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Lista de Abreviaturas

C - cytosine (citosina)

G — guanine (guanina)

GC — guanine/ cytosine (citosina/ guanina)

GESPI — genome strand preference index (indice genomico de preferéncia de fita)
CDS - Coding Sequence

PROT™ - Porcentagem de identidade de sequéncia de aminoacidos par-a-par
DNA* - Porcentagem de identidade de sequéncia de nucleotideos par-a-par

DNA - Deoxyribonucleic acid (acido desoxiribonucléico)

Ka — Indice de substituigdo par-a-par ndo-sindnima

Ka/Ks — Relagao entre indice de substituicdo par-a-par ndo-sinonima e indice de
substitui¢do par-a-par sindnima

Ks - Indice de substituigdo par-a-par sindnima

Kb — Quilobase ou 10° pares de bases

Mb — Megabase ou 10° pares de bases

NCBI - National Center for Biotechnological Information

NJ — Neighbor — Joining

Protein IDs — Identificadores unicos das sequéncias peptidicas de genomas completos
definidos pelo National Center for Biotechnological Information

R?— Coeficiente de determinagio

RNAP — RNA Polimerase

SCUO - Synonymous Codon Usage Order (Indice usado para determinar numericamente a

tendéncia preferencial de uso de codons)



p — Valor p. Probabilidade de que a amostra possa ser encontrada em uma populagdo sob
teste, assumindo-se que a hipotese nula seja verdadeira.

tRNA — RNA transportador



Resumo

Genomas reduzidos de bactérias apresentam-se como complexos sistemas
evolutivos, evidenciando diferentes propriedades gendmicas de acordo com o nicho
ocupado por cada organismo. Em bactérias simbiontes, genomas reduzidos apresentam
uma grande estabilidade em relacdo a rearranjos e taxas mutacionais em comparagao com
genomas reduzidos de bactérias parasitas. Dentre as espécies parasitas com genoma
reduzido, Mycoplasma hyopneumoniae distingue-se por apresentar, em diferentes cepas,
genomas com caracteristicas especificas dentro da classe Mollicutes, incluindo maior taxa
mutacional, e freqiiéncia de rearranjos.

Através do desenvolvimento de um método quantitativo para avaliar a preferéncia
de disposicao preferencial de genes nas fitas senso e anti-senso de genomas de procariotos,
foi possivel avaliar comparativamente a estrutura gendomica de espécies bacterianas em 8
filos de procariotos. Os resultados dessa analise indicam que dentre os genomas analisados
as espécies de Mollicutes do grupo hominis sdo as que possuem a maior desorganizacao
estrutural em relagdo a colocagdo preferencial de genes nas fita senso e anti-senso,
enquanto que as espécies do grupo pneumoniae apresentam valores intermedidrios, o que
se correlaciona com a maior sintenia observada entre genomas nesse grupo.

Uma analise em grande escala de mutagdes sindnimas e nao-sinénimas em 7
grupos de genomas reduzidos indica a ocorréncia de evolugdo positiva em uma série de
genes possivelmente relacionados a patogenicidade. Com base em dados comparativos de
rearranjos, presenca de recombinagdo, transferéncia horizontal e elevadas taxas de
mutagdes sindnimas sobre ndo-sinonimas, um novo modelo de evolucdo de genomas
reduzidos de parasitas foi proposto. No modelo, sugere-se que, ao contrario dos genomas

de bactérias simbiontes, a redugdo gendmica em bactérias parasitas caracteriza-se por um



processo altamente turbulento, no qual a constante geragdo de variabilidade ¢ um ponto

critico para o sucesso da estratégia de colonizag¢do do hospedeiro.



Abstract

Reduced genomes present an interesting evolutionary system, showing different
genomic properties accordingly their lifestyle as parasites or symbionts. In symbiont
bacteria, reduced genomes present a great stability regarding rearrangements and
mutational rates comparing with reduced genomes from parasite bacteria. Among these
species, the Mycoplasma hyopneumoniae genome distinguish itself by presenting specific
characteristics inside the Mollicutes class, including higher mutational and rearrangements
rates.

Through the development of a quantitative method of gene strand bias, was
possible a comparative analysis of 8 bacterial phyla. The results of such analysis indicated
that genomes of Mollicutes bacteria from the hominis group possess the most disordered
genomes regarding gene position on the leading or lagging chromosome strand, while
genomes from bacteria of the pneumoniae group have intermediary values, in agreement
with the higher sinteny between the genomes in this group.

A large-scale analysis of synonymous and non synonymous mutations in 7 groups
of reduced genome bacteria determined positive evolution in several genes related to
pathogenicity. Based in comparative data from rearrangements, recombination, horizontal
transfer and high synonymous over non-synonymous mutational rates, a new model of
evolution for parasite species with reduced genomes is proposed. In this model is
suggested that, in opposition with symbionts bacteria, genome reduction of parasite
prokaryotes is characterized by a high turbulent process, where the constant variability

generation is a critical point for the success of the host colonization.
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1. Introducio geral
1.1 Mollicutes e estudos genémicos

Coletivamente, os Mollicutes apresentam-se como interessantes modelos para o
estudo de processos evolutivos de redugdo gendmica e sua correlagdo com o parasitismo.
Isso se deve a diversidade de hospedeiros que as espécies dessa classe colonizam, a
presenca de espécies nao-parasitas e a disponibilidade da seqiiéncia de genomas completos.

Taxonomicamente, os Mollicutes englobam bactérias que ndo possuem parede
celular, sendo o termo “micoplasmas” aplicado de forma usual para determinar os
microorganismos com tal propriedade. No entanto, com o decorrer dos estudos
taxondmicos desta classe, foram propostos novos termos para separar 0s organismos com
auséncia de parede celular e que possuiam diferentes nichos ecoldgicos, surgindo as
denominag¢des Phytoplasma, para espécies parasitas exclusivas de vegetais e insetos e
atribuicdo de ordem indefinida. Dessa forma a classe Mollicutes ¢ subdividida em 4
ordens, sendo estas: Mycoplasmatales, a mais extensa e que engloba os géneros
Mycoplasma ¢ Ureaplasma; Entomoplasmatales, possuindo os géneros Entomoplasma e
Mesoplasma;  Spiroplasmataceae, possuindo apenas o género Spiroplasma;
Acholeplasmatales, incluindo apenas o género Acholeplasma e Anaeroplasmatales
englobando os géneros Anaeroplasma e Asteroleplasma.

Atualmente existem mais de 180 espécies de Mollicutes conhecidas, incluindo
tanto espécies parasitas, como Mycoplasma hyopneumoniae, Mycoplasma pulmonis e
Mycoplasma genitalium, quanto de vida livre, como Mesoplasma florum. Mollicutes
parasitas colonizam uma ampla gama de hospedeiros, incluindo plantas (Phytoplasmas),
peixes (Mycoplasma mobile), aves (Mycoplasma synoviae) répteis (Mycoplasma

alligatorum) ¢ mamiferos (Mycoplasma genitalium). Dentre os Mollicutes 17 espécies
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tiveram genomas seqiienciados, algumas delas para mais de uma linhagem ou isolado. Trés
destes genomas (de M. hyopneumoniae J, M hyopneumoniae 7448 e M. synoviae) foram
seqiienciados por consorcios brasileiros de pesquisa gendmica, com a participagdo de
nosso grupo de pesquisa (Vasconcelos et al, 2005).

Os Mollicutes tém como sua principal caracteristica a auséncia de uma parede
celular, genomas com tamanho geralmente inferior a 1x10° nucleotideos (1 megabase), a
necessidade de colesterol para seu crescimento em cultivo e um genoma rico em
nucleotideos AT, distinguindo-se de outros genomas reduzidos pela presenca em
praticamente todas as espécies da classe, de elementos de transposicao (Loreto et al, 2007),
inclusive grandes elementos como elementos integrativos conjugativos (Pinto et al, 2007) e
no caso do genoma de M. hyopneumoniae, de uma seqiiéncia de inser¢ao ainda pouco
caracterizada, denominada tmH1. Esta manuten¢do de seqiiéncias de inser¢do ¢ justificada
como um componente ndo-neutro no processo evolutivo dos Mollicutes, sendo responsavel
pela geragdo de variabilidade, podendo, portanto, representar um componente adaptativo
do genoma (Loreto et al, 2007).

Interessantemente, uma extensa regido do genoma de Mycoplasma synoviae foi
identificada como tendo sua origem a partir de transferéncia horizontal (Vasconcelos et al,
2007), o que estabelece que mesmo genomas reduzidos podem eventualmente adquirir
novas regides genomicas ¢ manté-las, caso elas oferecam alguma vantagem adaptativa. No
caso de M. synoviae, a regido identificada como transferida horizontalmente ¢ responsavel
pela codificacdo de uma classe de proteinas de membrana com provavel papel no processo
de patogenicidade, comum a Mycoplasma gallisepticum, outro mollicute com o mesmo

hospedeiro que M. synoviae.
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1.2 Aspectos evolutivos de genomas bacterianos reduzidos

Dois estudos pioneiros (Kingsbury, 1969; Bak et al, 1969) mostraram uma
relativa diversidade com relagdo ao tamanho de varios genomas bacterianos. O trabalho
realizado por Bak et al (1969), utilizando microscopia eletronica para determinagdo do
tamanho do genoma em micoplasmas, ja apontava a possibilidade de estas bactérias
possuirem os menores genomas de procariotos. Os mesmos autores também sugeriram que
o fato de terem o genoma distintamente menor do que o das outras bactérias ja estudadas
na época seria um indicativo de que os micoplasmas integrariam uma classe separada de
organismos.

O conceito de que os micoplasmas, como bactérias possuidoras de genomas muito
pequenos, participariam de uma linhagem inicial a partir da qual ocorreram sucessivos
eventos de expansdo gendmica predominou até o inicio da década de 1980, quando um
estudo filogenético de espécies de Mollicutes estabeleceu as relagcdes de descendéncia
entre os micoplasmas e espécies da ordem Clostridiales (Woese et al, 1980). Tal trabalho
sugeriu que os Mollicutes haviam sofrido um processo de redugdo gendémica, ao invés de
serem espécies representativas de organismos ancestrais ja originalmente portadores de
genomas de pequeno tamanho. Esse mesmo estudo ja indicava que micoplasmas possuiam
uma alta taxa de mutagdo, o que era evidenciado pela elevada variabilidade observadas
entre genes ortdlogos de RNA ribossomico 16S. Esta caracteristica, por sua vez, tem
importante significado para a biologia dos Mollicutes.

A diversidade de hospedeiros das diferentes espécies de Mollicutes (de plantas a
mamiferos) reflete estratégias de extremo sucesso durante o processo de evolugdo do

parasitismo nas espécies dessa classe, principalmente se for considerado o fato de que,
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devido a falta de parede celular, as populagdes de espécies de Mollicutes ficam sujeitas a
constantes gargalos populacionais, uma vez que necessitam permanentemente de contato
com o hospedeiro para sua dispersdo. Estes gargalos populacionais, por sua vez, diminuem
a taxa efetiva de selegcdo sobre uma determinada populacdo, levando a uma maior fixacao
de mutagoes deletérias.

O acumulo de mutagdes acabaria por levar uma espécie a extingdo, em um
fendomeno, conhecido como “Muller’s rachet”, que ja foi proposto para as proteobactérias
endossimbiontes de insetos, outro grupo de bactérias que apresentam genomas reduzidos
(Moran, 1996). As proteobactérias simbiontes de insetos também enfrentariam o mesmo
processo de gargalo populacional, devido a natureza intracelular de sua relagdo com o
hospedeiro e a heranca materna essencialmente vertical.

Ha, contudo, diferencas fundamentais entre os processos evolutivos de genomas
reduzidos de bactérias endossimbiontes e parasitas. A primeira diferenca diz respeito a
estrutura gendmica. Bactérias endossimbiontes vém mantendo seus genomas
essencialmente intactos por mais de 50 milhdes de anos (Tamas et al, 2002), enquanto
Mollicutes parasitas apresentam altas taxas de rearranjos e recombinacdo. Por exemplo,
grandes rearranjos foram reportados em genomas de micoplasmas estreitamente
relacionados (Vasconcelos ef al, 2005) e estudos de variagdo populacional em linhagens de
espécies de micoplasmas obtidas em diversas regides geograficas demonstraram que a
variagdo gendmica dessas espécies acontece em nivel mutacional e recombinacional (Calus
et al, 2007 e Mayor, 2008).

