the aroA-mediated metabolism as an

essential and conserved virulence determinant in S. agalactiae
pathogenesis.

aroA contributes to endothelial damage, blood-brain barrier
(BBB) disruption, and neuroinflammation
Using bEnd.3 brain microvascular endothelial cells, we compared the
adhesion ability and cytotoxicity of S. agalactiae strains. Results demon-
strated that the ΔaroA strain exhibited significantly reduced adhesion
relative to WT or CΔaroA strain (Fig. 5A). Additionally, lactate dehy-
drogenase (LDH) release assay revealed that infection with ΔaroA caused
significantly reduced cell lysis, indicating a diminished capacity for endo-
thelial damage (Fig. 5B). Further, we employed an Evans Blue (EB) dye-
based assay to quantify BBB permeability during S. agalactiae infection.
InfectionswithWTandCΔaroA led to significant BBB disruption at 16 hpi,
whereas mice infected with the ΔaroA strain maintained BBB integrity
comparable to uninfected controls until 72 hpi (Fig. 5C).

Given the established role of IL-1β, IL-6, and TNF-α as the principal
biomarkers of bacterial meningitis41,42, we assessed neuroinflammatory
responses in the murine model. Brain tissues from ΔaroA-infected mice
exhibited significantly attenuated expression of all three proinflammatory
cytokines compared to WT- and CΔaroA-infected groups at both 10 and

Fig. 3 | Attenuated virulence of the ΔaroA strain in teleost fish. A LD50 deter-
mination for S. agalactiae in zebrafish.B LD50 determination for S. agalactiae inNile
tilapia. C Histopathological lesions in H&E-stained brain tissues of Nile tilapia

infected with the indicated S. agalactiae. Black arrows indicate fragmentation of the
optic tectum organization, while yellow arrows indicate neuronal vacuolation
(neuronal vacuolar degeneration). TeO the optic tectum, Mc mesencephalon.
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15 hpi (Fig. 5D–F). These results highlight that aroA-mediated metabolic
pathways are essential for S. agalactiae neuropathogenesis.

ΔaroA elicited protective immune response againstS. agalactiae
in murine models
Before evaluating the potentital of ΔaroA as a live attenuated vaccines, we
assesed its genetic stability. TheΔaroA strainwas subjected to 20 passages in
vitro, and potential genetic changes were monitored through PCR analysis
and sequencing. Results demonstrated that the aroA deletion region
remained unchanged throughout all passages (Fig. S1).

We next evaluated the protective efficacy of ΔaroA in vaccination
experiments.As shown inFig. 6A, immunizationwith theΔaroA at adoseof
1.0 × 103 CFU/mouse or higher achieved 100%RPS against a challengewith
102 CFU of the highly virulent GD201008-001 wild-type strain (LD50 < 10
CFU)38. Allmice treatedwith PBS diedwithin 48 h after challenge.With the
increase of challenge doses, the protective efficacy with the 1.0 × 103 CFU/
mouse dose of ΔaroA progressively declined, with RPS values of 90%
(1.0 × 104 CFU/mouse), 70% (1.0 × 106 CFU/mouse) and 20% (1.0 × 108

CFU/mouse).
To further evaluate the ΔaroA vaccine candidate, we followed an

established immunization protocol (Fig. 6B). Mice received two

intraperitoneal (IP) injections at 0 and 28 days. All mice were divided into
three groups including live ΔaroA (1.0 × 103 CFU/mouse), formalin-
inactivated S. agalactiae whole cells (1.0 × 106 CFU/mouse), and PBS. At
42 dpi, mice were challenged with 104 CFU of wild-type S. agalactiae and
monitored for 14 days. Strikingly, while the PBS control exhibited 100%
mortality within 24 h after challenge, the ΔaroA group showed complete
protection (0% mortality), significantly outperforming the inactivated
group (60% mortality) (Fig. 6C).

Then we quantified specific antibody levels as determined by whole
bacterial cell ELISA. Both ΔaroA and inactivated groups showed char-
acteristic primary and secondary immune responses, with antibody titers
peaking at 28 dpi, followed by a gradual decline. The ΔaroA group main-
tained significantly higher antibody levels throughout the observation
period compared to the inactivated group (P < 0.05); in contrast, the PBS
group maintained baseline antibody levels throughout the trial (Fig. 6D).
Given the limited correlation between ELISA titers and protective immu-
nity, we assessed functional antibody capacity using an opsonophagocytic
assay (OPA). The ΔaroA-induced antiserum demonstrated significant,
dose-dependent opsonophagocytic activity, compared to the naive serum,
in thepresenceofmurinemacrophagesRAW264.7 (Fig. 6E), confirming the
elicitation of functional antibodies capable of mediating phagocytosis.

Fig. 4 |Attenuated virulence of theΔaroA strain inBALB/cmice.AKaplan–Meier
survival curve of mice infected with 100 CFU indicated S. agalactiae strain (n = 10).
Bacterial loads in bloods (B), brains (C), spleens (D) (n = 5). E Histopathological
lesions inH&E-stained brain tissues ofmice infected with the indicated S. agalactiae.

