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Abstract 

Background Sponges harbor microbial communities that play crucial roles in host health and ecology. However, 
the genetic adaptations that enable these symbiotic microorganisms to thrive within the sponge environment are still 
being elucidated. To understand these genetic adaptations, we conducted a comparative genomics analysis on 350 
genomes of Actinobacteriota, a phylum commonly associated with sponges.

Results Our analysis uncovered several differences between symbiotic and free-living bacteria, includ-
ing an increased abundance of genes encoding prokaryotic defense systems (PDSs) and eukaryotic-like proteins 
(ELPs) in symbionts. Furthermore, we identified GPP34 as a novel symbiosis-related gene family, found in two symbi-
otic Actinobacteriota clades, but not in their closely related free-living relatives. Analyses of a broader set of microbes 
showed that members of the GPP34 family are also found in sponge symbionts across 16 additional bacterial phyla. 
While GPP34 proteins were thought to be restricted to eukaryotes, our phylogenetic analysis shows that the GPP34 
domain is found in all three domains of life, suggesting its ancient origin. We also show that the GPP34 family includes 
genes with two main structures: a short form that includes only the GPP34 domain and a long form that encom-
passes a GPP34 domain coupled with a cytochrome P450 domain, which is exclusive to sponge symbiotic bacteria.

Conclusions Given previous studies showing that GPP34 is a phosphatidylinositol-4-phosphate (PI4P)-binding 
protein in eukaryotes and that other PI4P-binding proteins from bacterial pathogens can interfere with phagolyso-
some maturation, we propose that symbionts employ GPP34 to modulate phagocytosis to colonize and persist 
within sponge hosts.
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Introduction
Microorganisms thrive in the most diverse environments, 
encompassing both free-living and host-associated life-
styles. To adapt to new ecological niches, microorgan-
isms rely on several molecular mechanisms, including 
horizontal gene transfer (HGT) and recombination [1]. 
Adaptations, such as those related to the association with 
an animal host, leave in microbial symbionts genomic 
signatures that are absent in the genomes of taxonomi-
cally closely related free-living species [2]. Therefore, by 
analyzing the genomes of symbiotic microorganisms and 
comparing them with their close free-living counterparts, 
one can unravel the genetic changes associated with the 
shift from free-living to host-associated lifestyles.

Sponges (phylum Porifera) harbor exceptionally 
diverse, yet specific, microbial communities and provide 
an opportunity to investigate some of the earliest animal-
microbe symbioses that have persisted to this day [3, 4]. 
The sponge-associated microorganisms support host 
health by contributing to its nutrition [5–7], process-
ing toxic metabolic waste [8], and producing second-
ary metabolites that act as chemical defenses [9]. While 
previous comparative genomic studies of free-living ver-
sus sponge-symbiotic microorganisms have elucidated 
some of the genetic basis underlying the distinct fates of 
these microbes within sponges [10–18], the mechanisms 
that enable symbiotic microorganisms to survive within 
sponges are still largely unknown.

Metagenomic studies focusing on sponge microbial 
communities have revealed a significant enrichment of 
genes encoding eukaryotic-like proteins (ELPs) in sym-
biotic microorganisms across diverse taxonomic groups 
[11, 19–22], thought to have been acquired by prokary-
otes through HGT [20, 23, 24]. Among the promi-
nent types of ELPs discovered in sponge symbionts are 
ankyrin-rich repeat (ANK), leucine-rich repeat (LRR), 
and tetratricopeptide repeat (TPR) proteins, all of which 
are involved in protein–protein interactions [11, 13–15]. 
When ANK proteins encoded by genes from bacte-
rial sponge symbionts are heterologously expressed in 
Escherichia coli, they interfere with the phagocytic path-
way of the amoeba Acanthamoeba castellanii, suggesting 
that in sponge symbionts these ANK proteins may also 
be involved in phagocytosis evasion [25]. Importantly, 
ELPs are not exclusive to sponge symbionts and have 
been identified in bacteria interacting with other hosts. 
For example, ANK proteins from the pathogen Legionella 
pneumophila can interfere with phagosome matura-
tion, thereby protecting it from the host’s immune sys-
tem [23, 26, 27]. These findings suggest that ELPs may 
facilitate a host-associated lifestyle in both pathogenic 
and symbiotic bacteria. Nevertheless, the enrichment of 
ANK proteins and other ELPs in sponge symbionts is not 

uniform. A comprehensive genomic study, encompass-
ing 780 genomes of sponge symbionts and 85 genomes 
of free-living bacteria, showed that the abundance and 
distribution of ELPs are not homogenous across differ-
ent taxonomic phyla, with Actinobacteriota displaying 
a lower enrichment of ELPs compared to Poribacteria, 
Latescibacterota, and Acidobacteriota [28]. Actinobacte-
riota are among the most abundant symbionts found in 
sponges [3], and their lower enrichment of ELPs suggests 
that these symbionts may employ distinct, still undiscov-
ered, molecular strategies to maintain stable associations 
with sponges [28].

In recent years, a substantial number of metagenomi-
cally assembled genomes (MAGs) of sponge-associated 
Actinobacteriota has become available through public 
databases. We employed these MAGs along with addi-
tional genomes of free-living Actinobacteriota to con-
duct a wide phylogenomic analysis and determine the 
relationships among symbiotic and free-living lineages. 
Focusing on two distinct monophyletic clades which both 
included a sponge-symbiotic lineage sister to a free-living 
lineage (the TK06 and UBA11606 clades), we reveal that 
members of GPP34 protein family (also known as Golgi 
phosphoprotein 3 and GOLPH3) are present in most 
members of the sponge symbiont lineages while lacking 
in their free-living counterparts. Phylogenetic analyses 
of GPP34 proteins suggest that this is an ancient protein 
family shared by all domains of life. Interestingly, mem-
bers of this family that contained additional functional 
domains (e.g., cytochrome P450) appear to be restricted 
to sponge symbiotic taxa. We propose that sponge bacte-
rial symbionts use proteins of the GPP34 family to modu-
late phagocytosis and escape degradation by host cells.

Materials and methods
Phylogenomic analysis
Actinobacteriota genomes were obtained from public 
databases until September 2021. Specifically, 160 Actino-
bacteriota MAGs associated with 8 sponge species from 
the class Demospongiae (Aplysina aerophoba, Ircinia 
ramosa, Ircinia variabilis, Petrosia ficiformis, Theonella 
swinhoei, Carteriospongia foliascens, Coscinoderma mat-
thewsi, and Rhopaloeides odorabile) from different loca-
tions (Australia: Great Barrier Reef and Davies Reef; 
Israel: Achziv Nature Marine Reserve, Mediterranean 
Sea and Gulf of Aqaba, Red Sea; Croatia: Gulf of Piran, 
Adriatic Sea; Slovenia: Marine Biology Station Piran, 
Mediterranean Sea) were obtained from previous stud-
ies [5, 22, 28, 29]. Thirteen additional Actinobacteriota 
genomes, which were derived from bacteria isolated in 
culture from sponges, were also added to the analysis 
[30–41]. Reference genomes from non-sponge-associ-
ated Actinobacteriota were selected based on taxonomic 
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proximity. First, the taxonomy of the sponge-associated 
Actinobacteriota was determined using GTDB-Tk v1.3.0 
(classify_wf) with release r95 [42]. Next, the taxonomi-
cally closest reference genomes were obtained and added 
to the analysis. In total, 350 Actinobacteriota genomes 
were analyzed (accession numbers listed in Data Set S1), 
including 81 which are cultured isolates, as reported on 
GTDB and NCBI [43, 44].