Pode-se afirmar que tal nivel de variacdo estd relacionado com o nicho adotado
pelos micoplasmas como parasitas. Enquanto espécies endossimbiontes desfrutam de um

ambiente altamente estavel, sendo provisionadas por seu hospedeiro, espécies parasitas
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necessitam de continua adaptacdo a novos hospedeiros ou a pressdes seletivas impostas
pelos mecanismos de defesa de seu hospedeiro. Esta disputa adaptativa entre parasitos e
parasitados leva a um processo de co-evolucao constante, onde as espécies hospedeiras sao
pressionadas a evoluir sob influéncia dos parasitos, ¢ os parasitos sdo pressionados a
evoluir pelos mecanismos de defesa de seus hospedeiros (Van Valen, 1973).

Caso haja um desequilibrio na relagdo co-evolutiva entre hospedeiro e parasito,
pode ocorrer a extingdo de uma das espécies. Como exemplo, podemos supor uma relagao
parasito-hospedeiro na qual o hospedeiro desenvolveu uma rapida capacidade de
identificacdo do parasito no momento da infec¢do. Esta capacidade adquirida poderia
torna-lo resistente a infeccdo pelo parasito em poucas geragdes e forcaria o parasito a
trocar de espécie hospedeira ou adaptar-se a nova condig¢do a partir da aquisi¢do, por co-
evolu¢do, de um mecanismo capaz de burlar a nova capacidade do hospedeiro. Caso
nenhuma destas situagdes ocorra, a espécie parasita tenderia a ser extinta.

A relagdo co-evolutiva também poderia ocorrer no sentido inverso. Nesta situagao,
haveria primeiro o surgimento de uma vantagem adaptativa para o parasito, a qual o
hospedeiro deveria responder, co-evolutivamente, desenvolvendo uma adaptagdo que a
suplantasse.

Mudangas bruscas como as supostas acima niao sdo comuns na natureza. Em
situacdes naturais, o processo de relagdo parasito-hospedeiro desenvolve-se ao longo de
milhdes de anos. Entretanto, os genomas reduzidos de Mollicutes parasitas constituem um
interessante exemplo de como essas adaptagdes podem ser rapidas em alguns casos, se
considerada a escala evolutiva geral. Através do mecanismo de variagdo de fase, os
genomas de Mollicutes parasitas podem rapidamente reestruturar componentes de sua

membrana celular que potencialmente seriam identificados pelo sistema imune do
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hospedeiro (Iverson-Cabral et al, 2006). Ao produzir constantemente individuos variantes
em relacdo aos genes de proteinas de membrana em sua populagdo, tais bactérias
submetem-se ao processo de selecdo darwiniana classica pelo sistema imune do
hospedeiro, sendo que as variantes ndo identificadas pelo sistema imune rapidamente,
aumentam sua freqiiéncia na populagdo e iniciam a coloniza¢do do hospedeiro, instaurando
o processo infeccioso cronico peculiar as espécies de Mollicutes parasitas.

Portanto, a alta taxa mutacional e a elevada freqiiéncia de rearranjos e de
recombinagdo sdo aspectos cruciais para o sucesso dos Mollicutes parasitas. Seus genomas
reduzidos e, portanto, com repertorios restritos de genes paralogos, que poderiam
proporcionar mecanismos de escape, precisam rapidamente gerar variabilidade para
contrabalancar pressoes seletivas proporcionadas pelos hospedeiros.

E preciso ressaltar, no entanto, que tal processo de gera¢io de variabilidade
acontece em nivel populacional. Isso significa que muitas das variantes geradas sdo
reconhecidas pelo hospedeiro e eliminadas da populagdo, sendo entdo a freqiiéncia das
variantes ndo reconhecidas aumentada de acordo com o desvio do equilibrio de Hardy-

Weinberg (Nagylaki, 1976).
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1.3 Justificativas e objetivos

O fendomeno da reducdo gendmica em bactérias, apesar de identificada ja em
meados dos anos 80, s6 pode ser estudada com profundidade a partir da disponibilidade de
genomas completos de bactérias com genomas reduzidos e de espécies relacionadas com
genomas nao-reduzidos. A partir de tais dados genOmicos, foi possivel iniciar o
desenvolvimento de correlagdes evolutivas e tracar modelos para o entendimento dos
processos que levaram a redugdo de genomas em procariotos. No entanto, estes estudos
concentraram-se em genomas de endossimbiontes do filo Proteobacteria, sendo as espécies
do filo Firmicutes geralmente apenas utilizadas como modelos para a identificagdo de um
genoma minimo.

Dessa forma, existe uma grande caréncia de estudos com relagdo aos processos
evolutivos moleculares que moldaram genomas de parasitas, especialmente, de espécies de
parasitos do filo Firmicutes.

Além disso, a maioria das bactérias com genomas reduzidos do filo Firmicutes
sdo importantes patogenos de plantas, animais domésticos e seres humanos. Isso justifica
adicionalmente a necessidade de um entendimento em profundidade de seus processos
evolutivos e das caracteristicas biologicas dai resultantes, o que pode facilitar o
desenvolvimento de estratégias de controle dos patogenos para a preservacdo de seus

hospedeiros naturais.

Dado o exposto este trabalho objetivou:

e Determinar as principais diferencas evolutivas entre genomas reduzidos de espécies

17



de Mollicutes parasitas e simbiontes

Identificar genes em parasitos com genomas reduzidos que apresentem relagdo com

patogenicidade, utilizando métodos filogenéticos.

Estabelecer um modelo evolutivo para espécies de Mollicutes parasitas com

genoma reduzido, com énfase para a explicacdo das propriedades de genomas de

linhagens parasitas de Mycoplasma hyopneumoniae.

18



2. Resultados

2.1 Artigo “de Carvalho MO, Ferreira HB. 2007. Quantitative determination of gene strand

bias in prokaryotic genomes. Genomics. 90:733-40.”

2.1.1 Introducao

A disponibilidade de genomas bacterianos completos a partir do seqiienciamento
de Haemophilus influenza (Fleischmann et al, 1995) abriu a possibilidade de interpretagdo
da seqiiéncia de DNA cromossdmico de diferentes formas (Grigoriev et al, 1998).
Diferentes estratégias foram criadas para conversao das seqiiéncias nucleotidicas em outras
formas de dados que pudessem ser interpretadas por métodos analiticos numéricos, como
wavelets (Song et al, 2003) e modelos ocultos de Markov (Waack et al, 2006).

Tais métodos foram inicialmente utilizados para a identificagdo de assinaturas
caracteristicas das seqiiéncias genomicas, que poderiam representar blocos funcionais de
um cromossomo, como os determinantes de inicio e final de genes. Adicionalmente, a
conversao das propriedades da seqiiéncia de DNA em genomas completos, tais como
contetido GC e padrdes de seqiiéncia revelaram importantes caracteristicas funcionais dos
cromossomos bacterianos como a pronunciada tendéncia de acimulo de G sobre T na fita
senso (Necsulea & Lobry, 2007).

Estas andlises podem ser realizadas na forma de “janela deslizante”, onde a
seqiiéncia gendmica ¢ analisada de forma continua ao longo de intervalos pré-definidos do
genoma, possibilitando a identificacao de regides diferenciais da seqiiéncia em relagdo ao

genoma completo (Thurman et al, 2008).

19



Este método ¢ empregado com relativo sucesso para identificacdo de ilhas
gendmicas que apresentam conteudo GC com niveis estatisticamente relevantes em relagao
a média cromossOmica, evidenciando transferéncia horizontal ou restricdes\incrementos a
desvios mutacionais (Hsiao et al, 2003). A abundancia relativa de G sobre C tem uma
importancia pratica na analise de genomas completos, uma vez que o calculo cumulativo
do desvio de G sobre C da fita senso em relacdo a anti-senso pode ser usado para
graficamente determinar a origem de replicagdo em genomas bacterianos (Tillier &
Collins, 2004).

No entanto, os genomas bacterianos de forma geral apresentam em primeiro nivel
uma tendéncia em relacdo a disposi¢do dos genes na fita senso. Esta orienta¢do foi
primeiramente interpretada como uma forma de evitar erros de replicacdo que sdo
geralmente associados ao processo descontinuo de replicagdo da fita anti-senso (Rocha &
Danchin, 2001).

Contudo, trabalhos posteriores indicam que a colocacdo preferencial de genes na
fita senso ou anti-senso esta relacionada a essencialidade de cada gene (Rocha, 2004). Esta
seria uma estratégia empregada pelos genomas bacterianos para evitar que genes essenciais
tenham sua expressdo prejudicada por colisdes entre a maquinaria de replicacdo e
transcri¢do durante o periodo de divisdo celular, otimizando dessa forma a disponibilidade
de transcritos de importancia crucial para a célula.

A disposicao preferencial de genes na fita senso ou anti-senso caracteriza-se,
portanto, como uma importante propriedade estrutural dos genomas bacterianos, com
correlagdo direta entre os processos de transcricdo e replicagdo. Considerando esta
importancia, um método de quantificacdo da disposi¢do preferencial de genes estabelece

uma referéncia para a comparacgdo analitica das diferencas na distribui¢do dos genes ao
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longo do cromossomo em genomas de diferentes espécies de bactérias. Esta quantificacao
pode entdo ser utilizada para o estabelecimento de relagdes evolutivas entre genomas

Especificamente para genomas reduzidos de Mollicutes, foi observado durante o
trabalho de seqiienciamento e analise do genoma de M. hyopneumoniae, que 0s genomas
de espécies parasitas apresentavam um padrao pouco definido de disposi¢do preferencial
de genes nas fitas senso e anti-senso, enquanto o genoma do mollicute de vida livre M.
florum apresentava uma grande estruturacdo do genoma em relagdo a disposi¢ao dos genes
nas fitas senso e anti-senso. Porém, foi verificado que, mesmo entre os micoplasmas
parasitas, ha uma grande diferenca em relacdo aos niveis de estrutura¢do, sendo os
genomas de micoplasmas do grupo Pneumoniae mais estruturados do que os de
micoplasmas do grupo Hominis.

Para determinar de forma analitica a preferéncia de disposi¢cdo génica na fita senso ou
anti-senso de cromossomos bacterianos, foi entdo desenvolvido um método numérico de
normaliza¢do dos dados de colocagdo génica. Este método produz como resultado um
indice denominado GESPI, que ¢ um indicador absoluto do nivel de estruturagdo
cromossomica em relacdo a disposi¢cdo génica nas fitas senso ou anti-senso, podendo ser
usado para comparagdes entre genomas bacterianos de diferentes classificagdes
filogenéticas.

No artigo apresentado a seguir, descrevemos o desenvolvimento deste método
quantitativo para determinacdo da tendéncia de distribui¢do de genes na fita senso e anti-
senso ¢ a sua aplicagdo para o estabelecimento de correlagdes entre as caracteristicas

estruturais de genomas procarioticos.
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Abstract

Comparative genometrics of microorganisms is a relatively new area, in which genome properties are translated into numerical indexes. Such
indexes can be used for a comprehensive and comparative analysis of microbial genomes, contributing to the understanding of their evolution.
This work presents a new method for quantitative determination of gene strand bias in prokaryotic chromosomes, in which data transformation of
gene position skew leads to a numerical index that can be applied to quantitative comparisons of genome organization. It was applied in the
comparative analysis of 49 completely sequenced Firmicutes genomes, allowing the distinction of groups defined according to their patterns of
gene strand preference. The resulting groups revealed that, regarding gene strand bias, reduced genomes are, in general, the more disordered
among Firmicutes, while genomes of extremophile organisms comprehend those with the highest degree of genome organization in this phylum.

© 2007 Elsevier Inc. All rights reserved.

Keywords: Comparative genomics; Gene order; Chromosome organization

Gene distribution and orientation within genomes have
important functional implications [1]. One example is the
organization of operons, in which contiguous and co-oriented
genes are cotranscribed in polycistronic RNAs [2]. The
replication process also influences gene organization in the
chromosome, as exemplified by the common location of dnaA
genes close to the replication origin as a strategy to regulate the
cell division process [3]. Another important pattern of gene
distribution within genomes is their preferential location in the
leading strand of the chromosome, which can be interpreted as
evidence of gene essentiality [4].