The blue arrows indicate neuronal coagulative necrosis, green arrows indicate vas-
cular hemorrhage and black arrows indicate vascular congestion. me meninges, ve
ventricle. Error bars represent SD. **P < 0.01; ***P < 0.001.
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Also, we analyzed the cellular immune response inmice vaccinated
with the ΔaroA and inactivated S. agalactiae whole cells. From 14 dpi
on, the proportions of CD4+CD8− (Fig. 7A) and CD4−CD8+ (Fig. 7B)
T cells in splenic lymphocytes were significantly increased in the two
vaccine immunization groups (P < 0.01 or P < 0.001), as compared with
PBS group. The percentage of CD4+CD8− cells peaked at 47.67% in the
ΔaroA group at 35 dpi, while the peak value (42.31%) in the inactivated
group was observed at 42 dpi. At 28 dpi, the percentage of CD4+CD8−

cells was significantly higher in the ΔaroA group compared to the
inactivated group. Similarly, the percentage of CD4−CD8+ cells peaked
at 35 dpi in both vaccine groups, with values of 22.96% and 17.29% in
the ΔaroA and inactivated groups, respectively. From 21 to 56 dpi, the
proportion of CD4−CD8+ cells remained a higher level in the ΔaroA
group than in the inactivated group, and exhibted statistical differences
(P < 0.05 or P < 0.001) between the two groups at most time points (21,
35, 49, and 56 dpi).

Next, the expression of IL-4 (Fig. 7C) and IFN-γ (Fig. 7D) in
splenic lymphocytes of mice was accessed via qRT-PCR. In the ΔaroA
group, both IL-4 and IFN-γmRNA levels began to rise at 7 dpi. These
levels peaked at 35 dpi for IL-4 and 42 dpi for IFN-γ, respectively. In
contrast, in the inactivated group, IL-4 and IFN-γ expression started
to increase at 14 dpi and 7 dpi, respectively, both peaking at 49 dpi.
Notably, the IL-4 mRNA level was significantly higher in the ΔaroA
group compared to the inactivated vaccine group at all tested time
points (7, 14, 21, 28, 35, 42, 49, and 56 dpi). Similarly, IFN-γ expres-
sion was significantly elevated in the ΔaroA group at 7, 35, 42,
and 56 dpi.

Together, our data indicate that the ΔaroA induced a robust and
sustained immune response, whether humoral or cellular, suggesting the
potential of the ΔaroA as a promising vaccine candidate.

ΔaroA provides robust protection against S. agalactiae in Nile
tilapia
Considering that mice are not natural hosts for S. agalactiae, we system-
atically evaluated its protective efficacy against both homologous and het-
erologous challenge with S. agalactiae strains of sequence type 7 (ST7) and
serotype Ia in Nile tilapia. Vaccination with the ΔaroA strain at doses of
1.0 × 105 and 1.0 × 106 CFU/fish elicited significant dose-dependent pro-
tection. Specifically, the 1.0 × 106 CFU/fish dose provided 100% protection
against homologous lethal challenge (GD201008-001) and 92.59% protec-
tion against heterologous challenge (BH4) (Fig. 8A). Serum IgM antibody
levels were quantified by ELISA in fish vaccinated with a dose of 1.0 × 106

CFU/fish at 1, 3, 7, 14, and28 dpi.The results indicated that theΔaroA strain
elicited specific serum IgMantibodies as early as 3 dpi, with levels peaking at
7 dpi and maintaining elevated levels through at least 28 dpi (Fig. 8B).

Recognizing the practical potential of immersion vaccination, we
evaluated the safety and protective efficacy of theΔaroA strain administered
via this route. Our results indicated that immersion vaccination with the
ΔaroA strain at a dose of 1.0 × 107 CFU/mL for 30min caused nomortality,
whereas a dose of 1.0 × 108 CFU/mL resulted in a 13.33% mortality rate
(Fig. 8C). Therefore, we selected the 1.0 × 107 CFU/mL dose for 30-min
immersion vaccination, which provided 50% protection against homo-
logous lethal challenge and 42.86% protection against heterologous chal-
lenge (Fig. 8D).

Fig. 5 | aroA contributes to S. agalactiae endothelial cell damage, blood-brain
barrier disruption and induction of neuroinflammation. AAdhesion ability of the
indicated strains to bEnd.3 cells. At 2 h postinfection, cells werewashed and lysed for
measurement of the number of CFU. B Bacterial cytotoxicity assessed by LDH
release from RAW 264.7 macrophages after 4 h infection. C Evans Blue (EB) dye

accumulation at 16 and 72 hpi to evaluate the permeability of the BBB (n = 3).
Cerebral transcription levels of cytokines IL-1β (D), IL-6 (E), and TNF-α (F) in
BALB/c mice infected with the indicated S. agalactiae strains (n = 5). Error bars
represent SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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Discussion
The shikimate pathway is a well-validated antimicrobial target due to its
absence in mammals while being essential for bacterial growth and
virulence43. This metabolic pathway enables bacteria to synthesize aromatic
amino acids (Phe, Trp and Tyr) de novo, which are critical for bacterial
persistence in nutrient-limited host environments44. Among its key
enzymes, EPSPS has been identified as a promising target for vaccine
development45, with deletion of aroA demonstrating strong protection
against several pathogens34,37,46. However, the specific role of this pathway in
S. agalactiae remained poorly characterized.

