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Abstract 
Symbiotic microorganisms are subject to a complex interplay of environmental and population-genetic pressures that drive their gene loss. Despite 
the widely held perception that ancient symbionts have stable genomes, even tiny genomes experience ongoing pseudogenization. Whether these 
tiny genomes also experience bursts of rapid gene loss is, however, less understood. Giant scale insects (Monophlebidae) feed on plant sap and rely 
on the symbiotic bacterium Walczuchella, which provides them with essential nutrients. When compared with other ancient symbionts with similar 
genome sizes, such as Karelsulcia, Walczuchella’s genome was previously reported as unusually pseudogene-rich (10% of coding sequences). 
However, this result was based on only one genome assembly, raising questions about the assembly quality or a recent ecological shift such as 
co-symbiont acquisition driving the gene loss. Here, we generated six complete genomes of Walczuchella from three genera of giant scales, 
each with distinct co-symbiotic partners. We show that all the genomes are highly degraded, and particularly genes related to the cellular 
envelope and energy metabolism seem to be undergoing pseudogenization. Apart from general mechanisms driving genome reduction, such as 
the long-term intracellular lifestyle with transmission bottlenecks, we hypothesize that a more profound loss of DNA replication and repair 
genes, together with recent co-obligate symbiont acquisitions, likely contribute to the accelerated degradation of Walczuchella genomes. Our 
results highlight that even ancient symbionts with small genomes can experience significant bursts of gene loss when stochastic processes 
erase a gene that accelerates gene loss or when the selection pressure changes such as after co-symbiont acquisition.
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Introduction
Genome erosion is a hallmark of symbiotic microorganisms 
(Moran and Bennett 2014). Its outcome depends on an inter-
play of multiple evolutionary forces affecting host-restricted 
populations that are bottlenecked every generation (Moran 
1996). Under relaxed purifying selection, deleterious muta-
tions are more likely to occur and can become easily fixed in 
populations with small effective sizes and accumulate through 
Muller’s ratchet effect on asexual populations (Moran 1996; 
Rispe and Moran 2000). The enhanced mutation rate is highly 
associated with prokaryotic genome reduction (Bourguignon 
et al. 2020) because the persistent accumulation of nucleotide 
substitutions disrupts the open reading frames of genes under 
relaxed selective constraints and eventually leads to the 
loss of their function (pseudogenization) (Li et al. 1981; 
Petrov and Hartl 2000). For instance, the genomes of recently 
evolved symbionts can contain over 50% of pseudogenes 
(McCutcheon and Moran 2012). Moreover, the reduction of 
DNA replication and repair genes in symbionts can further ac-
celerate their pseudogenization and overall genome degrad-
ation (McCutcheon and Moran 2012).

Intracellular symbionts that are maternally transmitted 
often contain extremely small genomes (Moran and Bennett 
2014). These ancient symbionts have often been maintained 
in their hosts for hundreds of millions of years due to their cru-
cial role in synthesizing essential nutrients such as amino acids 
and B vitamins necessary for host development and reproduc-
tion (Moran and Bennett 2014). Despite their minimal gene 
sets, some ancient nutritional symbionts have been reported 
to experience an ongoing loss of essential genes (Moran and 
Bennett 2014). In hosts with degraded ancient symbionts, co- 
occurring microbial partners often complement important 
metabolic pathways of the original symbionts. Such multipar-
tite symbiotic consortia have been observed in various plant 
sap-feeding insects, for example, adelgids (Dial et al. 2022), 
aphids (Manzano-Marín et al. 2023), mealybugs (Husnik 
and McCutcheon 2016; Garber et al. 2021), and diverse 
Auchenorrhyncha (Bennett and Moran 2013; Michalik et al. 
2021). However, the establishment of these new partnerships 
may induce additional degradation of the ancient symbiont 
due to the availability of metabolites (or even proteins) pro-
vided by the new partner (Manzano-Marín et al. 2023).
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The Flavobacteriales are a major group of insect sym-
bionts, some of which have evolved long-term relationships 
with their hosts. Examples of these ancient symbionts include 
Candidatus Karelsulcia in Auchenorrhynchan insects and 
Blattabacterium in cockroaches and Mastotermes termites, 
which play important roles in nutrient provisioning and ni-
trogen recycling (Moran et al. 2005; Sabree et al. 2009). 
Other Flavobacteriales, such as Candidatus Skilesia from 
Geopemphigus aphids, and Candidatus Shikimatogenerans 
and Candidatus Bostrichicola from bostrichid beetles, are as-
sociated with nutritional provisioning or cuticle hardness 
(Chong and Moran 2018; Kiefer et al. 2023). Many species 
of scale insects also house symbiotic Flavobacteriales 
(Gruwell et al. 2007, 2010; Rosenblueth et al. 2012; Dhami 
et al. 2013; Szklarzewicz et al. 2020; Choi and Lee 2022). 
However, the flavobacterial symbionts from different scale 
insect families form distinct clades that are incongruent 
with the host phylogeny, suggesting multiple acquisitions 
and replacements of different symbionts during scale insect evo-
lution (Rosenblueth et al. 2012; Vea and Grimaldi 2016; Choi 
and Lee 2022; Szklarzewicz et al. 2022 ). Unfortunately, only 
two genomes of Candidatus Walczuchella and Candidatus 
Uzinuria have been analyzed so far from these diverse flavobac-
terial symbionts of scale insects (Sabree et al. 2013; Rosas-Pérez 
et al. 2014).

