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Introduction

Insects in the family of psyllidae (phylum Arthropoda,

class Insecta) established a persistent intimate mutual-

istic association with the intracellular endosymbionts.

Commonly these intracellular endosymbionts possess

greatly reduced gene poor genome, which also influences

much fundamental biological process on their insect’s

host. Insects of these families can easily penetrate the

plants tissue by flexible mouthparts sucking the plants

phloem sap which is rich in sugars but poor in nitroge-

nated compound especially essential amino acids and

this mood of feeding can highly influence for the trans-

mission virus and other infectious agents and thus cause

vectors of pathogens for agriculturally important plants

[1−3]. Psyllid is economically important insects of these

psyllidae family as they are responsible for various dis-

eases in plants such as ‘Tomato Vein-Greening’ and

‘Tomato Psyllid Yellows’, in tomatoes [4] and ‘Zebra Chip

Disease’ in potatoes [5] and citrus disease known as

‘Huanglongbing’ (HLB) or ‘Greening Disease’ [6] and

Candidatus Carsonella ruddii is an endosymbiont that resides in specialized cells within the body cavity of

plant sap-feeding insects called psyllids. The establishment of symbiotic associations is considered one of

the key factors for the evolutionary success of psyllids, as it may have helped them adapt to imbalanced

food resources like plant sap. Although C. ruddii is defined as a psyllid primary symbiont, the genes for

some essential amino acid pathways are absent. Complete genome sequences of several C. ruddii strains

have been published. However, in-depth intra-species comparison of C. ruddii strains has not yet been

done. This study therefore aimed to perform a comparative genome analysis of six C. ruddii strains, allow-

ing the interrogation of phylogenetic group, functional category of genes, and biosynthetic pathway analy-

sis. Accordingly, overall genome size, number of genes, and GC content of C. ruddii strains were reduced.

Phylogenetic analysis based on the whole genome proteomes of 30 related bacterial strains revealed that

the six C. ruddii strains form a cluster in same clade. Biosynthetic pathway analysis showed that complete

sets of genes for biosynthesis of essential amino acids, except tryptophan, are absent in six C. ruddii

strains. All genes for tryptophan biosynthesis are present in three C. ruddii strains (BC, BT, and YCCR). It

is likely that the host may depend on a secondary symbiont to complement its deficient diet. Overall, it is

therefore possible that C. ruddii is being driven to extinction and replacement by new symbionts.
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cause a great loss in crop productions and yields. A com-

mon feature of organisms/insects that live on diets con-

taining an excess of one class of compounds and a

deficiency in essential nutrients could be fulfilled by the

presence of intracellular symbionts (endosymbionts)

that may provide the missing essential nutrients [7, 8].

Since psyllid has to survive under nutrients deficient-

unbalanced diets and stressful conditions, they have

developed strong symbiotic relationships with their

microbiome [9].

The microbiome of insects comprehends in a consor-

tium of microbial communities colonizing the external

and internal body structures, which are involved in a

wide range of important functions such as colonization

and resistance to pathogens, nutrient recycling and pro-

duction, providing essential nutrients into the host [10].

The symbiotic relationship between unicellular and mul-

ticellular organisms has significantly contributed to

their evolution and also influences the biological process

for both insects and bacteria.

In case of psyllids and other plant-sap sucking Hemip-

tera, the endosymbiotic microorganism are located in

specific organ like structure called bacteriomes- a spe-

cialized cell known as bacteriocyte within the insects

body cavity [11]. The bacteria insects endosymbiotic

relationship is maintained across generations through

transovarial transmission where part of the free symbi-

onts or intact bacteriocytes present in the maternal bac-

teriome migrate to the ovaries, and depending on the

hosts they are deposited at various stages of oogenesis in

the ovaries [12, 13]. Psyllids maternally harbor the

endosymbiont Candidatus Carsonella ruddii (C. ruddii),

a prokaryotic endosymbiont which maintains one of the

smallest and most AT-rich bacterial genomes ever iden-

tified and has lost many genes that are thought to be

essential for providing nutrients requirement of its host

[9, 13]. The extremely reduced genome with 160 kb in

size containing a few genes involved in DNA repair,

energy metabolism and cell envelope synthesis [13, 14].