In this study,wedemonstrated that thearoA gene is critical not only for
GBS growth under nutrient-limited conditions and but also for its survival
within macrophages. Notably, the growth defect of ΔaroA in macrophages
could not be restored by supplementation with Phe, Trp, or Tyr, although
the three amino acids are derived from chorismate, the end product of the
shikimate pathway40. This observation contrasts with findings in S. pneu-
moniae andS. suis,where the shikimate pathway supports de novo synthesis
of Tyr and Phe47,48. To elucidate this discrepancy, we conducted phyloge-
netic analysis of the shikimate pathway and downstream aromatic amino
acid biosynthesis pathways across Streptococcaceae (Fig. S2). While most
species retain complete genetic machinery for de novo chorismate bio-
synthesis, substantial interspecies heterogeneity exists in downstream aro-
matic amino acid biosynthesis pathways. Notably, S. agalactiaeGD201008-
001 harbors an incomplete trpEGDCFBA operon, retaining only trpEG
encoding anthranilate synthase and thus lacking the capacity for de novo
tryptophan synthesis49,50. Furthermore, we did not identify orthologs of
pheA51, tyrA52 and tyrB53, genes typically required for Phe and Tyr bio-
synthesis inmany bacteria, suggesting alternativemechanisms for aromatic
amino acid acquisition in S. agalactiae. Collectively, these features suggest
that in this strain, the shikimate pathway may not be directly coupled to de
novo production of Trp, Phe, or Tyr, which may help explain why exo-
genous amino acid supplementation failed to restore the intracellular sur-
vival defect of theΔaroAunderour experimental conditions. Further studies
will be required to delineate the mechanism by which aroA contributes to

bacterial intracellular survival in macrophages. Interestingly, Trp supple-
mentation in infected macrophages led to a dose-dependent reduction in
bacterial survival, implicating an important role of Trp metabolism as an
innate antimicrobial mechanism. This aligns with reports that Trp cata-
bolism serves as an innate immune defensemechanism, either through aryl
hydrocarbon receptor (AhR)-mediated transcriptional reprogramming54,
or IFNγ-induced Trp depletion via kynurenine pathway activation55,56.

To evaluate the virulence of ΔaroA, we used both zebrafish and Nile
tilapia as model hosts. While the wild-type strain induced obvious neuro-
logical symptoms andmeningitis-like pathological changes characteristic of
fish streptococcosis57,58, the ΔaroA strain caused no such symptoms. Given
thehigh susceptibility ofmice to this bacteriumand their capacity todevelop
prominent neuropathological changes59,60, we also employed a murine
model to assess ΔaroA virulence. As expected, the aroA deletion impaired
BBB crossing, reduced neuroinflammation, and mitigated pathological
lesions, further confirming its attenuated phenotype. Notably, classical
neuroinflammatory lesions, such as microglial nodules and prominent
macrophage infiltrates60, were absent in this mouse model, likely due to
rapid systemic proliferation causing acute mortality before overt meningeal
inflammation developed. Although we did not perform formal semi-
quantitative scoring, qualitative assessment consistently showed markedly
diminished neuroinflammation and pathology with ΔaroA compared to
WT and CΔaroA strains. This was further supported by significantly
reduced expression levels of proinflammatory cytokines (IL-1β, IL-6, and
TNF-α) inmouse brains. Although the precisemechanism bywhichΔaroA
reduced bacterial meningitis remains unclear, we speculate it may involve
reduced metabolic capacity in brain tissue. It has been reported that
Streptococcus spp. dynamically adjusts theirmetabolism to survive indiverse
host environments, including nutrient-restricted sites like cerebrospinal
fluid (CSF)61,62. Transcriptional profiling in S. suis reveals increased
expressionof shikimate pathway genes (aroB,aroE,aroK) inCSF, indicating
their critical role in metabolic adaptation to the CSF environment63. The
diminished neuroinflammation and pathological lesions observed with
varoAmay thus stem from its reduced capacity to adaptmetabolically in the

Fig. 6 | Immunization with the ΔaroA induces the humoral response in BALB/
c mice. A Kaplan–Meier survival curve of mice immunized with different doses of
ΔaroA (n = 10) following intraperitoneal challenge with 102–108 CFU/mouse of S.
agalactiaeGD201008-001 at 14 dpi.B Immunization protocol and sample collection
timeline for BALB/c mice (PBS-injected controls included). C Kaplan–Meier sur-
vival curve ofmice following intraperitoneal challengewith 104 CFUof thewild-type