The phylogenomic tree was constructed using the con-
catenated alignment of 3021 amino acid sites. The align-
ment was generated with GTDB-Tk v2.4.0 (identify and 
align) and release r220 [43] and was trimmed using tri-
mAl v1.5.rev0 (-gt 0.9 -cons 60) (https:// doi. org/https:// 
doi. org/ 10. 1093/ bioin forma tics/ btp348). Maximum-like-
lihood trees were inferred using RAxML v8.2.12 (https:// 
doi. org/https:// doi. org/ 10. 1093/ bioin forma tics/ btu033) 
with the PROTGAMMALG model of evolution and 1000 
bootstrap replications. The tree was visualized and edited 
using iTOL [45] and Adobe Illustrator v27.5.

Functional and statistical analysis of Actinobacteriota 
genomes
Based on the phylogenomic Actinobacteriota tree, we 
selected two monophyletic groups that included both 
symbiotic and free-living bacteria for comparative 
genomics: family TK06 and genus UBA11606 (Fig. 1, Fig. 
S1, Data Set S1). For functional annotation, the protein 
sequences were searched against the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) Orthology (KO) data-
base using standalone KofamKOALA 1.3.0 [46]. To com-
pare functional profiles of the here analyzed genomes, we 
used R version v4.1.1, in RStudio as a platform for sta-
tistical analysis. Specifically, we performed a principal 
coordinates analysis (PCoA) where Bray–Curtis dissimi-
larities were calculated based on the KOs using the vegan 
package [47] implemented in phyloseq [48]. To explore 
the statistically significant differences in the abundance 
of KOs in the subgroups (free living vs. symbionts) of 
the genomes studied, a differential abundance analy-
sis was performed using the R package DESeq2 v1.36.0 
[49] implemented in phyloseq v1.40.0 [48]. Specifically, 
for each KO, count data were fitted to a negative bino-
mial distribution model, which allows coefficients (log2-
fold counts) and standard error estimates for each sample 
(genome). A Wald test, using maximum likelihood esti-
mates of our KO model coefficients, was used to iden-
tify statistically significant (P-value < 0.05) differences 
between genome groups (free living vs. symbionts).

From our two groups comparisons (family TK06 and 
genus UBA11606), K15620 (Pfam PF05719), a gene anno-
tated as Golgi phosphoprotein 3 (GPP34, GOLPH3), was 
selected for a more detailed analysis.

Functional and statistical analysis on prokaryotic defense 
systems (PDSs) and ELPs for family TK06 and genus 
UBA11606
Genes related to the PDS, selected based on previous 
studies (see the “Discussion” section), under the cat-
egories CRISPR-Cas, DND, R-M, and TA systems, were 
identified using KEGG annotation with KofamKOALA 
[46] (Data Set S1). The raw count for each category 
(specific gene family) was calculated, for each genome, 
by summing all the family-related genes. Relative abun-
dances were calculated by dividing the raw counts of total 
PDS-coding genes by the total number of KEGG-anno-
tated proteins in the genome (Data Set S1).

Eukaryotic-like domains (ELDs) were identified using 
Pfam v35 [50] implemented in InterProScan v5.16–
55.0 [51], followed by selection of 11 ELD class types 
that were previously found enriched in sponge symbi-
onts (see the “Discussion”): ANK: PF13606, PF13637, 
PF13857, PF12796, and PF00023; cadherin domain pro-
teins (CAD: PF00028, PF12733, PF17803, PF17892); 
LRR: PF00560, PF12799, and PF13855; TPR: PF13371, 
PF07721, PF13432, PF13414, and PF09976; WD40 
domain proteins (PF00400, PF07676); ncl-1, HT2A, 
and lin-41 (NHL: PF01436); pyrrolo-quinoline quinone 
domain proteins (PQQ: PF01011); eukaryotic-type car-
bonic anhydrase (PF00194); fibronectin type III domain 
proteins (fn3: PF00041); Calx-beta motif (PF03160); and 
GPP34 (PF05719). Annotations were considered for 
e-values < 1e-5. Pfam annotations represent domains; 
thus, each protein can have multiple Pfam annotations. 
Raw count frequencies of ELPs for each category (specific 
gene family class type) were calculated for each genome 
according to the following: first, we started with the 
number of Pfam references per protein, for each genome 
(note that each ELD class is represented by 1–5 Pfam 
reference domains). Next, we summed the Pfam refer-
ences under the ELD class per protein and binary trans-
formed it (multiple domains belonging to the same ELD 
were counted as 1). Last, we summed all the proteins per 
genome under the same ELD class type, to obtain raw 
counts of ELPs per genome for each ELD class type. It 
should be noted that some proteins are counted twice 
since they contain two different ELD classes. Relative 
abundances were calculated by dividing the raw counts 
of total ELP-coding genes by the total number of Pfam-
annotated proteins in the genome (Data Set S1).

Heatmaps representing the abundance of PDS-coding 
and ELP-coding genes were created based on the nor-
malization of the relative abundance into ratios. Specifi-
cally, the relative abundance of coding genes per genome 
devoted to each gene category (each family of PDS and 
ELPs) was obtained for each genome by dividing the rela-
tive abundance of genes by the highest relative abundance 

https://doi.org/
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/10.1093/bioinformatics/btp348
https://doi.org/
https://doi.org/
https://doi.org/10.1093/bioinformatics/btu033
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Fig. 1 Phylogenomic tree of Actinobacteriota phylum. Phylogenomic tree and distribution of Golgi-related protein (GPP34) among 350 
Actinobacteriota genomes and two Chloroflexota genomes, which were used as an outgroup. The phylogenomic tree includes 160 
sponge-symbiotic genomes (lifestyle: sponge symbiont, MAG) and 190 additional genomes of non-sponge symbionts (lifestyle: free living 
(MAG), free living (isolated in culture), host (isolated in culture), and unknown). Stars and background color indicate the groups which were used 
for the comparative genomic analysis, within family TK06 and genus UBA11606. Actinobacteriota classes are represented using colored strips 
within the inner circle followed by lifestyle indicators that are denoted by colored strips in the second circle. Additionally, the number of gene 
copies for GPP34_S and GPP34_L is indicated by colored strips in the outer circles. Bootstrap values above 90 are shown by colored branches. The 
bootstrap support for genus UBA11606 is shown as number (78). The same phylogenomic tree, including the names of all genomes, is presented 
in Fig. S1. GPP34, Golgi phosphoprotein 3; GPP34_S, short protein with single GPP34 domain; GPP34_L, long protein with two domains — GPP34 
and cytP450. Raw phylogenetic tree and alignment can be found at https:// doi. org/ 10. 6084/ m9. figsh are. 27324 744. v1

https://doi.org/10.6084/m9.figshare.27324744.v1
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under each category (for example, if GPP34 was present 
in one to three copies per genome, we divided the GPP34 
counts per genome per the maximal copy number, which 
is three in this example).

The following statistical analyses were done for each 
gene family category under PDS and ELP groups: fre-
quency distributions of differences in the proportion of 
coding genes derived from the free-living and symbiotic 
Actinobacteriota genomes were observed in random per-
mutation tests (10,000 permutations) in R as described 
[16, 52]. P-values were estimated as the proportion of 
times that the permutation test produced a difference 
smaller, equal to or greater than the observed difference 
[16, 52].