Some methods to estimate gene strand bias have been
described [5,6]. However, these methods do not allow
quantitative estimates, and, therefore, more specialized methods
are needed to survey the massive amount of genome sequence

* Corresponding author. Departamento de Biologia Molecular e Biotecnolo-
gia, Instituto de Biociéncias, Universidade Federal do Rio Grande do Sul, CEP
91591-970, Porto Alegre, RS, Brazil. Fax: +55 51 3308 7309.
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URL: http://bioinformatics.org/ (M.O. de Carvalho).
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data currently available. With that in mind, we developed an
algorithm for quantitative determination of gene strand bias in
prokaryotic chromosomes based on the preference of gene
distribution and orientation along the chromosome. This
method produces a numeric value that represents the degree
of gene strand bias of a genome and can be used for the
comparison of different genomes.

Results and discussion

The developed algorithm is applicable to prokaryotic
genomes with single replication origins (OriC) and for which
the OriC position was either experimentally determined or
computationally predicted. Prior to inclusion in the analyzed
samples, the OriC position was verified for each genome, based
on previously described methods [7]. For calculation purposes,
OriC was defined as the first base of the file containing the
genome sequence, provided this position corresponded to the
functionally or theoretically predicted OriC position. Genome
files that were not in agreement with this criterion were adjusted
accordingly.
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The algorithm is essentially based on the cumulative gene
strand bias index (C,,), which was calculated as described under
Materials and methods. After C,, is calculated for each gene in a
genome, starting from OriC, it can be plotted against n or the
gene start coordinate, and the resulting plots represent the
tendency of gene orientation along the entire chromosome.
According to this formula, a portion of a genome with an
accumulation of genes in the leading strand will be seen as an
increment in C, values, as genes in the leading strand have an
additive effect, while a preponderancy of genes in the lagging
strand causes a decrement in C,. This situation is exemplified
well by the Mesoplasma florum genome [8], in which the gene
strand bias toward the leading strand in the first half of the
genome (starting from OriC) is clearly inverted at the terminus
of replication (Ter(C), as can be seen by the change in the graph
direction (from an ascending to a descending curve) (Fig. 1).

Although the C, plot gives a good representation of gene
distribution on the two strands of a genome, it is not possible to
take C,, absolute values for comparisons between genomes, as
the differences in gene number from one genome to another lead
to incomparable C, data, even if the chromosomes have similar
gene distributions. Therefore, it was necessary to find a way to
normalize the values of gene strand preference among different
genomes. The observation that a completely ordered genome,
with its first half containing all genes in the leading strand and
its second half containing all genes in the lagging strand (Fig.
2A), produces gene strand bias graphs with Pearson’s
correlation coefficients (r) [9] of 1 and —1 between C, and n,
if the two halves are considered separately (Figs. 2B and 2C,
respectively), allowed the use of that statistic descriptor to
normalize C, values among different genomes. Proportionally
higher Pearson’s coefficients between the set of values of C,
and n would correspond to genome portions with stronger bias

toward gene location in the leading strand, while proportionally
lower ones are expected to correspond to genome portions with
the opposite behavior. The observed curve and coefficient
behaviors are the expected ones for most prokaryotic genomes,
which typically present genes co-oriented with the direction
of replication in each genome half [10]. Deviances from this
model occur [11], and for such atypical genomes, comparative
analyses based on plots of C,-derived indexes would not be
possible, although such indexes would be still valid to describe
the gene strand bias for each individual genome.

A simple form to describe the level of gene strand bias for
any prokaryotic genome in a way that would allow quantitative
comparisons between genomes would be to calculate the square
of the Pearson’s correlation coefficient (rz) between C, and n
for the two halves of the genome and then determine the average
between the obtained values. The square calculation was
necessary because Pearson’s coefficients cannot be used for
direct averaging, since their values are not linear functions of
the magnitude of the relation between the variables. The r*
value, however, does not represent all the information on a
genome’s gene strand preference. For some genomes, genes can
be distributed in stretches with alternating gene strand
preference along the chromosome. In situations like that, a
stretch with gene strand preference opposite to that of its
flanking regions corresponds to a genome structure (called here
an inversion island) that is likely to have important functional
implications, as, for instance, in the cases of pathogenicity
islands [12] and clusters of genes coding for restriction-
modification systems [13]. A simple way to reflect the presence
of inversion islands within a chromosome in a single index is to
calculate 7% in a sliding window fashion, which will produce
higher values for more structured regions (i.e., those with more
genes positioned in the same strand). By varying the window
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Fig. 1. Cumulative gene strand bias graph of the M. florum genome. Dark lines at the bottom represent gene positions along the genome. Numbers on the x axis
represent genome base pairs and numbers on the y axis indicate absolute values of the cumulative gene strand bias (C,,).
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tendency. This generates a gene strand preference index (gespi)
5 that provides a quantitative estimate of gene strand bias for any
given prokaryotic genome (including the linear ones), provides
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Fig. 2. (A) C, value plot for a completely ordered conceptual genome. To
illustrate the concept of C,, graph partition, the (B) first and (C) second halves of w / \
this genome were considered separately, producing gene strand bias graphs with \
Pearson’s correlation coefficients (r) of 1 and — 1, respectively. "
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information on the degree of overall co-orientation between To test whether gespi values are representative of gene strand
genes and the replication process, and can be compared between bias for both small and large genomes, we simulated data for four
different genomes. hypothetical genomes, two with 671 genes (one completely

Species gespi

Geobacillus kaustaphilus 42,88
Listeria monocytogenes 43,25
Enterococcus faecalis 44,65
Listeria innocua 44,93
Streptococcus mutans 46,09
Streptococcus pneumoniae 41,92
Streptococcus thermophilus 43,36
'E Clostridium acetobutylicum 43,25
Streptococcus agalactiae 40,43 A
Desulfitobacterium hafniense 43,99
E Lactococcus lactis 41,91
Mycoplasma gallisepticum 45,94
I_[ Mycoplasma penetrans 50,33
— Streptococcus pyogenes 48,63
L Lactobacillus salivarius 48,81
_[ Clostridium perfringens 45,80
Clostridium tetani 45,87
l Bacillus cereus 31.52| "™
. Bagillus thurigiensis 31,96
.~ Bacillus anthracis Ames 31,63
- = % Staphylococcus haemolyticus 32,43
Staphylococcus saprophyticus 32,16
Bacillus licheniformis 32,44 IB
Lactobacillus plantarum 31,85]
—  Bacillus subtilis 29,81
_[ Bacillus clausii 35,19
Staphylococcus epidermidis 33,09
[ _I{ Bacillus halodurans 37,75|™
Staphylococcus aureus 36,84
L Lactobacillus sakei 39.18
_I: Lactobacillus acidophilus 33,50 [ od
. Lactobacillus johnsonii 34,76
— Mycoplasma capricolum 32,19 —
Mycoplasma genitalium 46,05
Mycoplasma pneumoniae 45,44 j D
- - Aster Yellow Phytoplasma 26,02]
Carboxydothermus hydrogenoformans 62,42
Thermoanaerobacter tengcongensis 60,14 E
Mesoplasma flarum 69,66
Moorella thermoacetica 60,39
Mycoplasma mycoides 14,43| ==
Mycoplasma pulmonis 13,36
Mycoplasma mobile 10,18
— Mycoplasma synoviae 53 1,28 F
| Ureaplasma urealyticum 17,49
Mycoplasma hyopneumoniae 7448 6,14
Mycoplasma hyopneumoniae J 4,79
Mycoplasma hyopneumoniae 232 3.38] |
Onion yellows phytoplasma 25,01

2= 0 O S ® O
£ Qb 1 3
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ordered regarding gene strand bias and the other with random
gene strand preference) and two with 5134 genes (again with one
completely ordered regarding gene strand bias and the other with
random gene strand preference). As can be seen in Fig. 3, the
simulated data confirm that gespi is representative of gene strand
bias for both small and large genomes, with gespi values falling
between the predicted boundaries both for completely ordered
genomes (gespi values of 99.51 and 99.93 for the small and the
large genome, respectively) and for those with randomly ordered
genes (gespi values of 0.0002 and 0.0001 for the small and the
large genome, respectively).

Our method was initially validated for the genomic
comparative analysis, calculating gespi and the corresponding
C,-plotting graphs (Supplementary data, part 1) for 49
Firmicutes genomes. A strong correlation was observed
between gespi and the C, graphs, indicating that they are
complementary indicators of gene strand bias. Like TS plots
[5], C, plots are visual indicators of large differences in gene
strand preference. On the other hand, the gespi method,
derived from C, data, is able to detect both small and large
differences in gene strand bias between genomes. For instance,
C, plots (or TS plots) of Bacillus subtilis and M. florum are
quite similar, suggesting comparable levels of gene strand
preference. However, when the gespi method is applied to
these genomes, we can demonstrate that small differences in
gene strand bias, scattered along the genomes and not detected
in the plots, result in an overall quantitative difference of more
than 40% (gespi values of 29.81, for B. subtilis, and 69.66, for
M. florum).

It was proposed that gene strand bias is more evident in
Firmicutes than in other bacteria groups [14]. However, our
gespi-based analysis showed that, in the Mollicutes class, the
members of the Pulmonis group show a nearly random gene
distribution. For instance, strains J, 232, and 7448 of Myco-
plasma hyopneumoniae [15,16] and Mycoplasma synoviae [15]
present highly disordered genomes, with gespi values of 4.79,
3.38, 6.14, and 1.28, respectively These are in contrast with the
highly ordered genomes of the non-Pulmonis mollicute M.
florum (gespi=69.66) and other Firmicutes (gespi values
between 29.81 and 62.42). This contrast may be correlated
with an evolutionary change occurred early in the Pulmonis
group. It has been suggested that the use of alternative DNA
polymerase subunits (DnaE or PolC) in the replication of each
strand in Firmicutes is responsible, at least in part, by the
generation of more pronounced gene strand bias [14]. However,
both dnaE and polC genes are present in all Pulmonis group
genomes, which excludes a loss of one of these genes during the
process of gene reduction as a simple explanation for the
observed low degree of gene strand bias. Alternatively, we

hypothesize that Pulmonis group species have a higher rate of
genomic recombination and rearrangement than other Molli-
cutes. According to that, we found that the level of synteny,
which is reduced by recombination and rearrangement events, is
higher in non-Pulmonis genomes, such as those of the
Pneumoniae group, comprising Mycoplasma genitalium [17]
and M. pneumoniae [18], which have corresponding higher
gespi indexes (46.05 and 45.44, respectively).

The gespi component values can also be informative, since
they can be specifically analyzed to identify tendencies in gene
distribution in the whole chromosome. Therefore, they are
useful for comparative analysis, such as hierarchical clustering,
from which patterns of genome structuring can be inferred. To
demonstrate that, 49 Firmicutes genomes were grouped
according to their patterns of gene strand distribution based
on gespi and its components (Fig. 4). From the resulting
clustering, it was possible to delineate different groups of
genomes according to their values of gespi, defined as groups A
to F in Fig. 4. For instance, the most disordered genomes (group
F), comprehending Firmicutes subjected to genome reduction,
were consistently grouped, with few exceptions. Additionally, it
was possible to define a group of highly ordered genomes
(group E), essentially formed by extremophile organisms,
which is suggestive of a possible evolutionary relationship
between gene strand bias and adaptation to extreme environ-
ments and remains to be investigated.

Discrepancies in gene strand preferences evidenced by gespi
analysis can be further analyzed using complementary bioinfor-
matics approaches. For instance, approximately the same gespi
index was calculated for the two Phytoplasma species analyzed,
aster yellow phytoplasma [19] (AYWP) and onion yellow
phytoplasma [20] (OYP), but they did not group in the
hierarchical cluster analysis, evidencing differences in their
genome structures regarding gene strand bias. While the AYWP
first replichore is highly organized, with genes mostly
positioned in the leading strand, the OYP chromosome presents
an opposite architecture, with the second replichore holding
most genes in the leading strand. The alignment of the AYWP
and OYP genomes (Fig. 5) confirms that, indeed, there are
different architectures in these two phytoplasma chromosomes,
which are due to a large inversion of the structured region,
although the OriC and TerC regions of both chromosomes were
kept syntenic.