S. agalactiae GD201008-001 or ΔaroA (n = 15). D S. agalactiae-specific IgG anti-
body titers in serum of mice measured by whole-bacterial ELISA at the indicated
time points (n = 5). E Opsonophagocytic activity assessed by bacterial uptake in
RAW264.7 macrophages after 30 min serum opsonization and 1 h infection (n = 5).
Error bars indicate SD. **P < 0.01; ***P < 0.001. Different lowercase letters indicate
statistically significant differences between groups (P < 0.05).
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CSF. These findings collectively demonstrate that the deletion of aroA sig-
nificantly impairs the ability of S. agalactiae to invade and damage the CNS,
strongly supporting the safety ofΔaroA as a potential live attenuated vaccine
candidate.

To enable a comprehensive immunological evaluation, we compared
immune responses between the live attenuatedΔaroA strain and inactivated
wild-type S. agalactiae vaccines using a murine model. This approach
allowed us to utilize well-established immunological tools unavailable for
teleost systems. The ΔaroA group exhibited significantly higher antibody
levels and produced potent opsonophagocytic antibodies, a key correlate of
protection for this extracellular pathogen31. Additionally, theΔaroA vaccine
elicited stronger effector T-cell responses, evidenced by increasedCD4+ and
CD8+ T cell production. CD4+ T cells regulate humoral and cellular
immunity via cytokine secretion64, while CD8+ T cells play an important
role in eliminating infected cells65. This coordinated T cell response was
further reflected in significantly elevated splenic lymphocyte expression of
IFN-γ (Th1 marker) and IL-4 (Th2 marker) in the ΔaroA group compared
to the inactivated group. These data demonstrate that the ΔaroA vaccine
induces a more robust and durable immune response, encompassing both
humoral and cellular components, which may enhance protective efficacy.

While the murine model provided valuable insights into the immu-
nogenicity andprotective efficacy of theΔaroA strain, it is important to note
thatmice arenotnatural hosts forS. agalactiae in aquaculture. Therefore,we
evaluated the vaccine potential of ΔaroA in its natural host, Nile tilapia,
through the immunization-challenge experiment. We measured GBS-
specific serum IgMantibodies, a key indicator of early humoral immunity66,

and found that ΔaroA immunization elicited significant humoral response
against S. agalactiae infection. This observation is consistent with literature
showing that a single immunization induced modest IgM levels in Nile
tilapia, with peak titers typically detected within weeks post-inoculation67.
Given the importance of opsonophagocytic antibodies in predicting pro-
tective immunity31, we plan to develop an OPA assay using tilapia head-
kidneyphagocytes for future evaluation.Notably, theΔaroA strainprovided
effective immune protection against both homologous and heterologous
bacterial challenges via both immersion and intraperitoneal injection,
though immersion offered weaker protection. Given the practical advan-
tages of immersion vaccination68, further protocol optimization is required
to enhance protective efficacy in tilapia aquaculture69.

Genetic stability and biosafety are critical considerations for live atte-
nuated vaccines70. Our ΔaroA strain, engineered with a stable, complete
gene deletion rather than a point mutation, presents an exceptionally low
risk of reversion to virulence. This defined genetic design significantly
reduces the potential for virulence regain through recombinationwithwild-
type strains, as it would require a highly improbable homologous recom-
bination event to restore the entire deleted sequence. Compared to the
attenuated S. agalactiaeWC1535ΔSia strain, which carries a deletion in the
sialic acid synthesis cluster and demonstrates long-term colonization
capacity, ourΔaroA strain exhibits a superior safety profile71. Themetabolic
auxotrophy attenuates bacterial virulence while inherently limiting persis-
tence and transmissibility by imposing strict nutritional requirements that
prevent sustained host colonization. This is supported by our experimental
data showing complete pathogen clearance from Nile tilapia within 7 dpi

Fig. 7 | Immunization with ΔaroA induces the cellular response in BALB/c mice.
Flow cytometric analysis of CD4+CD8− T cells (A) and CD4−CD8+ T cells (B)
populations in splenocytes from immunized and control mice at the indicated time

points (n = 5). qRT-PCR analysis of IL-4 (C) and IFN-γ (D) mRNA expression in
splenic lymphocytes post-immunization at the indicated time points (n = 5). Error
bars represent SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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(Fig. S3), strongly suggesting limited environmental shedding and trans-
mission potential.

While the ΔaroA live attenuated strain demonstrates robust immune
protection and shows promise as a vaccine candidate, its applicability
against the dominant circulating strains must be considered. Extensive
surveillance in China has consistently shown that serotype Ia and genotype
ST7 account for over 95% of piscine S. agalactiae isolates, particularly in
tilapia outbreaks10,72. Therefore, a vaccine providing robust protection
against this predominant lineage would address the vast majority of field
cases. Our vaccine has demonstrated high efficacy against the dominant
serotype Ia/ST7 strain in China. However, its efficacy against other, less
common serotypes, e.g., Ib and III, requires empirical validation in future
studies.