Monophlebidae, also known as giant scales, is a group of 
scale insects comprised of 267 species in 49 genera (García 
Morales et al. 2016). The family, for example, includes the en-
igmatic cottony cushion scale, Icerya purchasi Maskell, which 
is one of a few androdioecious insects and can cause significant 
damage to a variety of economically important plants, particu-
larly citrus trees (Mongue et al. 2021; Grafton-Cardwell et al. 
2022 ). Giant scales house nutritional symbionts, including 
Walczuchella and multiple co-symbionts related to Cedecea, 
Sodalis, and Wolbachia (Matsuura et al. 2009; Rosenblueth 
et al. 2012 ; Rosas-Perez et al. 2017). Walczuchella and other 
co-obligate symbionts are found in the bacteriomes of the 
host insects and are vertically transmitted to their offspring 
(Matsuura et al. 2009; Rosas-Pérez et al. 2014; Rosas-Perez 
et al. 2017). The genome of Walczuchella is 309 kbp in 
size and contains 271 protein-coding sequences (CDSs) 
(Rosas-Pérez et al. 2014), but it has a higher number of pseu-
dogenes when compared with other anciently established 
symbionts, which typically have small genomes with relatively 
few pseudogenes. Interestingly, the reason for the high level of 
pseudogenization in Walczuchella remains unclear. Here, we 
addressed this question via metagenome sequencing of six spe-
cies of giant scales and also determined the symbiont compos-
ition of these insects.

Materials and Methods
DNA Extraction and Genome Sequencing
Six species from three genera of Monophlebidae were 
used for metagenome sequencing (supplementary table S1, 
Supplementary Material online). All the samples were pre-
served in 99% ethanol at −20 °C. For DNA extraction, 1 to 
8 individuals of each species were selected under a dissecting 
microscope. To eliminate any potential surface contaminants, 
wax secretions were removed, and the specimens were washed 
with 99% ethanol. The insects were then ground in liquid ni-
trogen with a mortar and pestle. DNA was extracted using 
DNeasy Blood and Tissue Kit (Qiagen) and the MasterPure 

Complete DNA Purification Kit (Epicenter), following the 
manufacturers’ protocols. DNA quantity and quality were 
checked with NanoDrop (Thermo Fisher Scientific) and 
Qubit 4 fluorometer (Invitrogen). PCR-free DNA libraries 
were prepared with the NEBNext Ultra II kit (NEB). The li-
braries were multiplexed and sequenced on the Illumina 
NovaSeq 6000 and MiSeq sequencers at the Okinawa 
Institute of Science and Technology Graduate University and 
Pennsylvania State University (supplementary table S1, 
Supplementary Material online). The quality of raw Illumina 
reads was assessed using FastQC v0.11.7. (Andrews 2010), 
and low-quality reads and adapters were removed using 
Fastp v.0.20.0 (Chen et al. 2018).

Genome Assembly and Annotation
Raw Illumina reads were assembled using SPAdes v3.15 
(Prjibelski et al. 2020) using multiple k-mers (supplementary 
table S1, Supplementary Material online). The taxonomic as-
signment of assembled scaffolds was conducted using mega-
blast search (NCBI-BLAST v.2.11.0) against the NCBI 
nucleotide database. Walczuchella genome scaffolds were ex-
tracted based on the taxon-annotated-GC-coverage plots gen-
erated by Blobtools v1.1.1 (Laetsch and Blaxter 2017). The 
circular genomes of Walczuchella were visually assessed 
with Bandage v.0.9 (Wick et al. 2015). Further statistical as-
sessments were performed for sequencing read coverage and 
variant calling on the draft genome assemblies, followed by 
polishing using Pilon v.1.24 (Walker et al. 2014). Read cover-
age plots were also generated by mapping filtered reads to the 
assemblies of Walczuchella. The genome assemblies were then 
annotated with Prokka v.1.14.6 (Seemann 2014). Some hypo-
thetical or unannotated proteins identified by Prokka were 
manually re-annotated through BLASTp searches against the 
NCBI RefSeq database (Pruitt et al. 2007). Remnant or miss-
ing intact CDSs were identified in intergenic regions by 
BLASTx implemented in Pseudofinder v1.1.0 (Syberg-Olsen 
et al. 2022). CDSs were sorted into clusters of orthologous 
groups (COGs) using eggNOG-mapper v2 (Cantalapiedra 
et al. 2021) with default parameters. The transfer RNAs pre-
dictions were confirmed using tRNAscan-SE v2.0.11 (Chan 
et al. 2021). Genome maps were created using DNAPlotter 
(Carver et al. 2009). A synteny plot of Walczuchella genomes 
was created using Processing3 (https://processing.org/) based 
on Blast genome alignments and Prokka annotations. The 
comparative analyses were performed using genome assem-
blies of other ancient symbionts obtained from NCBI.

Pseudogene Identification and Substitution Rate 
Estimation
The putative pseudogenes in the seven complete and circular-
ized Walczuchella genomes were predicted as truncated or 
fragmented genes in PseudoFinder using DIAMOND BlastP/ 
BlastX searches v.2.0.4.142 (Buchfink et al. 2021) against 
the nonredundant protein database. As a reference, pseudo-
genes were also predicted using the same settings in the pub-
lished genome assemblies of other ancient symbionts. Poly(A) 
or (T) tracts were screened in the predicted fragmented genes 
of Walczuchella to confirm the potential transcriptional slip-
page that restores the disrupted reading frame [46]. Using the 
CDSs of the seven genomes of Walczuchella, we identified 
190 single-copy orthologous genes with OrthoFinder v.2.5.4 
(Emms and Kelly 2019). Of these, 181 single-copy orthologous 
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genes shared by all seven genomes were selected for substitu-
tion rate and diversifying selection analysis (after excluding 
pseudogenes). Two different algorithms, CODEML imple-
mented in PAML v.4.9 (Yang 2007) and BUSTED in 
HYPHY v.2.5 (Pond et al. 2005; Murrell et al. 2015) were 
used and the results compared. The unrooted tree of the seven 
Walczuchella genomes was generated using RAxML v.8.2.12 
(Stamatakis 2014) with 1,000 bootstrap replicates and the 
PROTGAMMAGTR model. The orthologous gene sequences 
were aligned by MAFFT v.7 (Katoh and Standley 2013). For 
the analysis with CODEML, nucleotide sequences were trans-
lated into amino acid sequences using Geneious Prime 
v.2023.0.4 (Kearse et al. 2012), and then aligned with 
MUSCLE v.5.1 (Edgar 2004). The codon-based DNA align-
ment was generated using PAL2NAL v.14 (Suyama et al. 
2006). The software packages CODEML (M0 model) and 
BUSTED were used to calculate the average ratio of nonsynon-
ymous to synonymous substitutions (ω = dN/dS) across the 
whole gene. The BUSTED analysis produced two values of 
dN/dS, one based on relative GTR branch lengths and nucleo-
tide substitution biases, and the other based on improved 
branch lengths, nucleotide substitution biases, and a full codon 
model. Genes with a dN/dS ratio between 0.95 and 0.1 were 
considered to be evolving under relaxed purifying selection 
(Vasquez and Bennett 2022). dN and dS values were also ob-
tained from CODEML. To screen the genes that have under-
gone positive selection at some sites, two comparisons based 
on the site models were performed (M1a vs. M2a and M7 vs. 
M8) using the constrained (M1a and M7) and unconstrained 
(M2a and M8) models. Positive selection was further tested us-
ing BUSTED based on the branch-site model.