GPP34 distribution across Bacteria and Archaea
We searched for the GPP34 domain in the genomes 
of the additional Actinobacteriota taxa (outside of the 
genus UBA11606 and family TK06) (Fig.  1, n = 251) 
using functional annotation of GPP34 (K15620) against 
KO database using standalone KofamKOALA 1.3.0 [46]. 
In addition, we annotated all the genomes under study 
using Pfam v35 [50] implemented in InterProScan v5.16–
55.0 [51] and filtered our results for proteins annotated 
as GPP34 (PF05719). This analysis served the purpose 
of identifying the domains of the proteins annotated 
as GPP34, dividing them into GPP34_S (short protein 
sequence, single domain: GPP34) and GPP34_L (long 
protein sequence, combination of two domains: GPP34 
and cytP450). The same annotation methodologies were 
used to search for the presence of GPP34 proteins among 
865 bacterial and 19 archaeal MAGs derived from a 
recently published dataset [28]. It should be noted that 
symbiont genomes used in the analysis were all derived 
from sponges of the class Demospongiae, which repre-
sents the majority of known sponges to date [53].

We added GPP34 annotation data (GPP34_S and 
GPP34_L) to ELPs that had been annotated in a previ-
ously published dataset [28]. Copy numbers of each 
annotated gene were corrected for the completeness of 
each genome by dividing each ELP count by the com-
pleteness of their genome. Nonmetric multidimensional 
scaling (NMDS) with Bray–Curtis dissimilarity was used 
to display the distribution of all the genomes (n = 865, 
[28]) based on their ELP profile. This was done using 
the metaMDS function (package vegan v2.6–2 [47] and 
ggplot2 v3.3.6 in R version v4.2.0. For graphically plot-
ting all ELP frequency numbers in a circular heatmap, 
we further normalized the data by transforming it into 
ratios. Specifically, the ratio of coding genes per MAG 
devoted to each ELD class was obtained for each genome 
by dividing the number of gene copies per the highest 
number of gene copies under each ELD class. This was 

done since the absolute counts varied greatly between 
each ELD class, and we wanted to plot all ELPs using the 
same heatmap range. For creating the phylogenomic tree 
with the circular heatmap showing the ELPs distribution 
across all genomes, we used ggtree package v3.4.4 [54] in 
R version v4.2.0.

The analyzed dataset from Robbins et al. [28] included 
a relatively small number of free-living bacteria. To inves-
tigate the distribution of the GPP34 gene between symbi-
otic and free-living bacteria, with broader representation 
of free-living representatives, we performed a focused 
analysis on three phyla commonly found as sponge sym-
bionts: Chloroflexota, Proteobacteriota, and Acidobacte-
riota. First, to identify evolutionary relationships of the 
sponge symbionts with non-symbionts, we ran a phylum-
specific phylogenomic analysis using GToTree software 
[55]. Specifically, GTDB representatives were fetched 
using the gtt-get-accessions-from-GTDB command. To 
ensure broad diversity coverage and avoid redundancy, 
we used the –GTDB-representatives-only argument. 
To track homologues of GPP34 gene across sampled 
genomes, we provided the associated Pfam accession 
(PF05719) to the software which implements a profile 
hidden Markov model search against the annotated fea-
tures from all genomes. The analysis included the follow-
ing: 4767 genomes of Chloroflexota, of which 473 were 
symbionts, 3175 genomes of Acidobacteriota, of which 
163 symbionts, and 7635 genomes of Proteobacteriota, 
of which 154 symbionts. All phylogenetic trees were gen-
erated using GToTree command with GTDB accessions, 
symbiont genome paths, Pfam targets, and phylum-spe-
cific single gene copy markers as inputs. The analyses 
were performed in a Conda-enabled HPC environment 
with access to 128 processors and 1 TB of RAM. Result-
ing trees along with Pfam metadata were transferred to 
iTol for visualization. In iTol, we manually retained only 
clades containing sponge symbionts together with their 
closest free-living counterparts. Other clades were col-
lapsed, and each genome was marked with color coding 
to indicate lifestyle (e.g., symbiont versus non-symbiont) 
and the presence/absence of GPP34. The final visualiza-
tion displayed 916 Chloroflexota genomes, of which 473 
were derived from sponge symbionts, 274 Acidobacte-
riota genomes, of which 163 derived from sponge sym-
bionts, and 296 Proteobacteriota genomes, of which 154 
derived from sponge symbionts.

GPP34 protein architecture and flanking genes
A representative for each protein architecture was drawn 
with IBS v1.0.3 [56], based on the conserved domains 
annotated using online DELTA-BLAST [57] against the 
NCBI database using default parameters (e-value cutoff 
of 0.05). The genes present in the flanking region (defined 
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as five genes upstream and five genes downstream) of 
GPP34 were annotated and aligned using DiGAlign 
server v1.0 (www. genome. jp/ digal ign/).

MAG‑specific expression analysis
In the present study, we conducted a metatranscriptomic 
analysis using a previously published metatranscriptom-
ics dataset [58] obtained from the sponge species A. 
aerophoba. A total of 107 genome assemblies, all deriv-
ing from A. aerophoba, underwent metatranscriptomic 
short-read mapping using Bowtie2 v2.4.5 (with default 
parameters) [59] and open reading frame annotation 
using Prokka [60]. The list of MAGs used in this analy-
sis, with accession numbers and references, is available 
in the supplemental file Data Set 1. Count reads per fea-
ture were generated using htseq-count [61]. Both recA 
and GPP34 gene homolog identification were performed 
using BLASTp against all predicted proteins from each 
genome. GPP34 feature counts of interest are reported as 
recA normalized transcripts per million (TPM) values.

Of these analyzed 107 MAGs, 88 have recA, of which 
60 are transcribed (> 1 TPM), and 49 of those have at 
least 1 GPP34 annotated gene. For each genome with a 
transcribed recA, GPP34 TPM counts were retrieved, 
counting a total of 45 genomes (36 above 85% complete-
ness and 9 under 85% completeness) that have TMPs > 1 
for at least 1 GPP34. The gene recA was absent in 
genomes containing GPP34-PotA combined domain pro-
teins; thus, it was not possible to analyze the expression 
of these proteins.

Phylogeny of GPP34 protein
The GPP34 protein sequences (n = 317) used for the phy-
logenetic analysis were selected to include the following: 
(i) representatives of both short and long GPP34 protein 
sequences derived from sponge symbionts described 
in [28] (annotated by Pfam v35 [50] implemented in 
InterProScan v5.16–55.0 [51], across 16 bacterial phyla 
(n = 103), (ii) representatives from Actinobacteriota that 
were isolated from sponge samples (n = 13), (iii) repre-
sentatives of GPP34 protein sequences derived from non-
sponge symbionts of 10 different bacterial phyla (n = 55), 
(iv) 97 protein sequences representative of animal diver-
sity and 18 representative of fungal diversity (genome 
assemblies with highest assembly level were selected), (v) 
18 protein sequences representative of non-fungi/non-
animal eukaryotes, and (vi) 13 archaeal sequences.

To identify protist sequences, BLASTp searches were 
conducted using all protist GPP34 sequences anno-
tated in UniProt as queries against the RefSeq database. 
The search was limited to Eukarya (taxid:2759), exclud-
ing Fungi (taxid:4751) and Metazoa (taxid:33208). From 
the BLAST hits obtained, we selected proteins that (i) 

originated from genome assemblies sequenced at, or 
above, the scaffold level, (ii) contained a GPP34 domain 
(pfam05719) based on an InterProScan domain search, 
and (iii) were longer than 130 amino acids. Notably, plant 
sequences that clustered within fungi were considered 
contaminants and excluded.