The ability to perform most essential functions for a cell

to be considered alive is heavily impaired in C. ruddii by

the lack of genes involved in DNA replication, transcrip-

tion and translation. Furthermore, in some cases, the

shortening of genes causes the loss of essential domains

and functional residues needed to fulfill such vital func-

tions. In addition, at least half of the pathways towards

the biosynthesis of essential amino acids, its proposed

symbiotic functions, are completely or partially lost

[15].

Here we present the comparative genome analysis of

six C. ruddii strains isolated from six different psyllid

host to identify the variation of genomic sequence and

features, gene composition, shared genes and unique

genes and gene lost and gain, and also the metabolic and

biosynthetic pathway analysis in this small genome in

order to gain a new acumens on the physiological role of

this endosymbionts. So the in-depth genome compari-

sons of C. ruddii strains provide the insights into the

evolutionary stability of the endosymbionts genomic and

as well as metabolic architecture, which help to identify

the novel control strategies by targeting this endosymbi-

ont for psyllids pests.

Materials and Methods

Sequence retrieval 
Nucleotide sequences of whole genomes of six C. rud-

dii strains namely C. ruddii BC (Accession number

CP019943.1), C. ruddii BT (Accession number CP02479

8.1), C. ruddii YCCR (Accession number CP012411.1),

C. ruddii CE (Accession number CP003541.1), C. ruddii

HT (Accession number CP003544.1), C. ruddii PV

(Accession number AP009180.1) were retrieved from

NCBI genome database (https://www.ncbi.nlm.nih.gov/

genome). The information about genomic features and

genes of six strains were curated genome viewer Artemis

(https://www.sanger.ac.uk/science/tools/artemis). 

Whole genome comparative visualization
BLAST Ring Image Generator (BRIG) [16] was used

to show a genome wide visualization of coding sequences

identity among different C. ruddii strains.

Phylogenetic tree construction
The CVTree3 is the alignment and parameter free

whole genome based web server approach used for phylo-

genetic tree construction. This web server based method

relies on the oligopeptide content (K-tuple length) of con-

served proteins to deduce evolutionary relatedness

which is using the neighbour-joining method based on

dissimilarity matrix [17]. Trees constructed by the web

server are not subjected to statistical re-sampling (boot-
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strap or jackknife analyses) because the underlying

method emphasizes on the “objective” correctness of phy-

logeny with respect to taxonomy. The protein sequences

of 30 different genomes/strains including the six C.

ruddii strains used in this study were downloaded from

NCBI genome database (https://www.ncbi.nlm.nih.gov/

genome) and saved as multifasta file with the extension

.faa. In CVTree3 web server, the multifasta files of sub-

jected sequence were uploaded. The outcome result was

analysed by selecting K-tuple length options with a

range from 5 to 6 as the best K-values for bacteria was

shown to be 5–6 [17]. The best-supported neighbor-join-

ing tree was visualised using FigTree v1.3.1 (http://

tree.bio.ed.ac.uk/software/figtree/).

Functional analysis of predicted coding genes
Protein sequences of the six C. ruddii strains were

analysed with KEGG (Kyoto Encyclopaedia of Genes

and Genomes) [18] by assigning KO (KEGG ontology)

through BlastKOALA [19]. Gene category was also

retrieved from KEGG. 

Pan-Genome analysis
The web platform OrthoVenn2 [20] was used to iden-

tify orthologous gene clusters. OrthoVenn2 uses a modi-

fied version of the heuristic approach named OrthoMCL

[21] to identify ortholog groups. An E-value cut off of

1e−5 was used for all-to-all protein similarity compari-

sons. An inflation value of 1.5 was used for the genera-

tion of orthologous clusters using the Markov Cluster

Algorithm [22]. A Venn diagram in R was used to con-

struct the six-way Venn diagram of shared CDSs among

C. ruddii strains.

Results and Discussion

Genomic features of C. ruddii strains
The main genomic features of six C. ruddii strains are