Additional Analyses of DNA Replication and Repair 
Genes
A total of 33 genes involved in DNA replication and repair were 
searched against the genome assemblies of seven genera of an-
cient symbionts (supplementary table S4, Supplementary 
Material online) downloaded from NCBI, as well as 
Walczuchella. The genome assemblies were annotated using 
Prokka and BLASTp searches, and their orthologous genes 
were sorted using OrthoFinder. Further analyses were done 
for dnaEQ and dnaN genes of Walczuchella, compared with 
Karelsulcia, Blattabacterium and free-living Flavobacterium. 
Gene trees were reconstructed based on the aligned amino 
acid sequences using IQ-tree with 1,000 bootstrap replicates 
(Nguyen et al. 2015). Ancestral sequence reconstruction was 
performed using GRASP (Foley et al. 2022) to infer insertion 
and deletion events within the two genes, and the substitution 
variants were identified through marginal reconstruction in 
GRASP. Protein structures of dna genes were predicted for rep-
resentative lineages of each symbiont using Phyre2 (Kelley et al. 
2015). Multiple sequence alignments were visualized with the 
ETE toolkit (Huerta-Cepas et al. 2016).

Phylogenetic Analyses
The 16S rRNA and 23S rRNA gene sequences of symbionts 
were extracted using Barrnap v3 (https://github.com/tseemann/ 
barrnap) from metagenome assemblies of giant scales and other 
bacterial genomes (or individual sequences) available from 
NCBI. The two genes were aligned individually using MAFFT 
v7. Ambiguously aligned positions were removed using 
trimAL v.1.4.1 (Capella-Gutiérrez et al. 2009) with the 

gappyout option. The trimmed alignments of the two genes 
were concatenated using Phyutility v.2.7.1 (Smith and Dunn 
2008). For the genome-based phylogenetic analysis of 
Walczuchella, amino acid sequences of 134 single-copy orthol-
ogous genes were aligned using MAFFT and concatenated 
into a single matrix with Phyutility v.2.7.1. The sequence matrix 
was trimmed using trimAL v1.4.1 with the strict option. For the 
genome-scale phylogeny of host insects, the near-universal 
single-copy orthologs (USCOs) were obtained from each meta-
genome assembly using Patchwork v0.5.1 (Thalén et al. 2023). 
The initial set of 2,157 USCOs was recovered from the 
chromosome-level genome assembly of Phenacoccus solenopsis 
(Li et al. 2020) by BUSCO v.5.4.2 (Manni et al. 2021) utilizing 
the BUSCO sequences for Hemiptera. Using this initial USCOs 
set, 1,772 to 2,097 USCOs were mined from the assemblies of 
ingroups and outgroups using Patchwork. Protein sequences 
of the USCOs were aligned with MAFFT and concatenated. 
The concatenated dataset was trimmed with trimAL v1.4.1 
with the nogaps option. Maximum likelihood trees for all the 
above datasets were inferred using IQ-tree under the best-fitting 
models selected automatically (Kalyaanamoorthy et al. 2017). 
Branch support was estimated using 1,000 replicates of the ul-
trafast bootstrap approximation (Hoang et al. 2018). The re-
sulting trees were visualized using Figtree v1.4.4 (http://tree. 
bio.ed.ac.uk/software/figtree/).

Fluorescence In Situ Hybridization
To examine the localization of Walczuchella in the host in-
sects, fluorescence in situ hybridization (FISH) was performed 
on Crypticerya multicicatrices and Icerya purchasi. The 16S 
rRNA probe CFB319 (Moran et al. 2005) that matches 
Walczuchella was used. All insect samples were fixed in 4% 
paraformaldehyde in phosphate-buffered saline (PBS-1X) 
and Carnoy’s solution overnight, respectively. The samples 
were washed with 80% ethanol and bleached with 6% hydro-
gen peroxide solution (Koga et al. 2009) for 3 weeks with sev-
eral replacements of the solution. They were then washed with 
absolute ethanol and PBST. Except for the samples to be 
whole-mounted, the remaining tissues were embedded in 
paraffin and sectioned to 10 μm with a rotary microtome 
(HM 340E, Epredia). They were dewaxed with Clear Plus 
(Falma, Japan) and rehydrated with 100%, 70%, and 50% 
ethanol series, after drying the sections on slides. The sections 
were incubated with 300 µL of hybridization buffer containing 
DAPI (1 µg/µL) and probes (100 nM) in a humidity chamber 
overnight at 45 °C. The samples were washed with PBST 
and mounted with ProLong Diamond Antifade Mountant 
(Thermo Fisher Scientific), and the tissues were examined under 
the Nikon Eclipse Ti2-E inverted microscope.