In conclusion, this study demonstrates that the ΔaroA exhibits stable
attenuation and high immunogenicity, establishing its potential as an
effective vaccine candidate against S. agalactiae in tilapia. Together with
prior evidence from aroA/phoP mutants in Edwardsiella piscicida73, our
findings support the notion that attenuation of the shikimate pathway
represents a promising strategy for developing live vaccines that balance
safety and robust immunity across diverse fish pathogens. The ΔaroA
approach aligns with the growing focus on metabolically attenuated live
vaccines capable of inducing strong systemic and mucosal immune
responses in fish74. Future studies will focus on the long-term protective
efficacy and immune memory persistence of the vaccine, with a particular
aim to elucidate the underlying T-cell activation pathways in Nile tilapia75.
Additionally, wewill further enhance vaccine safety by constructing double-
deletion mutants, such as ΔaroAΔcpsE or ΔaroAΔaroK combinations, to
eliminate any possibility of virulence reversion.

Methods
Ethics statement and animals
Five-week-old female BALB/c mice were purchased from the Experimental
AnimalCenter ofYangzhouUniversity. Zebrafish,with an average length of
1–2 cm, were provided by the Jiangsu Provincial Aquatic Animal Disease
Prevention and Control Center. Nile tilapia, averaging 5–6 cm in length,

were purchased from a commercial aquatic farm in Guangzhou, Guang-
dong Province, China. All experimental procedures involving animals were
approved by the Ethical Committee for Animal Experiments of Nanjing
Agricultural University, Nanjing, China. Efforts were made to minimize
animal suffering and reduce the number of animals used while achieving
scientific objectives.

Bacterial strains and cells
S. agalactiae strain GD201008-001 used in this study was originally isolated
in 2010 from Nile tilapia exhibiting clinical signs of meningoencephalitis
during an outbreak in Guangdong Province, China12; BH4 strain, also
belonging to serotype Ia and multilocus sequence type (MLST) ST7, was
originally isolated in 2019 fromNile tilapia (unpublished). Both strainswere
grown inTodd–Hewitt broth (THB) orDulbecco’sModifiedEagleMedium
(DMEM) at 37 °C. Escherichia coli strain DH5α served as the host for
plasmid propagation and cultured in Luria-Bertani (LB) brothor onLB agar
medium at 37 °C. When necessary, antibiotics were used as the following
final concentrations: 100 µg/mL spectinomycin or 10 µg/mL erythromycin
for S. agalactiae, and 50 µg/mL spectinomycin or 50 µg/mL kanamycin for
E. coli. The murine macrophage cell line RAW264.7 was maintained in
DMEMsupplementedwith 10% fetal bovine serum (FBS;Gibco) at 37 °C in
5% CO2. The murine brain microvascular endothelial cell bEnd.3 was
cultured inDMEMsupplementedwith 15%FBSunder the same conditions.

Construction of the mutant and complement strains
The marker-free, non-polar aroA gene deletion mutant strain ΔaroA and
the complement strain CΔaroA were generated as described previously76.
Briefly, the upstream and downstream fragments of the aroA gene were
amplified using the primers aroA-P1/P2 and aroA-P3/P4, listed in Table S1,
which were then fused by overlap extension PCR using the aroA-P1/aroA-
P4primerpair. The resulting fusion fragmentswerepurified andcloned into
the EcoRI- digested thermosensitive suicide vectors pSET4s to generate the
aroA deletion vector, pSET4s-aroA. The pSET4s-aroA were transformed
into competent S. agalactiae GD201008-001 cells by electroporation at
2.35 kV, 200Ω, and 25 μF, and plated on THB agar (1.5% wt/vol) with

Fig. 8 | Immunization with the ΔaroA provides strong protective immunity
against S. agalactiae infection in Nile tilapia. A Kaplan–Meier survival curve of
Nile tilapia immunized with different doses of ΔaroA (n = 30) following intraper-
itoneal challenge with 107 CFU/fish of indicated S. agalactiae at 14 dpi. B S. aga-
lactiae-specific IgM antibody titers in serum of Nile tilapia measured by whole-

bacterial ELISA at the indicated time points (n = 5). C Kaplan–Meier survival
analysis of tilapia following immersion challenge with S. agalactiae (n = 45).
D Kaplan–Meier survival curve of Nile tilapia immunized with 107 CFU/fish of
ΔaroA (n = 15) following immersion challenge with 107 CFU/fish of indicated S.
agalactiae at 14 dpi. Error bars represent SD. **P < 0.01; ***P < 0.001.
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100 μg/mL spectinomycin. Successful double-crossover mutagenesis of the
ΔaroA was confirmed by temperature and antibiotic counter-selection,
followed by verification through PCR and qRT-PCR. To generate the
complement strain CΔaroA, we constructed a plasmid pSET2-aroA con-
taining an open reading frame of aroA in the pSET2 vector. The resulting
plasmid pSET2-aroAwas propagated in E. coli DH5α, and the plasmid was
verified byDNA sequencing. The resulting plasmidwas then electroporated
into ΔaroA to generate the complement strain CΔaroA.