summarized in Table 1. A circular genome map for each

genome was constructed by using the BLAST Ring

Image Generator. A visual inspection of the circular

alignment of the genomes of C. ruddii stains revealed a

relatively high sequence similarity (Fig. 1). A brief

description of genomes of six C. ruddii strains from dif-

ferent host has been reported [13, 14, 23−25] but depth

intra-species comparison of C. ruddii strains have not

yet been done. All six C. ruddi strains contained a single

circular chromosome and no plasmid was found. The

genomes of C. ruddii strains are highly reduced and very

similar in size from 157,543 bp to 174,018 bp with GC

content varied from 13.98% to 17.63%. Genome compari-

son showed that HT strain is reduced most in size

(157,543 bp) and has smaller number of total genes.

Contrarily, the YCCR strain has the larger genome con-

tent of 174,018 bp with comparatively higher GC content

(17.63%) but lowest coding density of gene. The CE

strain has the lowest GC content (13.98%) among six

strains. The genome size of BT strain is 174,004 bp but

the coding density is much higher compared with other

five strains. In general, the number of genes among six

C. ruddii strains varied from 211 to 227. Although the

strains are isolated from different psyllids host species,

they shared a high identity. All six C. ruddii strains con-

tained three rRNA genes and four C. ruddii strains (BC,

HT, PV and CE) has 28 tRNAs whereas each of C. ruddii

strains BT and YCCR has 22 tRNAs. So, the overall

genome size, number of genes and GC contents of C.

Table 1. General genomic features of six C. ruddii genomes.

Strain name BC  BT YCCR  HT  PV  CE
Accession number CP019943.1 CP024798.1 CP012411.1 CP003544.1 AP009180.1 CP003541.1 

Genome size (bp) 173,802 174,004 174,018 157,543 159,662 162,589

Plasmid 0 0 0 0 0 0

Chromosome size (bp) 173,802 174,004 174,018 157,543 159,662 162,589

G+C content (%) 14.81 14.61 17.63 14.55 16.56 13.98

Total number of genes 227 224 224 211 213 221

Total CDS 196 199 168 180 182 190

rRNA 3 3 3 3 3 3

tRNA 28 22 22 28 28 28
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ruddii strains reduce following to the intracellular bac-

teria during specialization to the intracellular host lifestyle

indicating a continuous selective pressure for minimal

genome. The possible explanations for the genome reduc-

tion are due to the intracellular habitats that limit the

gene acquisition capacity by lateral gene transfer [26−

29] and also the gene loss with increased adaption to the

host [30, 31]. Due to genome reduction and AT-richness,

the primary endosymbiont genomes spectacle a high

degree of stability that is the outcome of convergent pat-

tern of evolution. 

Phylogenetic analysis
A neighbor-joining phylogenetic tree based on the

whole genome proteomes of 30 bacterial strains was con-

structed using the CVTree3 tool (See Materials and

Methods). The resulting NJ tree showed that all the C.

ruddii strains formed a cluster of strong supported

monophyletic group where the six C. ruddii strains are

placed in same clade (Fig. 2 and Supplementary Table

Fig. 1. Comparative circular genome visualization of six C. ruddii strains. The BLASTN-based ring image of sequences was gen-
erated by BLAST Ring Image Generator (BRIG). Solid colour reflects 100% nt identity, fainter colours indicate between 50% and 80%
nt identity and grey features indicate <50% identity. From inside to outside: Ring 1: GC content, Ring 2: GC Skew, Ring 3: BLAST
comparison with strain BT, Ring 4: BLAST comparison with strain CE, Ring 5: BLAST comparison with strain HT, Ring 6: BLAST com-
parison with strain PV, Ring 7: BLAST comparison with strain YCCR.



Comparative Genomics of Carsonella Ruddii  377 

September 2020 | Vol. 48 | No. 3

1). The reliable placement of C. ruddii genome in

gamaproteobacteria is still in confusion due to AT rich-

ness and extreme amino acid bias, although the other

insect symbiont with small AT rich genomes consisting

of Candidatus Buchnera, Candidatus Baumannia,

Candidatus Blochmannia, and Wigglesworthia appeared

as a single clade in gamaproteobacteria [32]. Within a

single monophyletic clade, the six C. ruddii strains are

organized into different sub-clades, which also support

the consistent division in host psyllid phylogeny [11].