Similar criteria were used for archaeal sequences. 
BLASTp searches were performed using all archaea 
sequences from UniProt with a PF05719 domain as que-
ries against the NCBI nr protein database. The search was 
limited to Archaea (taxid:2157). We selected sequences 
that (i) were annotated as archaea in the NCBI genome 
database (GPP34 sequences originating from marine sed-
iment metagenomes were excluded); (ii) originated from 
genome assemblies sequenced at, or above, the scaffold 
level; (iii) were longer than 130 amino acids; and (iv) 
contained a GPP34 domain (PF05719). Only sequences 
from Asgardarchaeota met these criteria, although our 
search was not restricted to this lineage. To select GPP34 
sequences from non-sponge symbiotic bacteria, we con-
ducted a comprehensive search using InterProScan. We 
first identified GPP34 sequences within each of the phyla 
represented by sponge symbionts in our dataset. Out of 
16 phyla screened, GPP34 sequences were identified in 
10. We then downloaded the sequences for all hits from 
these 10 phyla and performed BLAST searches against 
the NCBI database. If the top BLAST hit indicated that 
the sequences came from a nonsymbiotic bacterium, it 
was included in our dataset for further analysis.

Phylogenetic analysis proceeded as follows: the sequence 
alignment of the GPP34 domain of each sequence was 
obtained using the function hmmalign of HMMER 3.4 [62] 
with the PF05719.hmm profile file downloaded from InterPro 
(on September 24, 2024) and with the -trim option. The -trim 
option was used to remove, from the alignment, the terminal 
tails of residues that did not belong to the Pfam domain. All 
other positions were retained in the alignment. The obtained 
alignment included 472 amino-acid sites across 317 sequences. 
The phylogenetic tree of the GPP34 domain was reconstructed 
using IQ-TREE 1.6.12 [63]. First, we used ModelFinder Plus 
(MFP) to identify the best evolutionary model. Several com-
plex models were added to the model search (i.e., option -madd 
C10, C20, C30, C40, C50, C60, LG4M, LG4X, CF4, EX2, EX3, 
EHO, UL2, UL3, EX_EHO, C10 + G4, C20 + G4, C30 + G4, C40 +  
G4, C50 + G4, C60 + G4, LG4M + G4, LG4X +  G4, CF4 +  G4, 
EX2 +  G4, EX3 + G4, EHO + G4, UL2 +  G4, UL3 + G4, EX_EHO  
+ G4, LG + C10, LG + C20, LG + C30, LG + C40, LG + C50, LG +  
C60, LG + LG4M, LG + LG4X, LG + CF4, LG + C10 + G4, LG +  
C20 +  G4, LG + C30 + G4, LG + C40 + G4, LG + C50 + G4, LG  +  
C60 + G4, LG + LG4M + G4, LG + LG4X + G4, LG +  CF4 +  G4). 
The best model selected under the BIC criterion was the 
EX_EHO + G4 model. Tree reconstruction was performed 
using the best model with the -mwopt option, and branch 

http://www.genome.jp/digalign/
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support was determined with 1000 ultrafast bootstrap 
replicates (i.e., option -bb 1000). Furthermore, branch 
supports were also computed under the EX_EHO + G4 
model using 100 nonparametric boostrap replicates 
(i.e., option -b 100).

Results
Phylogenomics of Actinobacteriota
Our phylogenomic analysis of Actinobacteriota com-
prised 160 MAGs of uncultured symbionts derived 
from sponges (class Demospongiae), 13 genomes from 
cultured bacteria isolated from sponges (class Demos-
pongiae), 18 genomes from bacteria isolated from non-
sponge hosts, and 159 genomes from either free-living 
Actinobacteriota or from Actinobacteriota of unknown 
lifestyle. The majority of symbionts are taxonomically 
affiliated to the class Acidimicrobiia, and they were iden-
tified in at least eight different sponge species from seven 
geographic locations (Fig. 1, Fig. S1).

This phylogenomic analysis revealed two clades, which 
both included a symbiotic lineage sister to a free-living 
lineage. The first clade belongs to the family Poriferisoda-
laceae fam. nov. (replacing the placeholder name TK06) 
with maximal bootstrap support, and the second clade 
is classified under the genus UBA11606 from the family 
Aldehydirespiratoraceae fam. nov. (replacing the place-
holder name UBA11606) [64], with bootstrap support 
of 78. Hereafter, we use the nomenclature family TK06 
and genus UBA11606, according to the taxonomy taking 
place at the time of the analysis [43]. We assume that the 
free-living lineages represent the ancestral lifestyle of the 
symbiotic clades.

Symbionts and free‑living Actinobacteriota are 
functionally divergent
Symbiotic and free-living representatives of the fam-
ily TK06 and the genus UBA11606 cluster into four 
separate clades based on the PCoA of the KO terms 
present in the genes encoded in their genomes. Sym-
bionts from the two different taxonomic groups had 
more similar profiles than the two free-living groups 
(Fig.  2). To gain insights into the factors contributing 
to similar functional profiles in symbionts, we con-
ducted a differential abundance analysis of the KOs 
in either symbionts or free-living bacteria. The analy-
sis revealed 49 and 242 differentially distributed KOs 
between sponge symbionts and free-living members 
of the genus UBA11606 and the family TK06, respec-
tively (Fig. S2 and Data Set S1) (DESeq2, Wald test 
followed by Benjamini–Hochberg multiple-inference 
correction, p-value < 0.05).

Symbiotic Actinobacteriota are enriched in PDSs and ELPs
One KEGG category that is particularly enriched in 
genomes of symbiotic Actinobacteriota compared to 
free-living relatives (in both family TK06 and genus 
UBA11606) is PDS, which includes genes involved in 
clustered regularly interspaced short palindromic repeats 
(CRISPR)-Cas systems, DNA phosphothiolation (DND) 
systems, restriction-modification (R-M) systems, and 
toxin-antitoxin (TA) system (Fig. S3 and Fig. S4A).

Sponge symbionts are also enriched in several ELPs 
(Fig. 3), with symbiotic genomes harboring a greater num-
ber of ELPs per genome (Table S1 and Data Set S1). Com-
pared to free-living relatives, symbionts possess a higher 
number of ELDs per protein (Table S1 and Data Set S1), 
in either a single- or mixed-domain architecture (Fig. S4B).

A random permutation analysis confirmed the sig-
nificant enrichment of genes with ELDs from the CAD, 
LRR, fn3, Calx-beta classes, and in GPP34 in symbiotic 
Actinobacteriota compared to their free-living counter-
parts, in both the genus UBA11606 and the family TK06 
(p < 0.0001).

However, not all ELP-encoding genes were enriched in 
symbionts across both clades. For example, TPR genes 
were enriched in symbiotic genomes from the genus 
UBA11606 (p = 0.007), whereas in the family TK06 they 
were enriched in the free-living genomes (p < 0.0001). 
WD40 genes showed significant enrichment exclusively 
in symbiont genomes of the family TK06 (p < 0.0001). 

Fig. 2 Functional comparison of genomes of symbiotic 
and free-living members of family TK06 and genus UBA11606. In this 
PCoA with Bray–Curtis dissimilarity, the dots represent the genomes, 
which cluster based on their KO composition. The percentage 
on the axis represents dissimilarity. Groups are represented by colors: 
free living in blue (UBA11606) and green (TK06) and symbionts 
in pink (UBA11606) and purple (TK06)
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ANK and NHL genes did not display enrichment in 
either the symbiotic or free-living lifestyles, both for the 
genus UBA11606 (ANK, p = 0.473; NHL, p = 0.223) and 
the family TK06 (ANK, p = 0.401; NHL, p = 0.286) (Fig. 
S4C).

GPP34 distribution across genomes 
of the Actinobacteriota phylum
One notable finding was the differential distribution of a 
gene coding for a protein annotated as GPP34, belonging 
to a eukaryotic protein family. Within the selected Act-
inobacteriota taxonomic groups (the family TK06 and 
the genus UBA11606), the gene coding for GPP34 is con-
sistently present in all symbiotic genomes (n = 19 and 13, 
respectively) while being absent in all analyzed free-living 
counterparts (n = 55 and 12, respectively).