Results
Characteristics of Walczuchella Genomes
All genomes of Walczuchella from six host species were closed 
into circular-mapping chromosomes (Fig. 1a; Table 1). The 
genome size of Walczuchella ranges from 281,644 bp to 
309,299 bp, including the largest genome, Walczuchella 
LLAX, previously reported in Rosas-Pérez et al. (2014). The 
average mapped read coverage of the assemblies ranges from 
12 to 2,939. The coverage plots showed overall uniform depth 
across the assemblies, except for regions with assembly gaps 
(represented as “N”s), single nucleotide polymorphisms, or 
repetitive sequences (supplementary fig. S1, Supplementary 
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Material online). The genomes encode 262 to 322 CDSs, with 
11 to 25 hypothetical proteins. Among the CDSs, 27 to 84 
were predicted to be pseudogenes due to truncation (71%) 
or fragmentation (29%). The ends of the five pseudogenes 
were positioned within the potential misassembly regions, 

indicating uneven read depth on the coverage plots or being 
flagged as “low coverage,” “ambiguous,” and/or “deletion” 
in the variant calling using Pilon (supplementary table S2, 
Supplementary Material online). Each Walczuchella genome 
has 1 to 3 pseudogenes (carB, trpC, and mnmE) with long 

Fig. 1. Genome assemblies of Walczuchella. a) Circular genome maps of Walczuchella. The lines from outside to inside represent: (i) CDSs on the forward 
strand, (ii) CDSs on the reverse strand, (iii) genes on the forward strand, (iv) genes on the reverse strand, (v) tRNA genes, (vi) rRNA genes, (vii) GC plot 
(above-average shown as outward peaks and below-average as inward peaks) and (viii) GC skew (above-average shown as outward peaks and below- 
average as inward peaks). Genome sizes and GC% contents are listed in the center of circles. b) Linear genome alignments of Walczuchella with lines 
connecting colinear genes. Walczuchella genomes are collinear without distinct gene rearrangements. Alignments are ordered by the phylogenetic 
relationship of Walczuchella (supplementary fig. S7, Supplementary Material online). Color codes are provided on the linear genome alignments.

Table 1 Genome statistics of Walczuchella endosymbionts from seven giant scales

Symbiont Genome size (bp) Average read  
coverage

GC (%) CDS Pseudogenized CDS  
(truncated/fragmented)

CDS coding  
density (%)

rRNA tRNA

Walczuchella CRMU 288,630 84 32.4 262 36 (20/16) 79 3 34
Walczuchella CRGE 281,644 12 32.4 263 27 (21/6) 81 3 34
Walczuchella DRCO 295,965 72 32.8 314 84 (59/25) 81 3 34
Walczuchella DRPI 297,114 1,226 32.8 322 83 (62/21) 81 3 34
Walczuchella ICPU 288,943 1,523 32.6 270 32 (20/12) 81 3 35
Walczuchella ICSE 288,445 2,939 32.0 282 42 (29/13) 80 3 34
Walczuchella LLAX 309,299 - 32.7 298 35 (30/5) 86 3 34
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poly(A) or (T) tracts (>8 bp), potentially rescuable by tran-
scriptional slippage. All seven Walczuchella genomes were 
completely syntenic (Fig. 1b). The largest proportion of genes 
in Walczuchella genomes was observed in the COG category 
of information storage and processing (44.5%), followed by 
metabolism (31.5%) and cellular processes and signaling 
(12.6%) (Fig. 2b).

Gene Loss and Pseudogenization of Walczuchella
The Walczuchella genomes showed a high frequency of gene 
loss and pseudogenization in the following functional COG 
categories: the biosynthesis of the cellular membrane (M), 
intracellular trafficking, secretion, and vesicular transport 
(U), and energy production and conversion (C) (Fig. 2; 
supplementary table S3, Supplementary Material online). 

Fig. 2. Pseudogenization of Walczuchella genomes. a) Genome maps of Walczuchella genomes visualized with pseudogenes and intact genes on the 
outer and the inner circles, respectively. b) Protein-coding genes of Walczuchella genomes classified into the COG categories. Intact genes and 
pseudogenes are depicted in the bar plots. The average COG proportion of Walczuchella genomes is additionally included in the top right corner.
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In the category (M), the genes lgt and rseP were only found, 
but they are pseudogenized or missing in most Walczuchella 
genomes. For the category (U), the majority of 11 genes 
detected are either lost (in Walczuchella DRCO, DRPI, and 
ICSE) or pseudogenized in the remaining species. In the 
category (C), out of 38 genes detected in Walczuchella 
genomes, most showed a high frequency of gene loss and pseu-
dogenization, with only a few genes remaining intact. The oth-
er COGs showed lower degradation, but we note stochastic 
losses and pseudogenization of essential genes involved in 
central informational processes, such as DNA replication 
and repair, transcription, and translation. Degradation of 
genes encoding the DNA mismatch repair protein MutS, 
DNA topoisomerase I, DNA helicase, and endodeoxyribonu-
clease was observed in the DNA replication and repair 
category. Missing transcription regulator-encoding genes 
(norR and glnG) were also noted in the transcription category. 
Interestingly, some genes encoding ribosomal proteins of the 
large subunit were lost or pseudogenized, while the genes 
encoding the small subunit ribosomal proteins remained in-
tact. Some losses of aminoacyl tRNA synthetases were also ob-
served. In the translation category, more than one genome of 
Walczuchella showed gene loss or pseudogenization in genes 
related to tRNA biosynthesis, ribonuclease, elongation factor 
4, peptide chain release factor 1, and translation initiation 
factor IF-2. The translation initiation factor IF-1 gene 
sequence was found as a gene fusion downstream of the 
CDS annotated as secY in Walczuchella CRMU and CRGE. 
Some losses/pseudogenes were also observed in genes respon-
sible for amino acid transport and metabolism.