The phylogenies of endosymbionts and their hosts are

generally congruent evidenced by their long-term evolu-

tion [33−35].

Pan genome reconstruction 
Comparative analysis of presence/absence of gene

families among the six C. ruddii strains reveals that the

pangenome contains a total of 204 genes. The core

shared by all the strains accounts for 133 gene families

(orthogroups) (Fig. 3). No orthogroups were unique to

these six strains. Whereas, some orthogroups were

shared by two or more strains. For instance, 12, 10, 17

and 29 orthogroups were shared by two, three, four and

five strains, respectively. The orthologous groups specific

Fig. 2. Phylogenomics analysis of C. ruddii strains. A neighbor-joining phylogenetic tree based on the whole genome proteomes
of six C. ruddii strains from different psyllid host species and other closely related 24 bacterial strains (total 30 strains) from gamapro-
teobacteria class. This phylogenetic tree showed that the psyllid endosymbionts formed a cluster of strong supported monophyletic
group where the six C. ruddii strains are placed in the same clade.
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to two C. ruddii strains were hypothetical protein except

one was ribosomal protein. Whereas, three C. ruddii

strains specific genes include tryptophan biosynthesis

genes which also observed in metabolic reconstruction

(detailed in biosynthetic pathway analysis). These

results support the hypothesis that the reduced symbi-

otic genomes tend to retain core genes dedicated to

maintaining the symbiotic relationship and the central

Fig. 3. The Venn diagram depicting shared and distinct protein clusters of six C. ruddii strains. Coloured circle/box represent
six different strains.  The number of clusters is provided in the intersections. Among these clusters, 133 are common to all strains,
whereas no orthogroups were unique to these six strains. Some orthogroups were shared by two or more strains. The web platform
OrthoVenn2 [20] was used to identify orthologous gene clusters.

Table 2. Gene number distribution for different functional category analysis in six C. ruddii strains.

Strain BC BT YCCR HT PV CE 
Genetic Information Processing 83 84 58 84 88 84

Amino acid metabolism 61 64 52 45 47 51

Cellular Processes 14 14 12 12 12 13

Energy metabolism 13 13 12 14 14 14

Carbohydrate metabolism 12 13 11 13 13 14

Nucleotide metabolism 11 10 9 9 9 8

Metabolism of cofactors and vitamins 9 9 9 8 8 8

Secondary metabolites biosynthesis 7 8 4 5 5 7

Human Diseases 8 8 7 7 7 8

Organismal Systems 5 5 4 0 0 5

Unclassified 5 5 0 5 5 0

Metabolism of other amino acids 0 0 5 5 5 5
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informational machinery [36]. It also suggested that a

small number of species-specific genes are present in

reduced symbiotic genome, which may play important

roles in the specific biology/life styles of each symbiont. 

Functional category analysis
The overall information about number of genes

involved in several functional categories obtained from

KEGG database are listed in (Table 2) which reveals

that the most represented functional category in the

endosymbiont C. ruddii genomes consists of genes

involved in genetic information processing, accounting

for about 40% (Fig. 4). The second most represented

functional category is amino acid metabolism involves

about 25% of all genes. Almost all the six strains have

same percentage of gene involved in several categories

including cellular process (7%), energy metabolism (7%),

carbohydrate metabolism (7%), nucleotide metabolism

(5%), metabolism of cofactors and vitamin biosynthesis

(5%) and others (4%). The comparative analysis clearly

shows that gene complement is not sufficient to repli-

cate, transcribe and synthesize proteins. It is already

proved for C. ruddii PV strain that most of the genes for

DNA replication, transcription and translation are

absent, the transcription machinery is limited and the

translation machinery is highly reduced. Extensive func-

tional analysis with six C. ruddii strains revealed the

same pattern of genes like the PV strain. As all six C.

ruddii genomes lacks most of the genes for DNA replica-

tion, transcription and translation so the biological

Fig. 4. Distribution of genes in functional categories obtained from KEGG for six C. ruddii strains. The functional categories
(amino acid metabolism, cellular process, energy metabolism, carbohydrate metabolism, nucleotide metabolism, metabolism of
cofactors and vitamins, biosynthesis of other secondary metabolite, human diseases, organismal systems, unclassified and metab-
olism of other amino acids) were assigned by KEGG. Percentages indicate the sum of genes in each functional category (indicated
by color).  
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entity of C. ruddii genomes might be dependent on

external source for these functions.