To assess whether this difference between lifestyles is a 
general characteristic of Actinobacteriota, we conducted 
a comprehensive search for GPP34-coding genes across 
all 350 analyzed Actinobacteriota genomes. This resulted 
in the identification of a total of 422 GPP34 proteins. 
Among the analyzed genomes, 153 out of 160 sponge 
symbiotic genomes displayed 1 to 4 copies of the GPP34 
protein. Within the other 31 host-derived genomes 
(isolated from various host organisms), 15 genomes 
exhibited 1 to 7 copies of the GPP34 gene. These hosts 
encompassed a range of organisms, including sponges 
(A. aerophoba, Acanthostrongylophora sp., Spheciospon-
gia confoederata, Spheciospongia vagabunda, Lissoden-
doryx nobilis, Phakellia ventilabrum, and marine sponge 
SP-1), a coral (Gorgonacea), a mangrove root (Avicen-
nia marina), plants (Solanum tuberosum and Citrus 
reticulata), and rhizospheric soil (Colocasia esculenta, 
wild tea plants, and vegetable garden soil) (Data Set S1). 
Out of the 47 genomes  derived from Actinobacteriota 
that were isolated in culture, 33 exhibited 1 to 5 copies 
of the GPP34_S gene. The 3 Actinobacteriota genomes 
of  unknown lifestyle had  1-3 copies of GPP34_S gene. 
Lastly, the GPP34 gene was absent in all 109 free-living 
Actinobacteriota MAGs (Fig.  1).  These results support 
the differential distribution of GPP34 genes among sym-
biotic and free-living bacteria.

GPP34 distribution beyond the phylum Actinobacteriota
Previous research has shown that ELPs are not uniformly 
distributed across different phyla of sponge symbiotic 
bacteria [28]. Therefore, we determined whether the 
newly discovered GPP34 symbiotic feature was unique 
to Actinobacteriota or present across other phyla. For 
this, we reanalyzed a selection of genomes investi-
gated in a previous study [28], including genomes from 
19 additional bacterial phyla and an archaeal phylum 
(Crenarchaeota).

Remarkably, GPP34 was found across 16 of the 20 ana-
lyzed bacteria phyla (Table 1). No GPP34 was annotated 
in the archaeal symbionts from the Crenarchaeota pre-
sent in this dataset. Among bacteria, GPP34 was anno-
tated exclusively in genomes of symbiotic bacteria, while 
it was absent in all the analyzed taxonomically related 
free-living counterparts (n = 85). It should be noted that 
certain phyla, such as Myxococcota, Verrucomicrobiota, 
and Marinisomatota, had either no or only one symbi-
otic representative in the dataset. Furthermore, out of 
780 bacterial sponge symbiont genomes examined, 604 
contained 1 to 6 copies of GPP34 proteins, resulting in a 
total of 1381 GPP34 proteins (Fig. 4, Fig. S5, and Fig. S6). 
Interestingly, Poribacteria (n = 24), which were previously 
reported to be highly enriched in ELPs [28], had only one 
genome with a single GPP34 gene. By contrast, Latesci-
bacterota (n = 27) and Acidobacteriota (n = 76) exhib-
ited a high abundance of both ELPs and GPP34. In some 
phyla, such as Chloroflexota and Bacteroidota, the dis-
tribution of GPP34 was not equal across different classes 
(Table  1). It should be noted that symbiont genomes of 
the analyzed dataset derived all from sponges from the 
class Demospongiae.

Since the dataset used in Robbins et al. [28] included 
a relatively small number of genomes from free-liv-
ing bacteria (n = 85) compared to symbiont genomes 
(n = 780), we expanded our analysis to increase the 
representation of free-living bacterial genomes within 
three phyla commonly associated with sponges — 
Chloroflexota, Acidobacteriota, and Proteobacteri-
ota. We focused specifically on genomes of free-living 
bacteria that were closely related to sponge-symbiotic 

Fig. 3 Distribution of ELPs from nine different classes of ELDs and GPP34 across Actinobacteriota genomes within genus UBA11606 and family 
TK06. Phylogenomic trees (genus UBA11606 on the left and family TK06 on the right) with the heatmaps (based on Pfam annotation) representing 
the ratio of ELP and GPP34 abundances, based on relative abundance correction where the counts of the ELP and GPP34 were divided by the total 
number of proteins annotated on that genome. These values were further normalized between categories (ELD classes and total GPP34), 
by dividing them per the highest number of annotated proteins in each category (ELD class or GPP34). The trees were generated by extraction 
of the genus UBA11606 and family TK06 from the larger phylogenomic tree (Fig. 1). ANK, ankyrin repeat; CAD, cadherin domain; LRR, leucine-rich 
repeats; TPR, tetratricopeptide repeat; WD40, beta-transducin repeat; NHL, (ncl-1, HT2A, and lin-41); Carb_anhydrase, carbonic anhydrase; fn3, 
fibronectin type III domain; Calx-beta, Calx-beta motif; GPP34, Golgi phosphoprotein 3, GPP34_T stands for GPP34_total and represents the sum 
of GPP34_S and GPP34_L

(See figure on next page.)
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groups. In all three phyla, we observed that GPP34 was 
predominantly present in the genomes of symbionts 
(sponge and coral) and largely absent in their closely 
related counterparts (Figs. S7, S8, S9, Data Set 1).

GPP34 protein architecture
To gain further insights into GPP34, we analyzed the 
size and architecture of the various proteins identi-
fied in our searches. This revealed that GPP34 proteins 

Fig. 3 (See legend on previous page.)
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can be categorized into two major groups: short GPP34 
(GPP34_S) and long GPP34 (GPP34_L) proteins (Fig. 
S10). Pfam annotation revealed that GPP34_S proteins 
contain a single GPP34 domain, while GPP34_L pro-
teins consist of two domains, GPP34 combined with 
another domain (Fig.  5). Among GPP34_L proteins, the 
vast majority are characterized by the combination of 
the GPP34 and cytochrome P450 (cytP450, PF00067) 
domains (98.94%, n = 656/663). Other domain combina-
tions include GPP34 with the Rieske domain ([2Fe-2S] 
domain, PF00355), found in two genomes (Proteobacte-
ria and Nitrospinota, 0.14%), and GPP34 combined with 
a PotA domain (ABC transporter, PF00005), identified in 
five Chloroflexota genomes (0.36%) (Fig. 5). Interestingly, 
all the proteins in which GPP34 is combined with other 
domains (GPP34_L) are derived from genomes of sponge 
symbionts.

In the Actinobacteriota genomes analyzed (Fig.  1), 
GPP34_S is the prevalent protein architecture, account-
ing for 67.77% of the total GPP34 proteins (n = 286/422), 
whereas GPP34_L represents 32.23% (n = 136/422). 
Among the 20 bacterial phyla represented in the wider 
dataset from Robbins et  al. [28], the GPP34_S architec-
ture is the most common, constituting 51.99% of the 
total GPP34 proteins (n = 718/1381), while GPP34_L 
represents 47.50% (n = 656/1381). Most phyla harbor-
ing GPP34 coding genes possess both GPP34_S and 
GPP34_L (n = 12/16). However, some phyla exclusively 
have representatives of one of the two architectures: 
Planctomycetota and Poribacteria only contain GPP34_S, 
while Nitrospirota and Bdellovibrionota only have 
GPP34_L (Table 1).