It can be argued that the simple ratio between the number of
genes in the leading strand and the total number of genes would
be a good parameter to evaluate gene strand bias. However, our
approach allows a more comprehensive view of gene location,
taking into account both the overall gene distribution in the two
strands and the occurrence of local structural patterns. Although

Fig. 4. Hierarchical clustering results using both the calculated gespi and its components as variables. Darker tones indicate lower values. The origin of replication was
assumed to start at the first nucleotide position of the genome, as is usual for annotated genomes deposited in the NCBI database. Defined groups are identified by
letters on the right. Groups A and B are constituted mainly of Bacilli bacteria, with the exception of Clostridia species in group A. Group A species have intermediate
gespi values (45.80 to 50.33), while group B have low—intermediate gespi values (29.81 to 35.19). Groups E and F correspond to the extremes of gespi distribution in
the Firmicutes phylum, with group E comprehending the most ordered genomes (gespi values from 60.14 to 69.66) and group F, the most disordered ones (gespi values
from 1.28 to 17.49). Group E is essentially constituted of extremophile organisms (with the sole exception of M. florum), while group F is constituted mainly of

Mollicutes species from the Pulmonis group.
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Fig. 5. Dot-plot alignment of the aster yellow phytoplasma (y axis) and onion yellow phytoplasma (x axis) genomes, and the corresponding graphs of °,, values for the

whole chromosomes. Shaded areas correspond to rearranged genome regions.

one of the gespi components is the percentage of genes that are
in the leading strand, this value is considered only after the
value of 0.5, corresponding to the expected gene fraction in a
strand in a case of random distribution (50%), is subtracted from
it. A simple example of the advantage of using gespi instead of
the simple ratio between genes in the leading strand and the total
number of genes would be any case in which we have a clear
preponderance of genes in one strand of a replichore, while the
genes in the other replichore are randomly distributed between
the two strands. Situations like that happen, for instance, in the
OYP and AYWP genomes, in which gene distributions in the
lagging and leading strands are not equitable in the two
replichores. Using the gespi approach, these irregular gene
distributions between replichores can be both detected and
measured, resulting in corresponding lower index values
(25.01, for OYP, and 26.02, for AYWP) in comparison to
those obtained for genomes with nearly equal gene distributions
(gespi values around 45.00).

Finally, to demonstrate that gespi is applicable to broader
phylogenetic surveys, we performed a gespi analysis for 35
additional genomes, including representative samples from 12

Eubacteria phyla outside Firmicutes (Supplementary data, part
2). This allowed us to establish interesting evolutionary
correlations based on gene strand bias. For instance, we found
that extremophile genomes appear among the most organized
genomes (higher gene strand bias) in the Deltaproteobacteria
(e.g., Geobacter sulfurreducens, with gespi=22.08) and
Firmicute (e.g., Carboxydothermus hydrogenoformans, with
gespi=02.42) groups. This is in agreement with a recent study
[21] that showed that co-orientation of transcription and
replication is due to selective pressure for processive, efficient,
and accurate replication, considering that an organized pattern
of gene orientation in relation to OriC would help extremophile
organisms to overcome difficulties in transcription and
replication under harsh environmental conditions. However,
extremophiles from the Thermotogae and Deinococcus—
Thermus group are far less organized regarding gene strand
bias (with gespi values of 5.56 and 1.82 for Thermotoga
maritima and Thermus thermophilus, respectively), suggesting
that within this group alternative biological mechanisms for
DNA and RNA synthesis coordination may be in operation,
deserving specific investigation.
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Previous studies [5] also addressed the problem of quan-
titative measurement of gene strand preference, but in a sim-
plified form and with less resolution, in which the cumulative
index of gene strand preference (TS) corresponded to the per-
centage of genes in a given strand (leading or lagging) in a
window of several genes. Although our method also uses a
sliding window strategy, C,, its main data component is
obtained using each gene position as a data point, allowing for a
more discriminatory analysis of gene strand bias.

Overall, our results suggest that gespi, along with its com-
ponents, is a good numeric indicator of gene strand preference
and its application in comparative genometrics is an interesting
approach for a preliminary search of patterns of chromosome
structuring. Since the method is not very demanding in terms of
hardware, it is well suited to performing extensive genome
surveys in any laboratory with access to basic computational
resources. Future gespi analyses are expected to help us
understand the evolutionary mechanisms that drive the unequal
gene distribution between the two chromosome strands, as well
as the overall relationships between patterns of genome
organization and lifestyles for different organisms.

Materials and methods

To calculate the cumulative gene strand bias index (C,), let n be the gene
order number, counted from OriC, and s; be the index designating its location in
the leading or lagging strand, with 1 corresponding to a gene in the leading strand
and — 1 to a gene in the lagging strand. C,, is then expressed as C,=C,,_, +s5;, with
Cy=si).

The calculation of gespi for a given genome is done according the
following assumptions: N being the total number of genes of the genome, let
N, be the order number of the nearest gene to the chromosome’s S/2
coordinate, where S corresponds to the last nucleotide in the genome file and,
therefore, is the genome size in nucleotides. Let 1%, be the square of the
Pearson’s correlation coefficient between (n,/Ny,) and (C,/C\y), corresponding
to the genes in the first half of the genome, and 17, the square of the Pearson’s
correlation coefficient between (n1yy,.1/N) and (Cyy.1/Cy), corresponding to the
genes in the second half of the genome. With P being the square of the
Pearson’s correlation coefficient for each window (w) along the genome, the
average of the /%, values can be calculated for each half of the genome, with
the first half being rzwu and the second half being rzw,,. Although # datasets
from different genome segments are not really additive to represent an * value
for the whole genome, it is valid to calculate the 1w averages for each genome
segment, which are necessary for the identification of regions with different
gene strand biases within a genome.

It was defined that p, and p,, represent the gene fractions that are co-oriented
with replication direction in the first and second genome halves, respectively.
Assuming that a random gene distribution would result in 50% of them in each
strand, any value above 0.5 for p, and p,, represents an additive bias toward gene
strand preference, suggesting that selection is acting on the gene distribution.
This defined p,50p, —0.5 and p,50p, —0.5.

The gespi was then determined as gespi={[(rlax r"w,xp,50)+
(b x*wy, % p,50)]% 100}, This index has values between 0 and 100, with 0
representing a complete absence of gene strand bias and 100 representing a
genome completely structured regarding gene strand preference.

Clustering of gespi values and their components for the analyzed genomes
was performed with the HCE3 software (http://www.cs.umd.edu/hcil/hce/hee3.
html), using the UPGMA linkage method and the Euclidean method for distance
measurement. The dot-plot alignment was constructed with the Ibdot software
(http://www.lynnon.com/dotplot/files.html) using recommended configuration
values. Genome sequences were obtained from the NCBI FTP site (ftp:/ncbi.
nlm.nih.gov) on August 10, 2006 (Accession Nos. NC_007716, NC_003997,
NC_006274, NC_006582, NC_002570, NC_006322, NC_000964,

NC_005957, NC_007503, NC_003366, NC_004557, NC_007907,
NC_004668, NC_006510, NC_006814, NC_005362, NC_004567,
NC_007576, NC_007929, NC_002662, NC_003212, NC_003210,
NC_006055, NC_007644, NC_007633, NC_004829, NC_000908,
NC_006360, NC_007332, NC_007295, NC_006908, NC_005364,
NC_004432, NC_000912, NC_002771, NC_007294, NC_005303,
NC_002951, NC_004461, NC_007168, NC_007350, NC_004116,
NC_004350, NC_003098, NC_004606, NC_006449, NC_003869,
NC_002162, NC_008752.1, NC_003228.3, NC_002929.2, NC_004463.1,
NC_004545.1, NC_002620.2, NC_007899.1, NC_005085.1, NC_009342.1,
NC_002971.3, NC_008025.1, NC_007354.1, NC_002939.4, NC_008571.1,
NC_000915.1, NC_006369.1, NC_008576.1, NC_002678.2, NC_002977.6,
NC_002677.1, NC_002755.2, NC_008767.1, NC_008820.1, NC_008027.1,
NC_007969.1, NC_007778.1, NC_007940.1, NC_003197.1, NC_007606.1,
NC_007513.1, NC_000853.1, NC_006461.1, NC_002967.9, NC_002978.6,
NC_004088.1).
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2.2 Manuscrito “de Carvalho MO, Ferreira HB. 2008. Different evolutionary
scenarios for parasites and symbionts reduced genomes” (a ser submetido a

Molecular Biology and Evolution)

2.2.1 Introducao

Os resultados apresentados no artigo que constituiu a se¢do 2.1 demonstraram que
os genomas de espécies de Mollicutes apresentam uma grande variabilidade em relagdo a
tendéncia de posicionamento de genes na fita senso ou anti-senso. Para determinar a
existéncia de padrdes relacionados as variaveis constituintes do GESPI, foi realizada uma
analise de agrupamento hierarquico.

Esta analise demonstrou um interessante padrao na distribuicdo dos valores de
cada variavel de acordo com a distribui¢do filogenética dos micoplasmas, sendo o grupo
hominis, onde se encontra Mycoplasma hyopneumoniae, o que apresenta a menor média de
organizacao estrutural do genoma em relagdo a disposi¢cdo dos genes nas fitas senso e anti-
senso.

A organizacdo dos genes ao longo do cromossomo em bactérias € bastante
relevante, uma vez que genes considerados essenciais sdo mais observados na fita senso, a
fim de evitar colisdes entre a maquinaria de replicagdo e de transcri¢ao e, assim, diminuir o
numero de transcritos abortados (Rocha & Danchin, 2003).

Neste aspecto, os genomas de diferentes linhagens de M. hyopneumoniae
constituiriam um paradoxo, uma vez que um mecanismo que supostamente aumentaria a
adaptabilidade da espécie, gerando diversidade através de rearranjos € recombinagdo,

criaria, a0 mesmo tempo, dificuldades para o mecanismo de replicacdo e para a expressao
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de genes essenciais. No caso de uma bactéria parasita, a falha em coordenar a replicacdo e
a expressao de genes importantes para o processo de infec¢do poderia reduzir a
probabilidade de sucesso na colonizagdo do hospedeiro, o que poderia resultar em
extingao.

Mecanismos evolutivos compensatorios ja foram descritos para genomas
reduzidos, como o de Buchnera aphidicola, onde o gene groEL, apresenta forte evolugao
negativa em relacao ao restante do genoma. Esta taxa evolutiva diferencial do gene groEL
estd dissociada do fendmeno de desvio mutacional ocasionado pelos gargalos
populacionais aos quais a bactéria endossimbionte B. aphidicola esta sujeita (Herbeck et
al, 2003).

Este desvio mutacional induz a fixagdo de mutagdes ligeiramente deletérias em
populagdes submetidas a gargalos populacionais, que, por sua vez, promovem uma
desestabilizacdo estrutural das proteinas codificadas pela espécie em questdo (van Ham et
al, 2003). A manutencdo de uma alta selegdo purificadora no gene groEL, cujo produto tem
por fun¢do prover assisténcia ao correto dobramento de proteinas recém traduzidas (Li et
al, 2008), evidencia um mecanismo compensatorio do genoma de B. aphidicola frente a
fixagcdo de mutacdes desestabilizadoras induzidas pelas caracteristicas populacionais da sua
espécie.

O trabalho apresentado a seguir procura estabelecer relagdes entre os padroes de
evolugcdo positiva/negativa encontrados em genomas reduzidos de espécies bacterianas
parasitas e simbiontes com caracteristicas funcionais da espécie. Para tal, utiliza de forma
inédita uma analise em larga escala de valores de substituicao sinonima (Ks), ndo-sindnima
(Ka) e sua proporcao (Ka/Ks) analisados através da técnica de agrupamento hierarquico.