Biosynthetic pathway analysis
Despite the drastic genome reduction, the C. ruddii

genomes retained many genes responsible for several

cellular processes as well as amino acids biosynthesis or

metabolism. We present a detailed biosynthetic pathway

of the genes retained in C. ruddii genomes which is

important to know the physiological role of this genome

as a primary endosymbiont. Complete set of genes for

eight essential amino acids like lysine, methionine, thre-

onine, phenylalanine, valine isoleucine, leucine and his-

tidine, are absent in all six C. ruddii strains whereas all

genes for tryptophan biosynthesis are present in three

C. ruddii strains (BC, BT, YCCR) but some genes are

absent in another three C. ruddii strains (CE, HT, PV)

(Fig. 5). Whereas, genes for most nonessential amino

acids (glutamate, serine, alanine, asparagine, glutamine

and proline) are absent except cysteine. Carsonella rud-

dii seemed don’t have the ability to produce endoge-

nously important precursors such as erythrose-4-

phosphate, aspartate and pyruvate.

The expected result arouse from this analysis revealed

that most of the essential amino acids biosynthetic path-

ways are completely or partially lost for all six C. ruddii

strains. The psyllid mainly feed the plant phloem sap

which is rich in sugar but deficit in nitrogenated com-

pounds, especially essential amino acids [37]. 

It is probable that the endosymbionts of insects that

feed on plant phloem sap mainly provide the host with

missing essential nutrients like Buchnera aphidicola of

aphids and Blochmannia spp. of ants provide essential

amino acids and vitamins that are deficient in the host

diet [13, 23, 38]. But unlikely, due to the limited number

of amino acid biosynthesis pathway genes, C. ruddii

stains are unable to supply the essential amino acids to

the host. The total gene content of C. ruddii strains are

almost half of the genes identified in B. aphidicola [38]

and such small number of genes raise a question to full

Fig. 5. Biosynthesis pathways for nine essential amino acids in six C. ruddii strains. Gene names are indicated in colored rect-
angles. White rectangles with red × indicated missing genes. All six strains have similar set of genes for eight essential amino acids
biosynthesis, which is indicated by right bracket. Only for tryptophan biosynthesis, three C. ruddii strains (BC, BT, YCCCR) have com-
plete set of genes and another three C. ruddii strains (CE, HT, PV) comprise two missing genes, which is indicated by green right
bracket.
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fill the functional characteristic of C. ruddii as a living

cell. The extensive small genome size of C. ruddii strains

are not compatible to support all the essential genes to

be considerate as a mutualistic endosymbiont even more

as a living organism. In some insect-bacteria association,

the essential endosymbioyic function has lost for pri-

mary endosymbiont and the missing function might

compensate from other secondary endosymbiont, which

plays the vital role to complete deficiency of the insect

diet [23, 39]. Aside from the ability to supply the essen-

tial amino acids from primary endosymbiont, it is

important that the psyllid may rely on the secondary

endosymbiont for maintaining their life cycle. It is there-

fore possible that C. ruddii is being driven to their

extinction and replacement by new symbionts as it has

already been proposed in other insects [15]. 

Conclusion

We first performed the depth intra-species comparison

of six C. ruddii strains and showed C. ruddii is not com-

patible with its consideration as a mutualistic endosym-

biont. The extensive small genome size of C. ruddii

strains raise a question to full fill the functional charac-

teristic of C. ruddii as a living cell. Although C. ruddii is

defined as a psyllid primary symbiont, the genes for

some essential amino acids pathway are absent. So, it is

important that the psyllid may rely on the secondary

endosymbiont for maintaining their life cycle. It is there-

fore possible that C. ruddii is being driven to their

extinction and replacement by new symbionts.
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