When analyzing the GPP34_S flanking genes in the 
genomes of genus UBA11606 and family TK06, we 
observed that in most of the analyzed genomes (8/13 in 

Table 1 Percentages of bacterial genomes with GPP34 across sponge symbiotic and free-living bacteria

Description of the number and percentage of symbiotic (n=780) and free-living (n=85) bacterial genomes with GPP34 gene among 20 phyla (and respective 
classes) using a previously published dataset for analysis [28]. Percentages reflect the most comprehensive annotation (Pfam) on genomes with >85% completeness 
(n=865). The percentages represent the proportion of genomes with GPP34 hits relative to the total number of symbiotic genomes (column ‘Total’). The analysis was 
also performed separately for short and long GPP34 proteins, presented in columns ‘GPP34_S’ and ‘GPP34_L’, respectively. The same comparison was conducted for 
free-living genomes. Hyphen is used when no genome was analyzed. Phyla without GPP34 (not shown in the Table) are: Cyanobacteriota (symbionts: n=16; free-living: 
n=2), Myxococcota (symbionts: n=1; free-living: n=5), Verrucomicrobiota (symbionts: n=1; free-living: n=2), and Marinisomatota (free-living: n=3).

Phylum Symbiotic genomes with GPP34 (%) Free‑living genomes with 
GPP34 (%)

*Class Total GPP34_S GPP34_L

UBP10 (n=10) 100 100 90 -

Spirochaetota (n=8) 100 100 62.5 -

Nitrospinota (n=4) 100 100 100 -

Deinococcota (n=3) 100 100 66.67 -

Latescibacterota (n=27) 100 96.30 92.59 -

Gemmatimonadota (n=54) 100 75.93 92.60 0 (n=3)

Actinobacteriota (n=117) 99.16 98.29 79.49 0 (n=3)

Acidobacteriota (n=76) 92.11 44.74 85.53 -

Nitrospirota (n=21) 85.71 0 85.71 -

Bacteroidota (n=34) 82.35 5.88 76.47 0 (n=13)

*Rhodothermia (n=27) 100 3.70 96.29 0 (n=1)

*Bacteroidia (n=7) 14.29 14.29 0 0 (n=12)

Proteobacteria (n=164) 82.32 74.39 58.54 0 (n=48)

*Gammaproteobacteria 
(n=81)

77.78 61.73 65.43 0 (n=13)

*Alphaproteobacteria (n=83) 86.75 86.75 51.81 0 (n=35)

Dadabacteria (n=16) 62.5 6.25 56.25 -

Chloroflexota (n=188) 62.23 54.79 53.13 -

*UBA2235 (n=22) 100 100 81.82 -

*Dehalococcoidia (n=75) 97.33 93.33 80 -

*Anaerolineae (n=91) 24.18 12.09 21.98 -

Bdellovibrionota (n=3) 33.33 0 33.33 0 (n=1)

Planctomycetota (n=13) 15.38 15.38 0 0 (n=5)

Poribacteria (n=24) 4.17 4.17 0 -
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Fig. 4 Distribution of ELPs and GPP34 proteins across diverse Bacteria phyla. Phylogenomic tree based on the dataset of genomes used in Robbins 
et al. (2021) (Fig. 3 [28]), figuring 865 genomes (> 85% completeness), out of which 780 are symbiont MAGs (denoted by pink strips in external circle) 
and 85 are MAGs from seawater (denoted by light-blue strips in external circle). Values represent the percentage of coding genes per MAG devoted 
to each ELD class and to GPP34. The background to the tree branches is colored by phylum. The same phylogenomic tree, including the names 
of all genomes, is presented in Fig. S5. ANK, ankyrin repeat protein; LRR, leucine-rich repeats; TPR, tetratricopeptide repeat; HEAT, Huntington, 
elongation factor 3, PR65/A, and TOR; WD40, beta transducin repeat; GPP34, Golgi phosphoprotein 3 (GPP34_S, one domain GPP34; GPP34_L, 
GPP34 associated with another domain)
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genus UBA11606 and 17/19 in family TK06), a gene cod-
ing for cytP450 was detected within five genes up- or 
downstream of GPP34_S (Fig. S11).

GPP34 gene expression
To assess the expression of GPP34 coding genes by sponge 
symbionts in their natural environment, we analyzed a 
previously published metatranscriptomics dataset [58] 
obtained from the sponge A. aerophoba, along with 107 
MAGs derived from the same sponge species. Our analysis 
revealed that GPP34 is actively expressed in 45 out of the 
107 analyzed genomes. Representatives of both GPP34_S 
and GPP34_L architectures were found to be expressed. 
Furthermore, GPP34 was found to be expressed in 11 out 
of the 16 phyla that encode the gene (Fig. S12).

Evolutionary origin of the GPP34 domain
To gain deeper insights into the evolutionary history 
of GPP34, we performed a phylogenetic analysis that 
exclusively examined the GPP34 domain. This expanded 
beyond the GPP34 sequences identified in symbiotic bac-
terial genomes from the dataset used in Robbins et  al. 
(2021) [28], incorporating GPP34 sequences from all 
domains of life — eukaryotes, archaea (with GPP34 only 
found in Asgardarchaeota), and bacteria. Among the bac-
terial sequences, we included those from both sponge 
symbionts and non-symbionts across diverse phyla (for a 

detailed description of sequence selection, see the “Mate-
rials and methods”). Due to the large taxon sampling and 
the limited length of the alignment, the support values 
from nonparametric bootstraps were low.

Because GPP34 has been described as a eukaryotic 
domain, we expected domain sequences from bacterial 
origin to branch among eukaryotic sequences. How-
ever, the GPP34 domains of most eukaryotes formed 
a distinct monophyletic group (UF boot/NP boot sup-
port = 99/34). The eukaryotic sequences that did not 
belong to this clade were all fast evolving and included 
Amoebozoa, Chlorophyta, Metamonada, and Ochro-
phyta sequences. The rapid evolution of these sequences, 
combined with the short length of the domain analyzed 
(~ 200 amino acids), likely explains why they did not clus-
ter with other eukaryotes. Interestingly, most symbiotic 
GPP34 sequences, both short and long variants, also 
formed a monophyletic group (UF boot/NP boot sup-
port = 99/26), suggesting a common ancestry for both 
symbiotic domains. These symbiotic GPP34 domains 
are distinct from domains present in the genomes of 
non-sponge symbionts yet more closely related to them 
than to eukaryotic GPP34 domains. This indicates that 
GPP34 proteins in sponge symbionts likely have a bac-
terial origin, rather than having been acquired recently 
through horizontal transfer from eukaryote hosts. Addi-
tionally, GPP34 sequences from archaea did not form a 

Fig. 5 Architecture of four different proteins containing the GPP34 domain, based in DELTA-BLAST. Proteins A and B belong to an acidimicrobial 
genome (Actino_Sp3_Actino1_Bur22) of a symbiont affiliated to the genus UBA11606, associated with the sponge species T. swinhoei. The 
architectures of protein A and B were categorized as GPP34_S (short protein sequence: one domain) and GPP34_L (long protein sequence: two 
domains), respectively. Further, protein C and D belong to two genomes (APA_bin_87_Rob21 and IRC_PAM_SB0661_bin_34_Rob21) of symbionts 
from the phyla Proteobacteriota and Chloroflexota, respectively. The first associated with the sponge species A. aerophoba and the second to I. 
ramosa. A, contig-70_45_length_50594_read-count_2396658_25; B, contig-70_71_length_41088_read-count_1976913_20; C, c_000000136236_5; 
D, NODE_379_length_81712_cov_64.429798_7
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monophyletic clade, suggesting possible horizontal gene 
transfers between archaea and bacteria (Fig. 6). Although 
the exact position of the root is unknown in this tree, the 
fact that both archaea and eukaryotes harbor GPP34_S 
sequences supports that this is the ancestral form of this 
protein. Additionally, proteins with a GPP34 + cytP450 
architecture form a monophyletic group (UF boot/NP 
boot support = 100/45), indicating a single common 
origin for this protein form. Moreover, we confirmed 
that GPP34_L (i.e., proteins with a GPP34 domain and 
a cytP450, Rieske, or PotA domain) were found only in 
sponge symbionts. Within the genomes of sponge sym-
bionts, GPP34 genes are found in varying copy num-
bers, ranging from 1 to 6, and these copies often belong 
to distinct and well-supported phylogenetic lineages 
suggesting that they did not originate from recent gene 
duplications (Fig. 6, Fig. S13, and Data Set S1).