Bacterial growth curve
For growth curve determination, overnight cultures of S. agalactiae
were washed twice with sterile PBS and adjusted to an initial OD600 of
1.0. The standardized cultures were then diluted 1:100 in fresh THB or
DMEM medium and incubated at 37 °C with shaking at 180 rpm.
Bacterial growth wasmonitored bymeasuring the OD600 every 2 h from
2 h to 24 h.

RNA isolation and qRT-PCR
The total RNA of bacterial cells was extracted as described previously77.
Briefly, log-phase S.agalactiae was collected, washed, and resuspended in
lysis buffer (30mM sodium acetate, 0.5% SDS, 1mM EDTA, pH 5.5) and
mechanically disrupted using Lysing Matrix B (MP Biomedicals). After
centrifugation at 10,000× g for 3min, the supernatant was mixed with an
equal volume of acid phenol (pH 5.5), incubated at 68 °C for 5min, and
subjected to phase separation by centrifugation at 13,000 × g for 12min, at
15 °C. The aqueous phase was then mixed with two volumes of ethanol
precipitation solution (30:1 ethanol:3M sodium acetate, pH 6.5). RNA
pellets obtained by centrifugation (13,000 × g, 30min, 4 °C) were washed
with ice-cold 70% ethanol, air-dried, and resuspended in nuclease-
free water.

The brains of BALB/c mice were collected after intraperitoneally
infected with 1.0 × 102 CFU/mouse at 5 hpi, 10 hpi, and 15 hpi (n = 5).
Total RNAs of brain were extracted using the EZNA Total RNA Kit I
(Omega Bio-tek, Norcross, GA, USA) according to the manufacturer’s
instructions. RNA integrity was verified by 1.2% agarose gel electro-
phoresis, and cDNA was synthesized using HiScript II Q RT SuperMix
(Vazyme, Nanjing, China). qRT-PCRwas performed using AceQ qPCR
SYBR green master mix (Vazyme, Nanjing, China) on a StepOnePlus
Real-Time PCR Systems (Applied Biosystems). The relative gene
expression was quantified using the 2−ΔΔCT method, with β-actin76 and
recA78 serving as internal reference genes formouse tissues and bacterial
samples, respectively. A post-hoc analysis of the reference gene’s rawCq
values was performed using the geNorm algorithm within the R-based
package NormqPCR.

LD50 determination in zebrafish and tilapia
The zebrafish and Nile tilapia used in this study were raised for over a week
before being challenged. Log-phase S.agalactiae strains were washed and
resuspended in sterile PBS. Fish were anesthetized with tricaine methane-
sulfonate (MS-222) and intraperitoneally injected (i.p.) with 20 μL of bac-
terial suspension for zebrafish or 50 μL of bacterial suspension for Nile
tilapia, both containing 10-fold serially diluted bacterial suspensions. Each
treatment group included 10 fish. Fish in the control group were injected
with an equal volume of PBS. Mortality was monitored twice daily for the
subsequent 7 days. The LD50 was determined using nonlinear regression
analysis with a four-parameter log-logisticmodel inGraphPad Prism 10.4.1
(GraphPad Software, La Jolla, CA, USA)79.

Murine infections
BALB/c mice were intraperitoneally infected with 1.0 × 102 CFU/mouse of
the indicated strains and survival was monitored for 7 days postinfection
(n = 10 per group). For the bacterial burden assay, at 16 hpi, brains, spleens,
and blood (n = 5)were harvested, weighed, and homogenized in sterile PBS.
The homogenate was serially diluted in PBS and plated to count the CFU
after being overnight cultured.

Adhesion and cytotoxicity assays
Adhesion and cytotoxicity assays were performed as previously described76.
For the adhesion assay, bEnd.3 cells were seeded into 24-well culture plates
and allowed to adhere for 24 h. Log-phase S.agalactiae strains were washed
and resuspended in fresh serum-free DMEM. Bacterial suspensions were
then inoculated onto bEnd.3 cell monolayers at a multiplicity of infection
(MOI) of 1:1 and incubated for 2 h at 37 °C in 5% CO2. The infected cells
were then washed five times with PBS and lysed with 1mL of 0.02% (v/v)
Triton X-100 (Sigma-Aldrich) in sterile distilled water for 10min. The
lysates were serially diluted in PBS and plated to count the CFUs after
overnight incubation.

For the cytotoxicity assay, bEnd.3 cells were seeded into 96-well culture
plates and allowed to adhere for 24 h. Bacteria were cultured and diluted as
described above. The bacterial suspension was inoculated onto bEnd.3 cell
monolayers at a MOI of 1:1. After centrifugation at 800 × g for 10min, the
plates were incubated for 4 h. Then, the CytoTox 96® non-radioactive
cytotoxicity assay (Promega) was used to measure LDH levels according to
the manufacturer’s protocol.