Tal metodologia permite distinguir grupos de genes com caracteristicas evolutivas
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semelhantes e que, portanto, devem estar sujeitos as mesmas forgas evolutivas.
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Abstract

Genome reduction, the shrinkage of chromosomal size of a given species over
time from an ancestor with a larger genome, is a complex phenomenon, which
occurs mainly in endosymbiont or parasite bacteria from different classes. Few
studies have compared so far the evolution of reduced genomes from parasite
bacteria to that of reduced genomes from symbiont and free-living bacteria. Such
comparative studies are necessary to provide information on processes involved in
the shaping of reduced bacterial genomes and to identify adaptative patterns that
emerge to allow the establishment of symbiotic or parasite life styles. To identify
adaptative patterns in reduced genomes, a large-scale phylogenomic comparison
was done in genomes of both symbionts and parasite bacteria and in bacterial
genomes believed to be currently under reduction. The analyses were based on
synonymous and non-synonymous mutation (Ka/Ks) ratios and genomic
architecture, including repeats, duplications, and rearrangements. The analysis of
Ka/Ks ratios revealed that genomes from parasite bacteria have higher Ka/Ks
ratios in comparison to those observed for symbionts, and that they retain genes
under high purifying evolution. From the analyzed species, genes found to be
under positive evolution are most from membrane proteins in Mycoplasmas and
Chlamydia, with also a number of genes related to pathogenicity such as incA on
Chlamydiae genomes and adk on Mycoplasmas. A model of differential evolution

for parasite and symbiont bacteria with reduced genomes is proposed.
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Introduction

Reduced prokaryotic genomes are subject of much interest as they pose an
intriguing evolutionary puzzle, for being adaptable to either free-living, parasite or
symbiont life styles. Interestingly, prokaryotic genomes share common features
irrespective to bacterial life styles, such as a low GC content (Khachane et al,
2007; Goto et al 2000), loss of DNA repair pathways (Klasson and Andersson,
2006; Carvalho et al, 2005) and obfuscated replication start origin (Mackiewicz et
al, 2004). On the other hand, reduced genomes from bacterial species with
different life styles have prominently differences in repeat content (Rocha, 2003),
horizontal transfer (Silva et al, 2003), genome rearrangements (Silva et al, 2003)
and overall gene strand bias (de Carvalho and Ferreira, 2007). The observed
similarities among reduced genomes from free-living, parasite or symbiont
species may be inherent to the process of genome reduction they all have
undergone, but the differences are likely to be results from adaptation processes to
a particular lifestyle, especially in cases of symbiont or parasite bacteria.

Genomes from symbiont bacteria present an enduring evolutionary stability, with
virtually no rearrangements over a long time period (Tamas et al, 2002) and
congruence between their evolutionary trees and the evolutionary trees from their
hosts (Conord et al, 2008). Such stability, however, contrasts with an increased
accumulation of mildly deleterious mutations (Moran, 1996), and continuing
genome degradation (Pérez-Brocal, 2006). Genomes from parasite bacteria, on the
other hand, which are constantly subject to strong selective pressures from the

host environment, evolved complex mechanisms of diversity generation,
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involving the use of repeats (Rocha and Blanchard, 2002), rearrangements
(Vasconcelos et al, 2005) and recombination (Mayor et al, 2008). Considering the
presently different genome features and possible evolutionary changes related to
the lifestyle of each species, it is reasonable to assume distinct evolutionary
scenarios for genomes from symbionts and parasites. To address this hypothesis,
the evolutionary changes on synonymous and non-synonymous sites in small
genomes from symbiont and parasite species were examined, with emphasis in the
analysis of parasite Mollicutes. A model for the evolution of reduced genomes
from parasite and symbiont bacteria was proposed based on the findings of Ka/Ks

analysis and genome organization.
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Materials and Methods

Ortholog gene detection was done with the OrthoMCL (Li et al, 2003) software,
using the complete proteome sequence for each analyzed genome. Supplemental
Material contains the list of genomes used in this work, as well their taxonomic
classification. Genomes were considered under reduction if their pseudogene
count were above six percent of their total gene number and they do not have a
genome smaller than 1.5 Mb. Ortholog sequences were codon aligned with the
help of a Bioperl (Stajich ef al, 2002) script, being subsequently submitted to
analysis by the codeml software from de PAML package (Yang, 2007). Protein
IDs from the determined orthologs were mapped on their respective DNA
sequences with custom scripts. TRF (Benson, 1999) was used to determine
tandem repeats, and RepeatScout (Price et al, 2007) was used for the
identification of direct and inverse repeats. To determine rearrangement distances,
the genomes were first aligned with MUMMER (Delcher et a/, 2002), and the
corresponding breakpoint coordinates were transformed in ordered data, which
were analyzed with the GRAPPA software (Moret ef al, 2001). GESPI gene strand
bias analysis was carried out as described elsewhere (de Carvalho and Ferreira,
2007). The phylogenetic tree for species used in this study was constructed based
on 16S genes with MEGA (Tamura et al, 2007). Twenty nine outgroups, listed on
Supplemental Material S2, were used. The tree, available as Supplemental
Material S3, was reconstructed using the Neighbor-Joining method and Kimura 2-
parameters for distance calculations with 1000 bootstrap replications for accessing
its consistency. Hierarchical cluster analysis was performed using the HCE3

software (Seo et al, 2006), using Euclidean distance and total linkage for the
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calculation of evolutionary relationship between ortholog gene pairs. Statistical

tests were conducted with the R statistical language (Ihaka and Gentleman, 1996).
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Results and Discussion

The analysis of Ka/Ks substitutions performed for 66,523 genes from 68 genomes
(Supplemental Material S4) yielded 118,170 ortholog gene pair comparisons,
which were subsequently submitted to statistical analysis (Supplemental Material
S5). Each genome in the chosen dataset was assigned to a group according to its
phylogenetic position, lifestyle, and classification as reduced or under reduction. A
total of seven groups (assigned in Supplemental Material S4) were established,
namely “Firmicutes|reduced genome|parasite/non-parasite”; “Chlamidiae|reduced
genome|parasite”; “Proteobacteriajreduced genome|parasite”; “Proteobacteria]
reduced  genome|non-parasite”,  “Spirochactes|reduced  genome|parasite”,
“Proteobacteriajunder reduction genome|parasite”; and ‘“Actinobacteriajunder
reduction genome|parasite”. Ortholog detection was performed according to this
grouping scheme, as well as all subsequent Ka/Ks analyses. Figure 1 shows a
bubbleplot of the seven genome groups based on the Ka/Ks analysis, where each
data point corresponds to an ortholog pair, the X and Y axes represent Ka and Ks
values, respectively, and the bubble diameter represents the Ka/Ks ratio. This
analysis demonstrated that most of the genes are not under positive selection, both
for reduced and under reduction genomes. However, genomes from parasite
species presented significantly (t-test, p<0.005) higher Ka/Ks values
(Supplemental Material S6) than not-parasite ones. Comparing intracellular
parasite species with endosymbionts, the parasite species with small genomes

have a higher Ka/Ks mean than intracellular symbionts.

40



N
N\

=\
’ﬂﬂ»’/ﬁ%ﬂ/l/, X
RN
S

N
g
NN

S
QUL

41




Figure 1: Bubble plot of Ka/Ks synonymous and non-synonymous distances. Ka
and Ks values are represented in the X and Y axes, respectively. Bubble diameters
represent Ka/Ks ratios:. The X axis was log scaled. A: Reduced parasite
Chlamydiae genomes. B: Reduced Firmicutes genomes C: Parasite reduced
genome Proteobacteria. D: Parasite reduced genome Spirochaetes E: Symbiont
reduced genome Proteobacteria. F: Under reduction Actinobacteria genomes G:

Under reduction Proteobacteria genomes
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If we consider the phylogenetic classification of the analyzed genomes, the
reduced genomes from parasite species of the Chlamydiae phylum own the higher
Ka/Ks mean values, followed by reduced genomes from parasite species of
Spirochaetes, Proteobacteria, and Firmicutes. Genomes from parasite
Proteobacteria that are undergoing reduction show higher Ka/Ks values than the
reduced ones from endosymbionts, and parasite Firmicutes and Spirochaetes.
However, no clear correlation was observed between Ka/Ks values and parasite
intracellular location.

High Ka/Ks ratios have already been described for endosymbionts in comparison
those of free-living species with non-reduced genomes, suggesting that genomes
from endosymbionts are undergoing a process of genome deterioration due to
host-association (Moran, 1996). Population bottlenecks and mutational biases
were also suggested as drive forces behind the accelerated evolution of genomes
from endosymbionts. These forces would lead to a higher fixation rate of
deleterious mutations, with the consequent higher Ka/Ks values (Woolfit and
Bromham, 2003). On the other hand, in reduced genomes from parasite species,
the higher number of genes under positive selection could be evidence of an
adaptive process driven by the constant competition between the parasite and its
host (Emelianov, 2007). This coevolutionary relationship would not be as strong
for bacteria with symbiont lifestyles, for which selection would acts on genes that
contribute to the overall fitness of the host (Brownlie et al, 2007).

To test the hypothesis that reduced genomes form parasite bacteria are undergoing

an adaptive evolutionary process, the diversity of values generated in the Ka/Ks
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study was analyzed using a multivariate hierarchical clustering, where the Ka/Ks
ratio was used as a primary variable. As auxiliary variables for discriminating
genes with similar evolutionary behavior we used Ks/Ka; Ka-Ks; the identity of
protein sequences minus the identity of DNA sequences (an index that correlates
with 1/log Ka); the identity of DNA sequences over the identity of protein
sequences (an index linearly correlated with Ka); and a variable defined as
(PROT*-DNA*)/(DNA*/PROT¥*), where PROT* is the protein identity and DNA*
is the DNA sequence identity for each ortholog pair. Figure 2 shows the resulting
hierarchical clustering for reduced genomes from parasite Firmicutes and
Chlamydia (a color version of Figure 2 is provided as Supplemental Material S7).
Reduced genomes from both Firmicutes and Chlamydia parasite species show
heterogeneous evolution patterns with distinct groups for genes under positive and

negative selection.
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Figure 2: Hierarchical clustering of six variables associated with ortholog gene
pairs. Variable names are indicated on the top of the figure. A: ortholog gene pairs
values from parasite Chlamydia reduced genomes. B: ortholog gene pairs from
parasite Firmicutes reduced genomes. Different shades of grey denote the
normalized values (scaled from O to 1) of analyzed variables, with black
corresponding to 0 and the lightest gray to 1. PROT* and DNA* refers to the

sequence identity for aminoacid and DNA sequences respectively.
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Interestingly, both Chlamydiae and Mycoplasma genomes presented positive and
purifying evolution on several different ribosomal proteins (Supplemental
material S8). For Mpycoplasma hyopneumoniae, the presence of non-neutral
mutations on ribosomal proteins could have a correlation with antibiotic
resistance, as mutations on L22 ribosomal proteins could confers resistance to
macrolides (Zaman, 2007), a common antibiotic used against Mycoplasmas.
Parasite Chlamydia reduced genomes present 574 ortholog pairs with Ka/Ks > 1,
167 of them annotated as hypothetical proteins. Annotated genes with a putative
role in pathogenicity that were found to be under positive selection included those
coding for invasin proteins (Burall ef al, 2007), type III secretion protein SctC
(Beeckman et al, 2008),YopC/Gen secretion protein D (Francis ef al 2001), and
numerous membrane transporters and exporting proteins. A reannotation of
previously unidentified genes was also conducted, and allowed the identification
of additional pathogenicity-related genes that would be under positive selection,
including those coding for IncA inclusion membrane proteins (Brown et al, 2002),
MarC multiple antibiotic transporter (Maneewannakul and Levy, 1996), CesT
chaperone (Thomas et al, 2005), ComL. DNA uptake lipoprotein (Oldfield et al,
2008), and several other membrane proteins, such as putative type III secretion
system proteins, YjgP/YjgQ permeases (Ruiz et al, 2008), and FtsX permeases
(Mir et al, 2006).