Discussion
Symbiotic and free‑living Acidimicrobiia are functionally 
divergent
To investigate bacterial genetic features that are related 
to symbiosis, comparative genomics analysis needs to be 
done between taxonomically closely related symbionts 
and free-living counterparts [12, 14, 65]. Accordingly, for 
our comparative genomics analyses, we selected adequate 
comparisons within two monophyletic groups: genus 
UBA11606 and family TK06 (Fig. 1). Based on the func-
tional genetic profile of the analyzed genomes, we show 
that sponge symbionts inhabiting different sponge spe-
cies and deriving from different geographical locations 
are functionally more similar between them and distant 
from their free-living counterparts (Fig. 2). This observa-
tion is consistent with the previously reported functional 
convergence in sponge symbiotic communities [3, 14].

Genomic convergence across symbionts is driven by 
shared evolutionary pressures experienced within the 
sponge environment. The high rates of water pumping 
due to the sponge’s filter-feeding activities lead sponge 
symbionts to be exposed to many viral particles [66, 67]. 
This has resulted in a higher abundance of PDS in sponge 
symbiont genomes [65, 68] to protect bacteria from exog-
enous DNA [12, 29, 69]. Actinobacteriota symbionts 
are no exception, and we found PDS to be enriched in 
sponge symbionts as compared to their free-living coun-
terparts (Fig. S3 and Fig. S4A). Similarly, we found that 
symbiotic Acidimicrobiia are enriched in ELPs compared 
to their free-living relatives. ELPs present in genomes 
of sponge symbionts were suggested to mediate host-
microbial recognition and to enable evasion of symbi-
onts from host digestion [12, 20, 21]. Examples are the 
enrichment of ANK, LRR, fn3, and CAD in Cyanobac-
teriota [13, 15], ANK and LRR in Thaumarchaeota [18], 

TPR in Poribacteria [11], and ANK and TPR in Chloro-
flexota [70]. Here, we found that sponge symbiotic Act-
inobacteriota genomes within the family TK06 and the 
genus UBA11606 exhibited significant enrichment in 
ELPs containing various domains, including LRR, which 
plays a role in protein–protein interactions; calx-beta, 
involved in signal transfer across the plasma membrane; 
and fn3 and CAD, implicated in functions like cell adhe-
sion, morphology, and migration [71]. However, some 
ELP domains showed distinct enrichment patterns in 
TK06 as compared to UBA11606. For instance, genomes 
from genus UBA11606 were enriched in TPR genes, 
while those from family TK06 were enriched in WD40 
genes, an ELP previously reported in the microbial com-
munity of the sponge I. ramosa [22]. By contrast, our 
analysis, in agreement with previous studies [22, 28], did 
not reveal a significant enrichment in ANK proteins in 
Actinobacteriota symbionts compared to their free-living 
counterparts. Interestingly, ANKs have been found to be 
enriched in other sponge symbiotic phyla, where their 
role in evading host phagocytosis was experimentally 
substantiated [20, 25, 66]. This suggests that Actinobacte-
riota likely employs an alternative, yet unknown, mecha-
nism to evade host phagocytosis [22, 28].

Sponge symbionts are enriched in GPP34
Our analysis revealed a notable genetic characteristic 
exclusive to symbiotic Actinobacteriota when compared 
to their free-living counterparts: the presence of genes 
encoding for GPP34 proteins. These proteins are anno-
tated as eukaryotic proteins [71]. Early proteomic stud-
ies first described eukaryotic GPP34 (also called GMx33, 
GOLPH3, and Golgi phosphoprotein 3) as conserved 
cytosolic trans-Golgi-associated proteins in human, 
mouse, fruit fly Drosophila melanogaster, roundworm 
Caenorhabditis elegans, and yeasts Saccharomyces cer-
evisiae (in the  later, reported under the name Vps74), 
Schizosaccharomyces pombe, and Kluyveromyces lactis 
[72–74]. Functionally, GPP34 is annotated as a phos-
phatidylinositol-4-phosphate (PI4P)-binding protein 
[75], a feature that enables GPP34 to localize to the Golgi 
by binding PI4P, which is abundant in the Golgi mem-
brane. The eukaryotic GPP34 protein plays an important 
role in shaping the Golgi and promoting vesicle forma-
tion. Specifically, GPP34 links the PI4P to actomyosin, 
thus establishing a connection between the Golgi and 
F-actin which facilitates Golgi vesicle trafficking [76].

GPP34-like proteins have not been previously reported 
in bacteria. However, our expanded analysis including 19 
additional bacteria phyla revealed the presence of GPP34 
coding genes across 16 sponge symbiotic phyla and their 
expression in 11 of those (Fig.  4 and Fig. S12). When 
looking at the correlations between ELPs and GPP34, we 
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Fig. 6 Evolution of the GPP34 domain. Phylogenetic tree reconstructed with IQ-TREE under the EX_EHO + G4 model of evolution. The tree 
was rooted at midpoint for the graphical representation; however, the exact position of the root is unknown. The phylogenetic tree includes 133 
eukaryotic GPP34 domains (highlighted in yellow), 13 archaeal GPP34 proteins (highlighted in orange), and 171 sequences of bacterial origin, 
from which 103 are sponge symbiotic (highlighted in pink) and 68 are from non-sponge symbionts (highlighted in brown). The outer color ring 
represents protein architecture, i.e., short (GPP34_S) in light blue, or long (GPP34_L), with dark green for GPP34 combined with cyt450, dark blue 
for GPP34 combined with Rieske, light green for GPP34 combined with PotA; see Fig. 5 for examples of the protein architectures. The inner color 
ring represents the domain of life (Eukarya, Archaea, and Bacteria) and within the domain Bacteria also the lifestyle (symbiont versus non-symbiont). 
Ultrafast bootstraps/nonparametric bootstrap supports are indicated only for selected nodes. To view information on all UF boot and NP boot, see 
Fig. S13. Raw phylogenetic tree and alignment can be found at https:// doi. org/ 10. 6084/ m9. figsh are. 27325 512. v1

https://doi.org/10.6084/m9.figshare.27325512.v1
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note different scenarios. GPP34 is scarce in Poribacteria 
that are highly enriched in ELPs, whereas Latescibacte-
riota and Acidobacteriota are enriched in both ELPs and 
GPP34. Additionally, Chloroflexota seems to differentiate 
its ELPs and GPP34 distribution among its classes. These 
findings suggest that each bacterial phylum/lineage, 
which includes sponge symbionts, has evolved unique 
sets of symbiosis-related genes, which play pivotal roles 
in mediating interactions between symbiotic bacteria and 
the sponge host, contributing to the establishment and 
maintenance of symbiosis.