Substitution Rates and Selection Pressure on 
Protein-Coding Genes of Walczuchella
The substitution rates of 181 single-copy orthologous genes 
were estimated to average dN = 0.0429 and dS = 0.3477 
(supplementary fig. S2, supplementary table S3, Supplementary 
Material online). The energy production-related gene pfkA had 
the highest dN (0.225) and the second highest dS (1.0945), while 
the 30S ribosomal protein gene rpsU had the highest dS 
(1.2213). The results from BUSTED and CODEML showed dif-
ferent averages and ranges for the ω values (supplementary fig. 
S3, supplementary table S3, Supplementary Material online). 
The average ω values from BUSTED (0.1670 and 0.1521) 
were higher than the average from CODEML (0.1340). 
However, they were congruent in that about 70% of genes 
(n = 121) showed ω > 0.1, indicating that they were under re-
laxed purifying selection. The information storage and process-
ing category had the highest number of genes under relaxed 
purifying selection with 50 genes, followed by the metabolism 
category with 34 genes, and the cellular processing and signaling 
category with 12 genes (Fig. 3a; supplementary table S3, 
Supplementary Material online). Among translation-related 
genes, six showed relatively high ω values (0.245 to 0.396; here-
after ω from CODEML), encoding the 50S and 30S ribosomal 
proteins, a ribosome-recycling factor, and ribonuclease P protein 
component. In the DNA replication and repair category, the 
gene yqeN had the highest ω value (0.244). In the metabolism 
category, the genes encoding histidine biosynthesis protein 
(hisI) and anthranilate phosphoribosyl transferase (trpD) 
showed relatively high ω values (0.504 and 0.288, respectively). 
In the posttranslational modification, tRNA biosynthesis protein 
TsaB had the highest ω value (0.363). Of the 181 single-copy or-
thologous genes, 63 may have experienced diversifying selection 

(Fig. 3b; supplementary table S3, Supplementary Material on-
line). Both analyses of CODEML supported the positive selec-
tion of five genes at a P-value of 0.01 and 37 genes at a 
P-value of 0.05. In the results of BUSTED, the evidence for the 
positive selection was significant for six genes at a P-value of 
0.01 and 9 genes at a P-value of 0.05. In all the analyses using 
CODEML and BUSTED, hisI, korB, gltX, and rpsU were found 
to be strongly supported as unconstrained genes.

DNA Replication and Repair Genes of Walczuchella 
and Other Ancient Symbionts
The genomes of ancient symbionts were found to contain 
33 genes related to DNA replication and repair (Fig. 4; 
supplementary table S4, Supplementary Material online). 
DNA polymerase-related genes are relatively conserved across 
small genomes of all ancient symbionts. Walczuchella retains 
most polymerase genes, but the genes dnaB and dnaG were ab-
sent in all seven genomes. dnaB is still present in Candidatus 
Nasuia and Candidatus Tremblaya, and other ancient sym-
bionts, except Candidatus Carsonella and some Karelsulcia. 
Among the repair genes, only mutS encoding DNA mismatch 
repair protein is present in three genomes of Walczuchella. 
Genetic properties of dnaEQ and dnaN genes indicated that 
mutation accumulation and deletions had occurred in their 
amino acid sequences, although overall protein structures 
were found to be similar to those of free-living bacteria 
(supplementary figs. S4 and S5, Supplementary Material
online).

Phylogenetic Analyses of Walczuchella and Their 
Host Insects
In the phylogenetic tree based on the 16S and 23S rRNA gene se-
quences, Walczuchella formed a distinct clade comprised of two 
subclades with Walczuchella from the host genera Drosicha + 
Llaveia and Crypticerya + Icerya (Fig. 5a, supplementary fig. 
S6, Supplementary Material online). This topology was con-
firmed by the phylogenomic analysis based on 134 single-copy 
genes (supplementary fig. S7a, Supplementary Material online). 
Additionally, the phylogenenomic tree of host insects, recon-
structed using 2,097 USCOs with high bootstrap values, was 
found to be congruent with the phylogenomic tree of 
Walczuchella (Fig. 5b). The clade of Walczuchella was found 
to be sister to Candidatus Hoataupuhia, an obligate symbiont 
of the Coelostomidiidae (supplementary fig. S6, Supplementary 
Material online). Flavobacterial symbionts of Cryptococcus 
scale insects and Geopemphigus aphids were sister to the clade 
of Hoataupuhia + Walczuchella.

Phylogenetic and Genome Analysis of co-symbionts
The metagenomes of giant scales revealed the presence of co- 
symbionts from multiple bacterial lineages, including 
Alphaproteobacteria and Gammaproteobacteria (Fig. 5a, 
supplementary fig. S6, Supplementary Material online). 
Acetobacteraceae-related symbionts were recognized in 
Icerya seychellarum and were phylogenetically close to 
Bombella. Wolbachia was detected in Drosicha pinicola and 
Icerya purchasi. Arsenophonus was found in Crypticerya mul-
ticicatrices. A long-branched Sodalis-like symbiont was de-
tected in Icerya seychellarum. An Enterobacter-related 
symbiont was identified in Icerya purchasi. Two species of 
Drosicha showed Cedecea-related symbionts. Serratia was 
found in Crypticerya genistae, although its contigs had low 
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sequencing coverage. Several species of Coelostomidiidae 
showed Sodalis, Wolbachia, and Erwinia-related symbionts, 
some of which clustered close to the Enterobacterales sym-
bionts from giant scales. The available genome assemblies of 
co-symbionts varied from 1.2 to 4.8 Mbp and had 34% to 
57% GC content (supplementary table S5, Supplementary 
Material online).