In the group of parasite Firmicutes with reduced genomes, Mycoplasma
hyopneumoniae genomes presented the largest number of genes under positive

selection. Among these genes, GreA, which codes a bacterial RNA polymerase
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(RNAP) regulating protein, was found to be under positive selection in the 3
sequenced M. hyopneumoniae genomes (with Ka/Ks above 1 for all comparisons
between strains), providing an interesting relationship with pathogenicity. GreA
protein functions inducing nucleolytic activity on RNAP, thus enhancing promoter
clearance and allowing the recycling of arrested transcription (Fish and Kane,
2002; Borukhov, Lee, Laptenko, 2005). In different species, GreA has been
considered involved with an important component of cellular stress responses,
such as exposition to antibiotics and pH culture medium changes (Stepanova et al,
2007; Hutchison, 1999; Singh et al, 2001; Len et al, 2004). The coupling of
transcription and translation in M. hyopneumoniae was not directed studied yet,
however it is reasonable to suppose that during the complex phase of infection
there should be an important efficiency correlation between the transcription and
translation machineries.

The positive selection acting on GreA correlates with the overall genomic
architecture of M. hyopneumoniae genome. It was suggested that transcription
efficiency is related to gene disposition on the leading or lagging strain, with
genes positioned in the lagging strand being more prone to be involved in
collision events between the replication and transcription machineries (Elias-
Arnanz, 1997). Such collisions could stall the transcriptional processes or even
interrupt them at all, which would force essential genes, with imperative
expression requirements, to be preferentially located in the leading strand (Rocha
and Danchin, 2003). Using GESPI as a quantitative index of gene strand bias, we
have already shown (Oliveira de Carvalho and Ferreira, 2007) that the M.

hyopneumoniae genome is the less structured one among Mollicutes species
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regarding gene strand bias. This loss of strand preference could be caused by
constant rearrangements and recombinations. Differently from the reduced
genomes from symbiont bacteria, that remain stable for long periods of time
(Tamas et al, 2002), those from parasite bacteria have larger amounts of
rearrangements (Rocha, 2003). In M. hyopneumoniae, for instance, both small and
large rearrangements have been found among the genomes of 3 different strains
(Vasconcelos et al, 2004). Since genome rearrangements are likely to be a strong
evolutionary mechanism in mycoplasmas (Rocha and Blanchard, 2002), the
positive selection evidenced for the GreA gene points to a putative compensatory
adaptation, for improvement of transcription efficiency in a genomic environment
with a high propensity to stall during transcript elongation.

The adenylate kinase (ADK) gene from Mycoplasma hyopneumoniae 232
constitutes another interesting example of also positively selected gene from a
reduced genome that is possibly related to pathogenicity. ADK was found to be
correlated with virulence in Pseudomonas aeruginosa, inducing host macrophage
cell death, possibly though the generation of a toxic mixture of AMP, ADP, and
ATP (Markaryan et al, 2001). However, its expression in M. hyopneumoniae is
decreased upon infection (Madsen et al, 2001) , which can be attributed to host
immunity modulation by M. hyopneumoniae. ADK of M. hyopneumoniae has also
been shown to be one of the most variable proteins in a study of field isolates
from diverse geographic locations (Mayor et al, 2008), which can indicate its
importance to parasite adaptation.

Synonymous codon analysis has shown that codon bias correlates with GC

content both for small (R* = 0.90) and under reduction (R*=0.86) genomes using
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the SCUO metric (Wan et al, 2004). However, codon bias is more pronounced in
small Mollicutes (Supplemental material S9), significantly differing from all other
studied genomes (t-test, p<0.05). This could be related to the extreme low GC
content of Mollicutes genomes. However, under reduction genomes of the
Actinobacteria phylum, that are biased toward GC do not have higher SCUO
values as Mollicutes. Also, small symbiont Proteobacteia genomes, with low GC
content, have significantly lower codon bias values (t-test, p= 4.36e-118) than
Mollicutes genomes. Higher codon bias can be the result of diverse biological
factors, such as translational selection (dos Reis et al, 2004) mRNA structure
stabilization (Seffens and Digby, 1999) and gene product protein composition
(Lobry and Gautier, 1994). Codon bias in Mollicutes, though, appears to be the
result of mutational pressure towards AT, as evidenced by the high G to A and C to
T transition substitutions (Supplemental Material S10) and the reading of the stop
codon UGA as tryptophan. Small genomes can have about 50% less tRNA genes
as genomes under reduction (Supplemental material S1), and if the stochastic
nature of tRNA pool is considered, we should have a correlation between tRNA
gene number and codon bias (Bulmer, 1987). In agreement with that hypothesis,
codon bias in small and under reduction genomes is correlated with the number of
tRNAs present in the genome with a power law fit (R*=0.42). As a higher
nucleotide transition substitution rate towards AT is also found in other small
genomes with higher codon bias, such as FEhrlichia species genomes
(Supplemental Material S10), it is possible that codon bias in small reduced
genomes are being driven both by mutational bias as well as optimization to the

reduced tRNA gene repertoire.
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Some genome features common to both parasite and symbiont bacteria are
suggestive that the process of genome reduction started in the same manner for
both. Genome reduction could have started by the strong competition between the
respective ancestral unreduced genome and their host in a parasitic relationship, as
a form to counter-act the pressures of the host immune system and overall
optimization of the parasitism process through adaptative loss of function (Olson,
1999). This can be chronologically fit specially in the Mycoplasma case, as their
diversification match with the emergence of the tetrapods (Vasconcelos et al,
2005). Another common feature of both parasites and symbionts is their lack of
complete DNA repair metabolic routes (Carvalho et al, 2005), that has severe
implications on genome compositional, as was already show for endosymbiont
genomes, where loss of DNA recombinational repair enzymes coincide with
mutational bias (Klasson and Andersson, 2006). Symbionts also share the
signature of a great level of genome rearrangements as evidenced by its overall
genome disordering. Comparing the average GESPI index for both symbionts and
parasite reduced genomes, we found that symbionts genomes are in some cases
even more disorganized in relation to gene collocation in the lag or lead strand
than parasite ones (Table 1). This can be interpreted as an ancestral signature of
genome rearrangement. Such accelerated evolution could have provided the
necessary variation in the initial unreduced bacterial population to establish a
successful parasitic lifestyle. As time passed, an equilibrium state between the
host and the parasite could be reached and in agreement with the host biology, the
initial parasitism state could be reversed to symbiosis in the case of insects, with

less elaborated immune systems. In the case of, i.e. mammalian parasites like
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Mycoplasmas the parasitism state could have been maintained as the result of an
increase in selection pressure offered by its host evolving complex immune
system. In this last case, a great level of refining in the parasitism was achieved,
with the Mycoplasmas developing complex mechanisms for the evading of host
immune system, like phase-variation of membrane proteins(Denison et al, 2005),
constant genome rearrangements (as a form of diversity generation), and host

immune response modulation (Simecka et al, 1993).
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Table 1: GESPI values for selected symbionts and parasite genomes used in this

work. The “Genome” column indicates if the genome is considered a reduced

genome or a genome under reduction.

Species Phylum Genome | GESPI | Life Style
Chlamydophila felis Fe/C-56 Chlamydiae reduced | 0.01 parasite
Baumannia cicadellinicola He Proteobacteria | reduced | 0.61 symbiont
Mycoplasma synoviae 53 Firmicutes reduced | 1.28 parasite
Wolbachia endosymbiont of D. melanogaster Proteobacteria | reduced | 2.51 symbiont
Mycoplasma hyopneumoniae 232 Firmicutes reduced | 3.38 parasite
Chlamydia muridarum Nigg Chlamydiae reduced | 3.57 parasite
Buchnera aphidicola APS Proteobacteria | reduced | 4.63 symbiont
Buchnera aphidicola Bp Proteobacteria | reduced | 4.64 symbiont
Mycoplasma hyopneumoniae J Firmicutes reduced | 4.79 parasite
Rickettsia bellii RML369-C Proteobacteria | reduced | 4.98 parasite
Bordetella pertussis Tohama I Proteobacteria | under 5.44 parasite
Buchnera aphidicola Sg Proteobacteria | reduced | 5.46 symbiont
Ehrlichia canis Jake Proteobacteria | reduced | 5.89 parasite
Mycoplasma hyopneumoniae 7448 Firmicutes reduced | 6.14 parasite
Anaplasma marginale St. Maries Proteobacteria | reduced | 6.23 parasite
Buchnera aphidicola Cc Proteobacteria | reduced | 7.1 symbiont
Bartonella quintana Toulouse Proteobacteria | under 8.23 parasite
Anaplasma phagocytophilum HZ Proteobacteria | reduced | 10.14 | parasite
Mycoplasma mobile 163K Firmicutes reduced | 10.18 | parasite
Mycoplasma pulmonis UAB CTIP Firmicutes reduced | 13.36 | parasite
Mycoplasma mycoides mycoides SC PG1 Firmicutes reduced | 14.43 | parasite
Mpycobacterium leprae TN Actinobacteria | under 15 parasite
Campylobacter concisus 13826 Proteobacteria | under 16.6 parasite
Ureaplasma parvum sv 3 ATCC 700970 Firmicutes reduced | 17.49 | parasite
Borrelia garinii PBi Spirochaetes reduced | 20.19 | parasite
Borrelia burgdorferi B31 Spirochaetes reduced | 20.27 | parasite
Borrelia afzelii PKo Spirochaetes reduced | 20.95 | parasite
Onion yellows phytoplasma OY-M Firmicutes reduced | 25.01 | parasite
Aster yellows witches-broom phytoplasma AYWB Firmicutes reduced | 26.02 | parasite
Mycoplasma capricolum capricolum ATCC 27343 Firmicutes reduced | 32.19 | parasite
Mycoplasma pneumoniae M129 Firmicutes reduced | 45.44 | parasite
Mycoplasma gallisepticum R Firmicutes reduced | 45.9 parasite
Mycoplasma genitalium G37 Firmicutes reduced | 46.05 | parasite
Mpycoplasma penetrans HF-2 Firmicutes reduced | 50.33 | parasite
Mesoplasma florum L1 Firmicutes reduced | 69.62 | heterotroph
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Another evidence that genome reduction could have started with parasitism is the
fact that symbionts of plants, that do not possess active immune systems also do
not have small genomes , such as Bradyrhizobium japonicum, with a genome of
9.1 Mb (Kaneko et al, 2002), despite its intimate contact with their hosts.
Actually, symbionts and parasites present peculiar characteristics that can be
correlated with theirs lifestyles. The increased rate of non-synonymous mutations
over synonymous mutations for parasites over symbionts also indicates that its
“arms race” with the immune system of their host has pushed parasite genomes to
a constantly accelerated evolution, in contrast to the degenerative processes that
seems established in symbionts, inhabitants of a highly stable environment. For
small genome parasites, especially for Mollicutes that do not have a cell wall and
thus, could not survive for long periods in the environment, the bottlenecks that
their population are subjected in each infection round, due to immune system
attack and infection transmission, could lead to extinction if they are not capable
of quickly responses to counter-act the host immune system. A great diversity has
been shown for field isolates of Mycoplasmas (Mayor et al, 2008; Calus et al,
2007), showing that populations have a great diversity even for closely related
strains, ranging from phase variation in surface genes (de Castro et al, 2006) to
large rearrangements (Vasconcelos et al, 2005). Indeed, an analysis of
rearrangement distances conducted for 28 genomes, both reduced and under
reduction, has shown that parasite bacteria possesses the most shuffled genomes.
Genomes were fully aligned and their similarity breakpoints converted to
rearrangement distances, which were subsequently normalized against the 16S

Kimura distance (Supplemental material S11). Interestingly, reduced genomes
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were more rearranged than genomes under reduction. This supports the theory that
genome reduction starts with mutational degeneration of redundant genes that
were afterwards lost due to rearrangements, as stated by the Domino theory of
genome reduction (Dagan et al, 2006).