GPP34 proteins may be involved in a mechanism 
for escaping symbiont degradation by the sponge host
As bacteria lack organelles such as the Golgi, the pres-
ence of proteins functionally annotated as PI4P-binding 
proteins suggests their potential involvement in modu-
lating host-symbiont interaction. Notably, pathogenic 
bacteria and viruses have been reported to express pro-
teins that interfere with the host’s PI metabolism, allow-
ing them to evade digestion by the host [77–79]. For 
instance, the pathogen L. pneumophila carries distinct 
effector proteins, namely SidC and SidM, which, like 
GPP34, also bind to PI4P [80, 81]. By employing these 
effector proteins, L. pneumophila can alter the composi-
tion of the phagosomal membrane [82, 83], remodeling 
phagosomes into a vacuole that resembles ER vesicles, 
called the Legionella-containing vacuole (LCV), where L. 
pneumophila can replicate [84]. Similarly, a fungal sym-
biont of plants can also interfere with host PI dynamics. 
The fungus Laccaria bicolor secretes a protein that is 
transported into the plant cell via phosphatidylinositol 

3-phosphate-mediated endocytosis, promoting the colo-
nization of the tree roots [85].

Based on these studies, we propose that phagocytized 
sponge symbionts may use GPP34 as a secreted effector 
protein that binds PI4P, thus hijacking the phagolysosome 
maturation that would normally lead to bacterial degrada-
tion and digestion, resulting in the stable establishment of 
the symbiont within the sponge host (Fig. 7).

Proteins containing the mixed‑domain architecture 
of GPP34 with cytochrome P450 are unique to sponge 
symbionts
Across the 20 sponge symbiotic phyla analyzed, we found 
GPP34 proteins composed of four domain architecture 
groups. The most abundant architecture, harboring only 
a GPP34 domain (GPP34_S), is widespread across the 
three domains of life: Archaea, Bacteria, and eukaryotes. 
The second most abundant architecture, composed of 
GPP34 and cytochrome P450 domains (GPP34_L), is only 
found in sponge bacterial symbionts. When analyzing the 
flanking region of GPP34_S proteins in sponge-symbiotic 
bacteria, we often find a cytP450 protein within five genes 
up- or downstream of GPP34_S (Fig. S11). The presence 
of cytP450 in both the GPP34_S flanking region and as 
part of the GPP34_L architecture suggests that cytP450 
is likely important for GPP34 function in the context of 
sponge symbiosis. While additional studies are needed to 
clarify its role and evolutionary origin within GPP34_L, 
previous work in eukaryotes revealed cytP450 as a com-
ponent of the Golgi membrane proteome [73] and found 
that the upregulation of cytP450 1A1 (CYP1A1) can 
hinder macrophage phagocytosis [87], highlighting the 

Fig. 7 Schematic hypothesis of the mechanism used by sponge symbionts to interfere in the host phagosome maturation. Scheme 
of the proposed new mechanism by which sponge symbionts evade host phagocytosis upon interaction with a sponge choanocyte, resulting 
in the establishment of a stable association with the host. The draft model represented is based on the strategies used by the pathogen L. 
pneumophila [86] to manipulate host phagocytosis. GPP34 protein may act as an effector protein that is potentially secreted by the symbiont 
and bind to phosphatidylinositol 4-phosphate (PI4P), thus hijacking phagolysosome maturation and degradation of the phagocytized bacterial cell. 
Legend of the figure steps: (1.) engulfment of the bacteria, (2.) host targets it towards phagosome maturation, (3a.) free-living bacteria is degraded 
as food, (3b.) symbiotic bacteria secret GPP34 protein, (4.) GPP34 protein binds to PI4P, and (5.) recruitment of vesicles derived from the endoplasmic 
reticulum (ER), thus disguising the sponge symbiont as an ER vesicle
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potential significance of cytP450 proteins in modulating 
sponge-microbe interactions.

Phylogeny of GPP34 proteins suggests a bacterial origin
Although GPP34 proteins were initially described as 
eukaryotic [72–74], our phylogenetic analysis reveals 
their presence across all three domains of life, suggesting 
an ancient evolutionary origin. The monophyly of GPP34 
domains from sponge symbionts, along with their closer 
relationship to GPP34 domains from nonsymbiotic bac-
teria rather than to eukaryotic GPP34 sequences, sup-
ports the hypothesis that the symbiotic GPP34 protein 
family originated from bacteria and was not acquired 
through recent horizontal gene transfer from eukaryotes 
(Fig. 6). Furthermore, the divergence between GPP34 in 
sponge symbionts and those in non-sponge symbiont 
suggests that the symbiotic function of GPP34 in sponges 
evolved specifically within this group, while GPP34 in 
nonsymbiotic bacteria may serve a different role. GPP34 
proteins are not present in all Eukaryota and Archaea lin-
eages. Among eukaryotes, GPP34 proteins were mainly 
found to be present in amorpheans (i.e., amoebozoans, 
fungi, animals, and other single-celled opisthokonts). In 
few other eukaryote lineages, their presence is limited 
to one or two representatives. Similarly, in Archaea, the 
GPP34 domain could only be found in members of the 
Asgard clade, the sister clade of eukaryotes. This suggests 
that the GPP34 domain may have been lost in several 
eukaryotic and archaeal lineages. Alternatively, because 
of this patchy distribution, we cannot exclude a more 
complex evolutionary scenario (for example, involving 
several ancient horizontal transfers from bacteria).

As described above, GPP34 proteins are present 
under different architectures in symbionts: either in 
a short form with a single GPP34 domain or in a long 
form (which exists only in sponge symbionts), in which 
the GPP34 domain is combined with an additional 
domain (e.g., cytP450). Two evolutionary scenarios 
may explain this pattern. Under the first scenario, two 
different domains were present in the common ances-
tor clade, and these domains were combined, possibly 
by a recombination event, into a single long protein 
in some clades. Under the second scenario, the ances-
tral clade possessed a protein with the two domains, 
and in some lineages, the additional domain was lost. 
We speculate that the first scenario is more likely, as 
it assumes a simpler form for the ancestral protein 
and because the simple form is present in all domains 
of life, while the long form is only present in symbi-
onts. Interestingly, few GPP34_S sequences are pre-
sent within the GPP34_L clade suggesting that some 
GPP34_S sequences originated from a loss of the P450 
domain. Furthermore, previous studies have reported 

other cytP450-redox partner fusions, where the same 
protein harbors the cytP450 domain together with 
domains that aid in the electron transfer. For instance, 
P450 BM3, first characterized in the bacterium Bacil-
lus megaterium, harbors cytP450 linked to NADPH–
cytochrome P450 reductase (CPR, composed of FMN 
and FAD domains), which catalyzes electron transfer 
from NADPH to cytP450 [88].

Conclusions
This study presents a detailed comparative genomics 
analysis on 350 genomes of Actinobacteriota, a bacterial 
phylum commonly associated with sponges. Our analysis 
revealed several differences between symbiotic and free-
living bacteria, advancing our knowledge of the mecha-
nisms involved in sponge-microbe interactions. We 
identify a monophyletic group of GPP34 proteins found 
across sponge symbionts from diverse microbial phyla 
and absent from their closest free-living counterparts, 
underscoring its significance in the symbiotic context. 
While GPP34 was previously documented exclusively in 
eukaryotic organisms, we show that this protein family 
presents a patchy distribution across the three domains 
of life. In eukaryotes, GPP34 is predicted to bind PI4P, 
a function that is also attributed to secreted proteins in 
pathogenic bacteria that are involved in manipulating 
phagosome maturation, facilitating pathogen replica-
tion and establishment within the host. Accordingly, we 
propose that GPP34 represents a novel mechanism by 
which symbionts may inhibit phagosome maturation to 
enable bacterial establishment and maintenance within 
the sponge host, which requires experimental validation.
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