Localization of Walczuchella in Giant Scales
Walczuchella localization and vertical transmission were con-
firmed in Crypticerya multicicatrices and Icerya purchasi us-
ing FISH and microscopy (Fig. 6). Walczuchella signal was 
localized in the posterior terminal area of the early stage of 
eggs (Fig. 6a). Its population was divided into two groups in 
the more developed egg (Fig. 6b) and located on both sides 
of the posterior area, eventually shaping bacteriomes during 
embryogenesis (Fig. 6c). The first instar nymph showed clear 
localization of Walczuchella in about five paired and multi-
lobed structures in the abdomen (Fig. 6d). The localization 
of Walczuchella in the sectioned tissues was found to be within 
the bacteriocytes, which had larger polyploid nuclei compared 
with the normal host cells (Fig. 6e to h).

Discussion
Walczuchella is an Ancient Symbiont With a Large 
Number of Pseudogenes
Our results support initial reports from the first sequenced 
Walczuchella genome indicating the ongoing genome erosion 
in Walczuchella (Rosas-Pérez et al. 2014). We show that all 
Walczuchella genomes from different host species contain a 
high proportion of pseudogenes, with up to 27% of total CDSs. 
This is in stark contrast to other ancient symbionts, which usually 
contain fewer than 5% pseudogenized CDS (supplementary table 
S6, Supplementary Material online). Furthermore, we show that 
many intact genes are facing potential deactivation.

Approximately 70% of single-copy genes in Walczuchella are 
under relaxed purifying selection (ω > 0.1) (Fig. 3; supplementary 
table S3, Supplementary Material online). Despite its already 
highly reduced genome of <300 kbp and ∼150 My of co-
evolution with scale insects, Walczuchella seems to be experien-
cing ongoing and rapid genome erosion. Similar levels of 
genome erosion are, to our knowledge, often associated with a 
rapid shift of the host diet or co-symbiont acquisition. One ex-
ample of such a change is Tremblaya princeps with coding density 
of 66% in a 138 kbp genome (Husnik and McCutcheon 2016). 

Fig. 3. Selective pressures on protein-coding genes of Walczuchella. a) Ratios of nonsynonymous to synonymous substitutions (dN/dS; ω) of single-copy 
orthologous genes of Walczuchella, sorted into the COG categories. Each circle shows ω of the gene estimated using Codeml based on the sequences of 
seven Walczuchella. The names of genes are given around circles showing higher ω in each category. The genes with ω > 0.1 are considered under 
relaxed purifying selection. b) 63 genes predicted to have experienced diversifying selection. The first and second rows represent the two results from 
different approaches (M1a vs. M2a and M7 vs. M8) with Codeml. The third row shows the result of Busted. Each box of genes is filled with different colors 
following their statistical significance.
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Fig. 4. Heatmap showing retention proportions of DNA replication and repair genes in genomes of ancient symbionts. The ranges of genome size and the 
number of analyzed genomes are noted under the names of symbionts.

Fig. 5. Maximum likelihood analyses of giant scales and their symbionts. a) Phylogenetic tree of symbionts from giant scales based on 16S-23S rRNA 
sequences obtained from metagenome assemblies and NCBI. Symbionts of giant scales are indicated with stars. b) Co-phylogenetic analysis of 
Walczuchella and their hosts (detailed information provided in supplementary fig. S6, Supplementary Material online). Walczuchella phylogeny (left) was 
reconstructed based on 134 single-copy orthologous genes obtained from genome assemblies. The host phylogeny (right) was reconstructed based on 
2,097 USCOs. The numbers at nodes represent bootstrap values over 95%. Symbionts are linked with dashed lines to their respective host insects. 
Walczuchella LLAX is not linked because of the lack of sequencing data of its host. Both trees were inferred with IQ-tree (see Materials and Methods for 
details).
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This genome erosion was likely set in motion by the acquisition of 
intrabacterial symbionts and subsequent relaxed selection pres-
sure on the genes of Tremblaya.

Which Functional Gene Categories are Eroding 
Away?
The pseudogenization of Walczuchella affects most gene cat-
egories, but a few are experiencing extensive erosion (Fig. 2). 

Significant deterioration was observed in genes associated 
with the cellular envelope, intracellular trafficking, and energy 
metabolism (Fig. 2b), which are functions typically lost in tiny 
endosymbiont genomes due to complementation by the host 
insect (Moran and Bennett 2014).

The genome size of Walczuchella between medium-sized and 
tiny symbionts coincides with losing the capability to synthe-
size peptidoglycan, phospholipids, and lipopolysaccharides, 

(a) (b)

(c)

(e) (f)

(g) (h)

Fig. 6. Localization of Walczuchella in Crypticerya multicicatrices and Icerya purchasi. a) Walczuchella is localized in the posterior pore of the early stage of 
the egg of I. purchasi. b) Walczuchella is separated into two groups in the developing egg of I. purchasi. c) Walczuchella is localized on both sides of the 
posterior part of the egg of I. purchasi. d) Five paired and multilobed bacteriomes of the first instar nymph of C. multicicatrices including Walczuchella. a to 
d) Whole mounts. The photos on the left are light microscopy images, and the photos on the right are FISH images. The group of Walczuchella is indicated 
by an arrow. e) Entire view of sectioned tissue representing bacteriomes and bacteriocytes of I. purchasi in the nymphal stage. f to h) Higher magnification 
images of each part in e. e to h) FISH images of body sections. The bacteriomes (roundish structures) contain numerous Walczuchella (yellow dots). Nuclei 
are stained with DAPI (blue) in G and H.
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and produce energy. Transmission electron microscopy of 
Palaeococcus species showed that Walczuchella is likely sur-
rounded by a host-derived membrane (Szklarzewicz et al. 
2006). Further high-resolution microscopy is required to clarify 
the detailed structure of its membranes. ATP is provided by the 
host mitochondria, similarly to other insect symbionts (Mao 
et al. 2018) and as suggested by the presence of numerous mito-
chondria in the bacteriocyte cytoplasm (Szklarzewicz et al. 
2006) and pseudogenization of Walczuchella genes involved 
in energy production and conversion.