We thus trace a parallel of the genome reduction process with the physical entropy
of gas molecules in a closed system, where reduction in the volume of a gas leads
to an overall increase in the disorganization of the system. Once started, the
genome reduction process pushed the genomes to adapt, increasing the “entropy”
of the genome in the form of rearrangements, translocations, and increased
mutation rate. This progressed through an equilibrium point, where adaptation to
the host was achieved. From that point, symbionts and parasites behave like two
different systems. For parasites, the “entropy” of rearrangements and increased
mutation rate was maintained, directing to the adaptation for parasitism state and
sustaining equilibrium with the pressures from the host immune system. On the
other hand, the symbiosis state carried in a high stable environment, acted as an
“escape valve” on the closed system, allowing for an overall decrease in entropy
of genome evolution on symbionts compared to parasites. A recent work has
demonstrated that symbiosis could indeed start as parasitism (Pannebakker et al,
2007). Wolbachia species are facultative intracellular parasites that manipulate
their host reproductive behavior in favor of infected females, thus promoting its
own surviving inside the host population. However, the parasitoid wasp Asobara
tabida has show an increased dependence on the manipulations carried by
Wolbachia to point where it could not reproduce without the association with it. In

light of this, we could consider the Wolbachia at an intermediate step in the
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processes of host adaptation where the equilibrium entropy has not been reached
yet. Wolbachia also presents an interesting example of how transposable elements
participate in the processes of genome reduction. All endosymbiont genomes of
insects that present a stable genome do not harbor transposons (Supplemental
material S12), while small parasite genomes have maintained such elements for a
long time, including large ones like integrative-conjugative elements (Loreto et al,
2007; Vasconcelos, 2005). It is thought that transposons have a great importance
in genome evolution, by providing variability through rearrangements and
horizontal transfer (Loreto ef al, 2007). This indicates that transposons could act
as a source of “heat” that increases de entropy during genome reduction and helps
maintain its equilibrium in parasite genomes. Also, the presence of transposons in
the Wolbachia genome, despite it not being a parasite under de same evolutionary
process as other parasite small genomes like Mycoplasmas, can be interpreted as
an ancestral signature of the process of genome reduction.

Tandem repeats can also act as another source of variability that helps increment
the entropy of the genome. The distribution of tandem repeats on reduced
genomes correlates with the species lifestyle (Suplemental material S13) as
parasites and symbionts. Although symbionts preserve a considerable amount of
tandem repeats, this can be interpreted as remnants of the early genome reduction
process, since their repeat units are small and less conserved than tandem repeats
of parasite genomes (Suplemental material S13). Specifically in Mycoplasmas,
tandem repeats provides an efficient mechanism of host immune evasion through
phase variation (de Castro, 2006), expression switching (Liu et al/, 2000) and

rearrangements hotspots. This model of evolution for reduced genomes are in
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agreement with the “Domino Theory” (Dagan, et al, 2006), that suggests that
reduction occurred both by deletions of genes, possibly leading to disruption of
metabolic pathway, and posterior mutational erosion of the orphaned genes.
However, this process appears to not be occurring after the equilibrium between
parasites and its hosts, although for symbionts, as diverse highly depleted
Buchnera strains have been found (Pérez-Brocal et al, 2006; Gil et al, 2002). In
addition, the Mullers rachet hypothesis does not readily apply to parasite reduced
genomes as mutational process appears to be correlated to an adaptation to the
parasite lifestyle instead of genome deterioration. This is evidenced by the
presence of a higher non-synonymous over synonymous rate of substitutions on
genes with possible implication for pathogenicity. Taken together with genomic
features such as rearrangements, repeat presence, transposons and horizontal
transfer we suggest that small parasite genomes are under a different evolutionary
process than symbionts species.

The genome reduction process show to be a complex subject, especially for
parasite small genomes, despite the existing representation that small genomes
have undergoing a simplification over their evolutionary development. Through
the analysis of Ka/Ks ratios and genome architecture analysis becomes clear that a
great level of sophistication has been achieved by parasite reduced genomes, with
a tightly adjustment to their lifestyle. Although more investigation is needed to
address the origins of genome reduction, the proposed model of genome entropy
provides a framework for future investigations on the subject, aggregating the
currently apparent paradoxal differences observed in both symbiont and parasite

reduced genomes.
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Supplementary Material

S1: Complete list of genome sequences used in this work along with genome
properties

S2: Complete list of outgroup species used to build the phylogenetic tree S3

S3: Phylogenetic tree of the species used in this work, along with 29 outgroups.
The tree was generated using the NJ method, Kimura 2-parameters for the
distance calculus and a bootstrap value of 1000 iterations.

S4: List of genomes and their grouping as used in the Ka/Ks analysis

S5: Complete data of the Ka/Ks analysis

S6: Average Ka. Ks and Ka/Ks grouped accordingly lifestyle and species Phyla
S7: Color version of figure 2 where the values of variables are represented by the
variation of color from black (value = 0) to light green (value = 1).

S8: Tabulated data derived from the clustering analysis of the Firmicutes and
Chlamydiae genomes. Both for Firmicutes and Chlamydiae, the cluster with high
diversity where extracted, being respectively the one with genes under positive
selection and the one with genes under highly negative selection.

S9: Boxplot of the codon bias index SCUO for all the phyla analysed in this work.
The Y axis represent SCUO values as determined by the INCA software on the
complete CDS for the genomes of the phyla analyzed in this work.

S10: Maximum composite likelihood estimate of the pattern of nucleotide
substitution, as estimated by the software MEGA for 15 genomes of reduced and
under reduction genomes.

S11: Normalized and raw breakpoint and inversion distances for 14 parasite and

symbionts reduced genomes
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S12: Transposon count and transposons over CDS number for all genomes studied
in this work.
S13: Tandem repeat count, tandem total size, tandem repeat macth, tandem

consensus size, tandem copy number and tandem period size for the 81 genomes

used in this work
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3. Discussao geral

Apesar de implicitamente representarem um sistema simples, 0s genomas
reduzidos de bactérias, tanto de espécies simbiontes quanto parasitas, representam um
grande desafio em termos de compreensdo dos seus processos evolutivos. Notadamente,
bactérias simbiontes e parasitas possuem atualmente diferentes mecanismos evolutivos,
apesar de no passado, poderem ter compartilhado dos mesmos fatores que levaram a
reducdo genomica.

Isto ¢ sugerido pelas observagdes feitas no segundo artigo que faz parte desta
dissertacdo. Entre elas encontra-se a perda de genes relacionados ao reparo de DNA, baixo
contetido GC e a falta de colocagdo preferencial de genes nas fitas senso e anti-senso, o
que pode refletir uma assinatura ancestral de rearranjos nos genomas simbiontes. Os
genomas reduzidos de espécies de bactérias simbiontes e parasitas também compartilham
maiores taxas mutacionais que espécies relacionadas de genoma nao reduzido. No entanto,
as bactérias de genoma reduzido parasitas, apresentam taxas mutacionais ainda maiores
que as simbiontes, como descrito também no segundo trabalho desta dissertacao.

De especial importancia no combate aos micoplasmas ¢ o fato de muitas proteinas
localizadas ou externas a membrana celular destes apresentar elevada taxa evolutiva. Esta
observagdo tem implica¢des diretas para o desenvolvimento de vacinas para humanos e
animais, onde a intensa geracao de variabilidade, desenvolvida pelos micoplasmas como
compensagdo a limitada capacidade de adaptacdo de seu pequeno genoma, pode tornar
ineficazes vacinas recombinantes que ndo levarem em consideracdo pontos altamente
varidveis do genoma. Da mesma forma como bacterinas provenientes de uma uUnica
linhagem ou de linhagens originadas de pontos geograficos proximos.

A grande heterogeneidade evolutiva observada no genoma de micoplasmas pode

72



explicar os resultados encontrados na analise filogenomica realizada por Yotoko & Bonatto
(2007). Tal trabalho encontrou inconsisténcias na geracdo de uma arvore filogenética de
Mollicutes utilizando dados concatenados de genes ortdlogos. Como os genes de
micoplasmas apresentam taxas evolutivas divergentes, que estdo intimamente acopladas a
suas caracteristicas funcionais, o uso conjunto desse grupo de dados provavelmente
produziu um nivel de ruido tal que dificultou a resolucdo dos métodos de classificagdo
filogenética.

Dessa forma, para que se tenha uma maior probabilidade de resolugdo na analise
filogenomica de Mollicutes, sugere-se que seja utilizado um conjunto de genes ortélogos
com taxas evolutivas semelhantes. Este grupo de genes pode ser determinado através da
técnica descrita no artigo que corresponde ao capitulo 2.2 deste trabalho.

Esta técnica, empregada pioneiramente neste trabalho, consiste da andlise
multivariada de um conjunto de variaveis relacionadas ao perfil evolutivo de cada gene
ortdlogo em um grupo especifico de genomas relacionados evolutivamente relacionados.
Uma analogia pode ser tragada com a analise de expressdo de grandes conjuntos de genes
através de microarranjos, onde variaveis como nivel de expressdo, tecido e condicao
experimental sdo analisadas em conjunto através de agrupamento hierarquico para

determinar padrdes de expressdo génica (Choi & Do, 2008).
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No caso da técnica usada no trabalho do capitulo 2.2, as variaveis utilizadas
relacionam-se ao perfil evolutivo de cada gene ortélogo em um grupo filogenético
definido. Assim, foi possivel identificar conjuntos de genes que apresentam as mesmas
caracteristicas evolutivas, através do uso de variaveis como numero de mutagdes
sindnimas, nimero de muta¢des ndo-sindnimas, identidade média da seqiiéncia de
proteinas ¢ DNA, além de suas relagdes como a propor¢do de mutagdes nao-sindnimas
sobre mutacoes sindnimas.

Esta ultima ¢ um importante indice que permite identificar genes sob pressao
seletiva diferencial positiva ou negativa (Liberles & Wayne, 2002) e foi usada como
variavel primaria no processo de determinagdo dos grupos identificados por agrupamento
hierarquico. Aplicando esta técnica em 118.170 pares de genes ortdélogos divididos em 7
grupos funcionais, foi possivel tragar o perfil evolutivo de genes em genomas reduzidos de
parasitas e simbiontes, evidenciando diferencas ainda ndo relatadas em relagdo a dindmica
evolutiva das espécies em estudo.

Devido as caracteristicas populacionais ja descritas de genomas de
endossimbiontes (Moran, 1996), estes apresentam uma maior taxa de fixagcdo de mutagdes
deletérias em fungdo dos gargalos populacionais aos quais suas espécies estdo sujeitas do
que espécies extracelulares (ndo-parasitas). Este fenomeno conduz, portanto, a um
aumento generalizado das taxas evolutivas dos genomas de endossimbiontes em relacdo
aos de outros organismos relacionados filogeneticamente, mas que apresentam nicho
ecologico diferenciado.

No entanto, os dados publicados no segundo artigo descrito nesta dissertagao
evidenciam que genomas reduzidos de bactérias parasitas apresentam taxas evolutivas

médias ainda maiores do que as de genomas reduzidos de endossimbiontes, apesar de
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estarem submetidos a gargalos populacionais menos intensos que estes. A explicagdo para
tal paradoxo pode estar na diferenca de estilo de vida (parasitario/patogénico ou de
endossimbiose) das diferentes espécies comgenomas reduzidos.

Enquanto as espécies endossimbiontes gozam de uma relativa estabilidade em seu
habitat e, portanto, ndo necessitam de mecanismos atuantes para incremento de
adaptabilidade (fitness), as espécies parasitas estdo em constante conflito com seus
hospedeiros. Esta condigdo das espécies parasitas as levam a uma situagdo de “adaptagdo
ou extingdo”, mantida pela constante pressdo seletiva derivada dos mecanismos de
protecdo dos respectivos hospedeiros.

No caso de bactérias parasitas de mamiferos como M. hyopneumoniae, a pressao
de selecdo exercida pelo sistema imune ¢ extramemente alta (Wodarz, 2003) e uma grande
plasticidade ¢ exigida do parasita para que o processo de infec¢do seja completado com
sucesso.

Em Mollicutes esta plasticidade se reflete na hipervariabilidade observada em
genes de proteinas de membrana, que estdo diretamente relacionadas aos processos de
reconhecimento por parte do sistema imune do hospedeiro. Tal variabilidade se manifesta
tanto em modificacdes relacionadas a variacdo de fase, mediada por repeticdes em tandem
(de Castro et al, 2006), quanto a variagdes derivadas de processos mutacionais.

Portanto, para micoplasmas, pode-se supor que os processos mutacionais
derivados dos gargalos populacionais, assim como a perda de genes relacionados ao reparo
de DNA (ocorrida durante o processo de reducdo genOmica), podem ter um carater
adaptativo, facilitando o escape do sistema imune e provendo a espécie parasita de genoma
reduzido com uma répida capacidade de adaptagdo a um ambiente hospedeiro hostil.