S. agalactiae phagocytosis, intracellular survival and
opsonophagocytic assays
The intracellular survival and phagocytosis assays were performed as
described previously80. For the intracellular survival assay, RAW 264.7 cells
were seeded into 24-well culture plates and allowed to adhere for 24 h. Log-
phase S.agalactiae strains were washed and resuspended in fresh serum-free
DMEM. Bacterial suspensions were then incubated with RAW264.7 at a
MOIof 1:1 at 1 h at 37 °C in 5%CO2. To determine the initial bacterial load,
serial dilutions of the inoculum were plated onto THB agar and incubated
overnight at 37 °C. Following five washes with sterile PBS to remove
extracellular bacteria, the cells were treated with serum-free DMEM con-
taining 1% penicillin-streptomycin (Sigma-Aldrich) for 1 h at 37 °C to
eliminate any residual extracellular bacteria, establishing the zero-time
point.At designated time intervals (0, 2, 4, 6, 8, and24 h), the cellswere lysed
to release intracellular bacteria. The phagocytosis rate was calculated as the
percentage of the bacterial load at time zero relative to the initial bacterial
load. The intracellular survival rate was determined as the percentage of the
bacterial load at each time point relative to that at time zero. For OPA, S.
agalactiaeGD201008-001 was opsonized by incubation with mouse serum
at 37 °C for 30min before performing the phagocytosis assay as
described above.

Evans Blue (EB) analysis
BBB integrity was evaluated using EB extravasation assays as previously
described81. Briefly, mice were intravenously administered 100 μL of 2%
EB solution 30 min prior to sacrifice following infection with experi-
mental strains (n = 3). Before tissue collection, animals were deeply
anesthetized and systemically perfused with 10 mL heparinized saline
(10 U/mL in 0.9% NaCl) via cardiac puncture. After perfusion, whole
brains were promptly excised and photographed under standardized
lighting conditions to document EB extravasation patterns. For quan-
titative assessment, brain tissues were incubated in 1 mL of formamide
at 55 °C for 24 h to ensure complete EB extraction. EB concentration
was determined spectrophotometrically by measuring the absorbance
at 620 nm.

Assessment for protective efficacy of ΔaroA in mice
To determine the optimal immunization and challenge doses, we
conducted preliminary dose-response experiments in BALB/c mice.
Mice were randomly assigned to eight experimental groups and one
control group (n = 10 per group). Experimental groups were immu-
nized intraperitoneally with 100 μL bacterial suspensions containing
101–105 CFU of the ΔaroA strain, while the control group received an
equivalent volume of sterile PBS. Following a 14-day immunization
period, all mice were challenged intraperitoneally with graded lethal
doses (102 or 104–108 CFU) of the GD201008-001 strain. The mortality
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wasmonitored twice daily for 14 days. The RPSwas calculated using the
following formula:

RPSð%Þ ¼ 1�mortality of vaccinated group
mortality of control group

� �
× 100 ð1Þ

To assess immune efficiency, BALB/cmice were randomly assigned to
three groups (n = 55 per group), including the WT inactivated vaccine,
ΔaroA live attenuated vaccine, and PBS control. For the inactivated vaccine,
log-phase S. agalactiae GD201008-001 was inactivated with 0.4% (v/v)
formaldehyde for 24 h at 37 °C, with complete inactivation verified by
plating on THB agar for 48 h. The inactivated bacteria were then washed
and resuspended in PBS. The inactivated group received 100 μL 1.0 × 106

CFU/mL of inactivated bacteria with Freund’s adjuvant (complete at 0 dpi,
incomplete at 28 dpi), while the ΔaroA live attenuated group received
100 μL 1.0 × 103 CFU/mL of ΔaroA at 0 and 28 dpi. The control group
received 100 μL of PBS. All immunizations were administered intraper-
itoneally. At 42 dpi, ten mice from each group were randomly selected and
challenged intraperitoneally with 1.0 × 105 CFU/mouse of GD201008-001.
Mortalitywasmonitored twice daily for 14 days, and theRPSwas calculated
by formula (1). Serum and spleen samples were collected at the indicated
timepoints (0, 7, 14, 21, 28, 35, 42, 49, and56 dpi). Serumsampleswere used
to measure IgG antibody titers, while spleen samples were used for lym-
phocyte isolation and immune-related gene expression analysis.

Assessment for protective efficacy of ΔaroA in Nile tilapia
To determine the protective efficacy of ΔaroA in Nile tilapia, we
employed both intraperitoneal (IP) injection and immersion immu-
nization routes. For IP protection assessment, fish were randomly
assigned to two experimental groups and one control groups (n = 60 per
group). Two experimental groups were immunized intraperitoneally
with 50 μL ofΔaroA bacterial suspensions at doses of 1.0 × 105 CFU and
1.0 × 106 CFU, respectively. The control group received 50 μL of sterile
PBS. After 14 days post-immersion, sixty fish from each group were
randomly selected and divided into two groups (n = 30 per group).
They were then challenged intraperitoneally with 1.0 × 107 CFU of S.
agalactiae GD201008-001 or BH4, respectively. Mortality was mon-
itored twice daily for 14 days, and RPS was calculated by formula (1).
Serum samples were collected via caudal vein puncture at five time
points (1, 3, 7, 14, and 28 dpi) from an extra 1.0 × 106 CFU group (n = 5
per time point).