Where Walczuchella genomes seem to be more reduced when 
compared with symbionts with similar genome sizes is DNA 
replication, transcription, and translation (Fig. 2b). Especially 
notable are losses of select DNA repair and replication genes 
(Fig. 4). Walczuchella has lost DNA repair genes, although 
some genomes retain mutS encoding the DNA mismatch repair 
protein. While other ancient symbionts also experienced sub-
stantial losses in DNA repair genes, they usually retain the genes 
encoding DNA replication proteins. However, Walczuchella 
has lost two key genes, dnaB and dnaG, which encode the 
DNA helicase and primase. Among translation-related genes, 
significant decay was found in many aminoacyl-tRNA synthe-
tases and 50S/30S ribosomal proteins. The glutamate-tRNA lig-
ase and 30S ribosomal protein S21 genes were predicted to have 
undergone positive selection, and several other translation- 
related genes are under relaxed purifying selection with relative-
ly high ω values (Fig. 3). Other key translation steps such as ini-
tiation, elongation, and peptide release (infB, lepA, and prfA) 
were also affected by the genome erosion. Strikingly, the trans-
lational initiation factor IF-1 and some ribosomal proteins 
genes are missing or present as pseudogenes in some 
Walczuchella genomes even though they are typically retained 
even in ancient symbionts with tiny genomes (Moran and 
Bennett 2014; Husnik and McCutcheon 2016).

We have confirmed the conservation of genes in the category of 
amino acid metabolism in the Walczuchella genomes (Fig. 2b). 
This supports its role as a provider of essential amino acids to 
the insect hosts, as previously reported (Rosas-Pérez et al. 
2014). However, our findings indicate the loss or pseudogeniza-
tion of genes encoding enzymes for synthesizing certain amino 
acids, such as arginine, lysine, methionine, and tryptophan. In 
addition, the histidine biosynthesis gene (hisI) was strongly impli-
cated as having undergone positive selection (Fig. 3). Our analysis 
suggests that this gene may currently be under relaxed purifying 
selection, as it showed the highest ω among the genes tested in 
this study. Rosas-Pérez et al. (2014) noted that some substrates 
for the biosynthesis of several amino acids need to be supplied 
to complete the pathways due to the loss of several amino acid bio-
synthesis genes in the genome of Walczuchella. Our six new 
Walczuchella genomes also confirmed the absence of argAE, 
aroEH, aspC, dapEF, hisCD, ilvE, and trpG, while their respect-
ive co-symbionts have retained some or most of them 
(supplementary table S7, Supplementary Material online). 
Additionally, horizontally transferred genes of bacterial origin, 
such as dapEF, were found in the host genomes of giant scales 
(supplementary table S7, Supplementary Material online). 
These results suggest a complex metabolic patchwork among 
Walczuchella, its co-symbionts, and host genes of both native 
and bacterial origin, similar to other scale insects such as mealy-
bugs (Husnik and McCutcheon 2016). Additionally, we confirm 
that all Walczuchella genomes retain rpoN, a regulator of genes 
involved in nitrogen metabolism and assimilation (Sabree et al. 
2009; Rosas-Pérez et al. 2014).

Main Drivers of Genome Erosion in Walczuchella

Long-Term Intracellular Lifestyle and Vertical Transmission
Walczuchella is a vertically transmitted endosymbiotic bacter-
ium. We confirmed the presence of Walczuchella in the eggs of 
I. purchasi and its localization during embryogenesis (Fig. 6a 
to c). The migration of Walczuchella to oocytes was previously 
observed in the ovarioles of the giant scales Palaeococcus 
fuscipennis (Szklarzewicz et al. 2006). In the first instar nymph 
of C. multicicatrices, Walczuchella is present in the paired 
multilobed symbiotic organ (Fig. 6d), which is similar to the 
symbiotic organs housing the flavobacterial symbionts 
of Coelostomidiidae (Dhami et al. 2012, 2013). Phylogenetic 
analyses reveal that Coelostomidiidae and Monophlebidae, 
including their symbiotic bacteria, are sister clades 
(supplementary fig. S6, Supplementary Material online; 
Dhami et al. 2012; Rosas-Pérez et al. 2014; Vea and 
Grimaldi 2016). Furthermore, the symbiotic bacteria and their 
hosts in Coelostomidiidae and Monophlebidae show co- 
phylogenetic patterns (Fig. 5b; Dhami et al. 2013). These re-
sults suggest that they share the most recent common ancestor 
that originated approximately 125 to 150 million years ago 
(Vea and Grimaldi 2016) and their symbionts have coevolved 
with these two host families since then (Fig. 7b). Similar to 
many other endosymbionts, the strict intracellular lifestyle 
and limited effective population size of Walczuchella result 
in stronger effects of random genetic drift and less effective 
purifying selection over time (McCutcheon and Moran 
2012). We did not identify any clear differences in these proc-
esses between Walczuchella and other insect endosymbionts, 
but we cannot rule out more profound bottlenecking, for ex-
ample, due to effective population sizes of giant scales or the 
number of symbiont cells transmitted from the mother to off-
spring, which are currently unknown.