A geragdo de variabilidade parece ser particularmente importante para genomas de
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micoplasmas do grupo hominis e, dentro deste grupo, para Mycoplasma hyopneumoniae.
Os genomas de linhagens desta espécie sdo os que apresentam as maiores médias de
mutagdes sindnimas sobre nao-sindnimas, além do maior nimero de genes que apresentam
valores de Ka/Ks acima de 1, evidenciando selecdo positiva. Adicionalmente, sdo os
genomas com maior numero de rearranjos € com presenca de recombinacao (Mayor ef al,
2008), fatores importantes para rapida geracdo de diversidade genética. Também sdo os
genomas com o maior nivel de desorganizagdo em relacao a preferéncia de colocagdo dos
genes nas fitas senso e anti-senso (de Carvalho e Ferreira, 2007), evidenciando uma longa
historia evolutiva de rearranjos.

Interessantemente, o genoma da espécie de micoplasma nao-parasita Mesoplasma
florum é o que apresenta o maior nivel de organizacdo, inclusive que de outras espécies
fora do filo Firmicutes (de Carvalho e Ferreira, 2007). Estas observacdes estdo em
concordancia com a hipotese de que genomas de espécies de micoplasmas parasitas
necessitariam de uma maior freqiiéncia evolutiva de rearranjos ¢ recombinagdo como
estratégia geradora de variabilidade, a qual teria como conseqiiéncia uma perda da
organizacdo cromossomica dos genes, inclusive em relagdo a distribuicdo deles nas fitas
senso e anti-senso.

Entretanto, na analise em grande escala de genes ortdlogos, descrita no capitulo
2.2, verificou-se que o gene GreA esta sob selecdo positiva. O produto do gene GreA tem
por principal fung¢do estabelecer a reciclagem de complexos de transcri¢do interrompidos,
estimulando a atividade endonucleotidica da RNA-polimerase (Stepanova, 2007). O fato
de apresentar um genoma teoricamente propicio a formacgao de complexos de transcricao
interrompidos, somado a evolugdo positiva da proteina GreA, leva a hipotese de que este

gene estaria em processo evolutivo compensatorio, a fim de contrabalancar a possivel alta
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taxa de colisdes entre as maquinarias de replica¢do e transcricdo. Ao mesmo tempo, iSso
permitiria que o genoma de M. hyopneumoniae mantivesse um estado dindmico devido a
rearranjos e recombinacao.

Essa propriedade dos genomas de M. hyopneumoniae acrescenta uma vantagem
evolutiva importante para a manutencdo da sua condicdo de parasita permitindo que
mecanismos geradores de variabilidade, como freqiientes rearranjos, nio interfiram na
eficiéncia dos processos celulares de replicacdo e transcrigao.

Levando em considera¢do as observagdes relacionadas a taxas mutacionais e
estrutura gendmica, foi proposto um modelo evolutivo para genomas reduzidos de
bactérias parasitas, que contrapde-se ao modelo de degeneragdo gendomica governado pelo
principio de “Mullers rachet” (Moran, 1996). Este modelo baseia-se em uma comparacao
entre os genomas de parasitas e o processo fisico de entropia de um sistema fechado
contendo um gas onde ¢ aplicada determinada pressao.

Procura-se dessa forma explicar a relagao entre a reducdo do genoma e o grande
niamero de rearranjos observados em genomas reduzidos de espécies parasitas em
contraponto com a estabilidade mostrada por genomas de espécies simbiontes. Assim, 0
processo de reducdo genomica é acompanhado de uma constante pressdo para geracao de
rearranjos como forma de contrabalancar o tamanho reduzido do genoma frente a
necessidade de rapida adaptagdo requerida pela modo de vida parasitario. Contribuem
como ‘“geradores de entropia” nesse sistema taxas mutacionais mais altas que as

evidenciadas em simbiontes e a presenca de recombinagao.
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Genomas reduzidos de espécies parasitas estariam, portanto, de acordo com esse
modelo. Eles estariam submetidos a uma pressdo de reducdo que produz propriedades
adaptativas e incrementam a adaptabilidade das espécies parasitas. Estas propriedades
adaptativas se refletiriam na alta taxa de rearranjos e na maior taxa mutacional.

E importante notar que a comparagdo entre o modo de vida de bactérias
simbiontes e parasitas de genoma reduzido refletem mecanismos bioldgicos que se
encaixam em um arcabouc¢o Darwiniano classico, sendo o modelo proposto uma metafora
a fim de salientar o papel dos mecanismos geradores de variabilidade para os genomas
reduzidos de espécies parasitas.

Em outras palavras, na auséncia de uma intensa agdo selecionadora para
adaptacdo a um ambiente hostil (como no caso do parasitismo), as bactérias simbiontes nao
evoluiram fortes mecanismos de geragdo de variabilidade, apresentando uma baixa taxa de
rearranjos assim como um menor indice de substitui¢des ndo-sindnimas sobre substituigdes
sindnimas. Por outro lado a natureza da relagdo parasita-hospedeiro exige que a populacao
parasita apresente diversidade suficiente para que a espécie possa adaptar-se a selegdo
aplicada pelo hospedeiro através do seus mecanismos de defesa. Em genomas reduzidos de
parasitas, tal geragdo de variabilidade ocorre através de rearranjos, recombinagdo e alta

taxa mutacional, se comparados com outros genomas reduzidos simbiontes assim como

bactérias de genomas nio-reduzido.
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4. Conclusoes e Perspectivas

A partir dos resultados gerados nesta dissertagdo, novas perspectivas se
desdobram para a analise funcional e evolutiva de genomas reduzidos de espécies
bacterianas parasitas.O grande numero de informagdes geradas em relagdo aos perfis
evolutivos dos genes de M. hyopneumoanie ¢ outras espécies de Mollicutes podera
esclarecer diversos aspectos da biologia destas espécies, como no caso do gene GreA, que
indica uma evolugdo adaptativa acoplada a arquitetura gendmica de M. hyopneumoniae.

Do ponto de vista mais aplicado, a escolha de alvos para o desenvolvimento de
vacinas podera ser aprimorada se forem levados em consideracao os aspectos evolutivos de
cada gene alvo. Dessa forma, genes com regides altamente varidveis poderdo ser
identificados e excluidos do processo de desenvolvimento de vacinas recombinantes, uma
vez que a probabilidade de escape mutacional, ocasionado pela grande diversidade gerada
pelos genomas de Mollicutes pode rapidamente tornar inefetiva uma estratégia de
vacinagao.

Além dos dados exibidos mais detalhadamente para o filo Firmicutes, durante este
trabalho foram analizados outros quatro filos de eubacteria (Actinobacteria, Proteobacteria,
Chlamydiae e Spirochaetes) cuja discussdo serd implementada em trabalhos adicionais.

Dado o exposto ¢ possivel concluir que indices numéricos derivados da
transformagdo de dados simbdlicos representativos da sequéncia de nucleotideos de
genomas completos constituem-se como importantes ferramentas para a andlise
comparativa de genomas.

O indice GESPI, desenvolvido como parte desta dissertagdo para analise da
estrutura gendmica de procariotos, indicou importantes diferengas estruturais na

organizacdo da disposi¢cdo de genes nas fitas senso e anti-senso. Estas diferencas foram
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correlacionadas claramente com a classificacdo filogenética das espécies em estudo assim
como com caracteristicas evolutivas, no caso da espécie M. hyopneumoniae e a presenca
de evolucao positiva no gene GreA.

Da mesma forma, a disponibilidade crescente de genomas completos de
procariotos abre a perspectiva de realizagdo de analises evolutivas em larga escala, tal
como a desenvolvida na secdo 2.2 deste trabalho. Tal analise permitiu a identifica¢do de
padroes evolutivos diferenciados entre espécies de genoma reduzido parasitas e
endossinbiontes, ampliando a compreensao sobre a evolugdo destas espécies.

Especificamente, foi possivel identificar que dentre as espécies de genoma
reduzido do filo Firmicutes, a espécie M. hyopneumoniae apresenta as maiores taxas de
evolugdo positiva, assim como o maior nimero de genes sob essa condi¢do. Esta conclusao
tem importante repercusao no estudo da biologia desta bactéria, uma vez que, tanto o
desenvolvimento de vacinas quanto o de farmacos para o combate de infec¢des cronicas
causadas por M. hyopneumoniae, deve levar em consideracdo sua grande capacidade de
adaptacao.

De maneira ampla, ¢ importante salientar que apesar do diminuto tamanho dos
seus genomas, as espécies procaridticas parasitas com genoma reduzido apresentam um
grande desafio em termos de saude publica humana e animal. Desafio este, imposto

principalmente pelas suas particularidades evolutivas e de organizacdo gendmica.
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6. Apéndices

Como apéndice encontra-se em anexo um CD com os dados resultantes das analises
realizadas neste trabalho. Abaixo consta a lista de arquivos a descri¢ao do seu conteudo.
Pasta codon-bias — Contém os dados de tendéncia de uso de cédon para os genomas
descritos nesta dissertacdo. Os arquivos estdo em formato CSV que pode ser lido no
software Microsoft Excel ou em editor de textos comum.

Pasta dnds-data — Dados de anélise de substitui¢do sindnima e nao-sindnima para os
diferentes grupos gendmicos apresentados nesta dissertacdo. Os dados estdo agrupados em
pastas de acordo com o grupo gendmico em estudo sendo os grupos de ortdlogos separados
em sub-pastas assim como suas respectivas seqiiéncias nucleotidicas e de aminoacidos. Os
resultados da analise de substitui¢do sinonima e nao-sindnima de acordo com o software
codeml encontra-se na sub-pasta “groups” nomeada de acordo com o grupo ortélogo a que
se refere.

Pasta duplication — Dados de duplicacdo genomica inferidos através de alinhamento
utilizando-se o software nucmer do pacote Mummer. Os arquivos estdo nomeados de
acordo com o nome do genoma em analise.

Pasta ortholog-groups — Grupos de ortélogos definidos de acordo com o software
ORTHOMCL. Cada sub-pasta contém os grupos gendmicos de acordo com a defini¢do
exposta nesta dissertacdo, sendo o arquivo com a extensao “.out” o que contém a relagao

dos genes ortdlogos para o grupo em cada sub-pasta.
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Pasta rearrangements — Contém em suas subpastas o resultado dos alinhamentos
genomicos utilizados para determinar as coordenadas dos pontos de quebra de rearranjos
no formato tabular definido pelo software nucmer e os resultados do software de

determinagdo de distancia de rearranjos GRAPPA.

Pasta repeats — A sub-pasta tandem contém os resultados da buscam por repeti¢des em

tandem de acordo com o software TRF. Os resultados estdo compactados em formato

“.tar.gz” por razdes de espago. Cada um dos dois arquivos contém respectivamente os

resultados para genomas reduzidos e genomas em processo de redugdo. A subpasta “direct-

inverse-repeats” contém os resultados da busca por repeti¢cdes diretas e inversas para

genomas reduzidos e genomas em processo de redugdo de acordo com a nomeagao de cada

arquivo e sub-pasta.

s1.xls — Material Suplementar S1 do artigo apresentado na segdo 2.2

s2.xls — Material Suplementar S2 do artigo apresentado na segdo 2.2

s3.jpg — Material Suplementar S3 do artigo apresentado na segdo 2.2

s4.xls — Material Suplementar S4 do artigo apresentado na segdo 2.2

s5.zip — Material Suplementar S5 do artigo apresentado na se¢ao 2.2

$6.xls — Material Suplementar S6 do artigo apresentado na segdo 2.2
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s7.png — Material Suplementar S7 do artigo apresentado na se¢do 2.2

s8.xls — Material Suplementar S8 do artigo apresentado na segdo 2.2

s9.png — Material Suplementar S9 do artigo apresentado na se¢do 2.2

s10.xls — Material Suplementar S10 do artigo apresentado na sec¢ao 2.2

s11.xls — Material Suplementar S11 do artigo apresentado na se¢do 2.2

s12.xls — Material Suplementar S12 do artigo apresentado na sec¢ao 2.2

s13.xls — Material Suplementar S13 do artigo apresentado na sec¢ao 2.2
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africana (Saintpaulia ionantha) e caracterizagdo das formas mutantes em um clone

hipermutéavel para morfologia floral". Orientador: Profa. Lenira Sepel - Periodo: Agosto de

2000 a Julho de 2001

Estagios:
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