To determine the optimal immunization doses, we conducted pre-
liminary dose-response experiments. Fishwere randomly divided into three
experimental groups and two control groups (n = 45 per group). The
immersion challenge was performed as described previously82. Experi-
mental groups were subjected to 30-min immersion in the bacterial sus-
pensions containing 106–108 CFU/mL of ΔaroA. Two control groups
received 108 CFU/mL of GD201008-001 and sterile PBS, respectively.
Mortality was monitored twice daily for 14 dpi. For immersion immuni-
zation, fish were acclimated in 20 g/L salinity for 5min, followed by a 30-
min immersion in the bacterial suspensions containing 107 CFU/mL of
ΔaroA (n = 30) or sterile PBS (n = 30), respectively. After 14 days post-
immersion, thirty fish from each groupwere randomly selected and divided
into two group (n = 15 per group). They were then challenged intraper-
itoneally with 1.0 × 107 CFU of S. agalactiae GD201008-001 or BH4,
respectively. Mortality was monitored twice daily for 14 days, and the RPS
was calculated by formula (1).

Whole-bacterial ELISA for detecting anti-bacterial IgG in mice
and IgM in tilapia
The whole-bacterial ELISA was performed as described previously with
slight modifications37. Inactivated S. agalactiae GD201008-001 (1.0 × 109

CFU/mL in coating buffer) was used to coat 96-well microplates (Costar)
overnight at 4 °C. After blocking with 10% FBS in PBST (PBS containing
0.05% Tween-20) for 2 h at 37 °C, serially diluted mouse sera, along with

negative/blank controls, were added to each well and incubated for 2 h at
37 °C. Reactivity was measured by adding horseradish peroxidase (HRP)-
conjugated rabbit anti-mouse IgG (H&L; Abcam) for 1 h at 37 °C, followed
by detection with TMB substrate (Tiangen). The reaction was stopped with
2M H2SO4, and absorbance was measured at 450 nm using a microplate
reader (Tecan).

The serum level of anti-S. agalactiae IgM in tilapia was measured as
previously described with slight modifications83,84. Briefly, following coated
and blocked, 96-well microplates were incubated with 1:20 diluted tilapia
serum samples in PBST for 2 h at 37 °C. A mouse anti-tilapia IgM mono-
clonal antibody (Biogoethe, Wuhan), diluted 1:1000, was used as the pri-
mary antibody, followed by HRP-conjugated rabbit anti-mouse IgG as the
secondary antibody. The antibody level was determined by measuring the
absorbance at 450 nm after reaction with TMB substrate.

Lymphocyte isolation, phenotype analysis and immune-related
gene expression
For lymphocyte isolation, spleens were dissociated into single-cell suspen-
sions by mechanical disruption through a 200-μm nylon mesh. After
washing and centrifugation (300 × g, 10min), lymphocytes were resus-
pended in PBS and separated by density gradient centrifugation using
lymphocyte separation medium (LSM; GE Healthcare) at 300 × g for
15min. The isolated lymphocytes were washed, resuspended in PBS at
1 × 107 cells/mL, and counted using an automated cell counter; viability was
confirmed by trypan blue exclusion. For phenotypic analysis, 1 × 107 cells
were stained for 30min at room temperature in the dark with anti-mouse
CD3-FITC together with either CD4-R-PE or CD8-R-PE (BioLegend).
After lysing red blood cells and washing, samples were analyzed on a BD
FACSCanto IIflow cytometer anddata processedwith FlowJo (v10.7.1). For
gene expression, the total RNAwas extracted from5 × 106 lymphocytes, and
qRT-PCR was performed as described above. Primers for β-actin, IFN-γ,
and IL-4 are listed in Table S1.

Statistical analysis
All data management and statistical analyses were performed using
GraphPad Prism (version 10.4.1; GraphPad Software Inc., USA). Sta-
tistical differences in bacterial loads in tissues were assessed using an
unpaired Student’s t-test. For all parametric analyses, data normality
was first verified using the Shapiro-Wilk test. Statistical differences in
cell-based assays, EB extravasation assay, and opsonophagocytosis were
analyzed using one-way ANOVA followed by Tukey’s multiple com-
parisons test. Growth curves, intracellular survival assays, qRT-PCR
data, whole-bacterial ELISA results, and flow cytometry measurements
were analyzed using two-way ANOVA with Tukey’s multiple com-
parisons test. Survival curves were compared using the log-rank
(Mantel–Cox) test.

Data availability
The genomic data supporting Fig. S2 are available in the Figshare repository
under accession code https://doi.org/10.6084/m9.figshare.30643841.
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