Establishment of Obligate Co-Symbionts
The establishment of co-obligate endosymbionts can be an im-
portant factor contributing to the ongoing genome reduction 
of Walczuchella in giant scales. We show that various bacterial 
lineages of Alphaproteobacteria and Gammaproteobacteria 
are putative obligate co-symbionts of giant scales (Figs. 5a
and 7b) based on the genome analyses, although their localiza-
tions in the hosts need to be confirmed. The composition of 
these co-symbionts varies depending on the species of giant 
scales, but Walczuchella is uniformly present in all samples. 
This finding suggests that giant scales have independently ac-
quired diverse co-symbionts during their diversification. 
Arsenophonus and Sodalis- allied bacteria are known to com-
plement the missing nutritional genes of ancient symbiotic 
partners in aphids, mealybugs, and planthoppers (Husnik 
and McCutcheon 2016; Michalik et al. 2021, 2023; 
Manzano-Marín et al. 2023). The genome of Sodalis TME1 
in Llaveia axin contains genes involved in all pathways for 
biosynthesis of essential amino acids, and this Sodalis is thus 
potentially supplying nutrients to the host in cooperation 
with Walczuchella (Rosas-Perez et al. 2017). Potential meta-
bolic complementation by co-symbionts thus likely occurs in 
giant scales for amino acid biosynthesis (supplementary 
table S7, Supplementary Material online). Furthermore, 
Cedecea-related co-symbionts were previously confirmed in 
two species of Drosicha where they are intracellular in 
the host cells surrounded by Walczuchella bacteriocytes 
(Fig. 7a; Matsuura et al. 2009). The acquisition of additional 
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symbionts can be detrimental to Walczuchella as more func-
tional “junior” symbionts with a larger gene pool may lead 
to further relaxation of purifying selection on redundant genes 
in Walczuchella. Co-symbiont acquisition is thus emerging as 
a major factor driving significant changes in the co-occurring 
genomes of ancient symbionts that are otherwise relatively 
stable.

Loss of DNA Replication and Repair Genes
The breakdown of the DNA replication and repair system in 
Walczuchella could be a significant factor contributing to their 
excessive pseudogenization. Our analyses have revealed a 

limited set of DNA replication and repair genes (Figs. 4, 7c). 
Remarkably, Walczuchella has lost two essential genes, 
dnaB and dnaG, that are important for the initiation of repli-
cation. In comparison, other ancient symbionts, including 
Nasuia and Tremblaya with extremely reduced genomes, 
tend to retain at least dnaB. Although there are some cases 
of dnaB loss among Carsonella and Karelsulcia, their genome 
size is 157 to 245 kbp, which is much smaller than that of 
Walczuchella (281 to 309 kbp) (supplementary table S4, 
Supplementary Material online). Karelsulcia and Portiera, 
which have similar genome sizes to Walczuchella, retain 
dnaB. Mutations of dnaB were shown to increase genome in-
stability and result in higher mutational frequency in E. coli 

Fig. 7. Potential microbial symbiotic features of giant scales leading to the degradation of Walczuchella genomes. a) Intracellular lifestyle of Walczuchella 
in bacteriocytes of giant scales with co-symbionts. This illustration is based on the FISH images for Drosicha host species and their symbionts reported 
previously (Matsuura et al. 2009). b) Long-term evolutionary relationship of Walczuchella with hosts and additional introductions of putative co-symbionts. 
Colored lines with labels indicate symbionts on host phylogeny (gray background). c) Incomplete DNA replication and repair system of Walczuchella.
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(Behrmann et al. 2021). We hypothesize that this early loss of 
dnaB in Walczuchella genomes was the tipping point of genome 
degradation. The remaining DNA polymerase genes have accu-
mulated many mutations likely partly affecting their function 
(supplementary figs. S4 and S5, Supplementary Material on-
line). Furthermore, Walczuchella does not contain DNA recom-
bination and repair proteins found in symbionts with similarly 
reduced genomes. The incomplete system of DNA replication 
and repair leads to an increased rate of mutations that can easily 
accumulate over time. The enhanced mutation rate is strongly 
correlated with the evolution of genome size in prokaryotes 
(Bourguignon et al. 2020). The loss of key genes for DNA 
replication and repair introduces accidental early stop codons, 
consequently resulting in the more rapid degradation of 
Walczuchella genomes with increased pseudogenization.

Continuous Genome Instability of Ancient 
Symbionts
Microbial symbionts are subject to environmental conditions 
that inevitably result in genome reduction, integration with 
the host, or extinction (Husnik and Keeling 2019). The complete 
genomes of ancient symbionts reveal a wide range of genome 
sizes, indicating ongoing genome reduction (supplementary 
fig. S8, Supplementary Material online). Among ancient sym-
bionts of insects, Buchnera is a striking example of this phenom-
enon, with genome sizes ranging from 412 to 671 kbp. 
Walczuchella can be considered an ancient symbiont based on 
its long-term symbiotic relationship with Monophlebidae and 
its genome size similar to Karelsulcia, which originated at least 
260 million years ago [14]. Despite its status as an ancient sym-
biont, Walczuchella continues to show unusually high levels of 
genome degradation. The acceleration is likely due to the early 
loss of DNA replication/repair genes and the frequent establish-
ment of functional co-symbionts, although we cannot rule out 
alternative reasons such as unusually strong bottlenecking dur-
ing vertical transmission, accelerated cellular integration with 
the host cell (organellogenesis-like), or differences in the host 
biology such as androdioecy affecting its population-genetic 
processes (Fig. 7). The different rates of genome degradation 
among symbionts may be due to various factors, such as the 
mode of transmission, effective population sizes of both hosts 
and symbionts, differences in host biology, and the genetic bases 
of mutualistic features (Rispe and Moran 2000). In particular, 
the number of symbionts transmitted to offspring can be 
modulated by very specific circumstances, as exemplified by 
Hodgkinia in cicadas (Campbell et al. 2018). Therefore, further 
work is needed to determine if Walczuchella has a lower rate of 
transmission to offspring compared with other ancient sym-
bionts, as reducing the number of symbionts can promote the 
fixation of mutations (Rispe and Moran 2000). Walczuchella 
joins a few other endosymbionts such as Tremblaya princeps 
in being the exception to the typical pattern of ancient symbionts 
retaining few pseudogenes (McCutcheon and Moran 2012). It is 
a cautionary tale that even if most symbiont genomes may reach 
a relatively stable state, some such as Walczuchella are currently 
spiraling down the symbiosis rabbit hole of genome instability 
and pseudogenization.

Supplementary Material
Supplementary material is available at Molecular Biology and 
Evolution online.
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