3¢ oBA\ ::f ;

S

UNIVERSIDAD NACIONAL
AUTONOMA DE MEXICO

POSGRADO EN CIENCIAS BIOLOGICAS
FACULTAD DE CIENCIAS

'
“ ANALISIS COMPARATIVO DEL TAMANO Y

CONTENIDO DE LOS GENOMAS
PROCARIONTES”

TESIS
QUE PARA OBTENER EL GRADO ACADEMICO DE
MAESTRA EN CIENCIAS
(BIOLOGIA)
PRESENTA

SARA ERNESTINA ISLAS GRACIANO

DIRECTOR: DR. ANTONIO EUSEBIO LAZCANO-ARAUJO REYES -

MEXICO, D. F. AGOSTO 2003

TESIS CON
FALLADE ORIGEN




e e

Universidad Nacional - J ~  Biblioteca Central
Auténoma de México -

Direccion General de Bibliotecas de la UNAM
Swmie 1 Bpg L IR

UNAM - Direccion General de Bibliotecas
Tesis Digitales
Restricciones de uso

DERECHOS RESERVADQOS ©
PROHIBIDA SU REPRODUCCION TOTAL O PARCIAL

Todo el material contenido en esta tesis esta protegido por la Ley Federal
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México).

El uso de imagenes, fragmentos de videos, y demas material que sea
objeto de proteccion de los derechos de autor, serd exclusivamente para
fines educativos e informativos y debera citar la fuente donde la obtuvo
mencionando el autor o autores. Cualquier uso distinto como el lucro,
reproduccion, edicion o modificacion, sera perseguido y sancionado por el
respectivo titular de los Derechos de Autor.



Agradecimientos:

A la memoria de mi papa quién permanecera en mi para siempre.
A mi mama por su tranquilidad y ternura.

Para Eduardo y Diego Kazuo los amores de mi vida.

Agradezco de manera especial al Dr. Antonio Lazcano por su comprension y ayuda en mi
formacion.
Gracias Tofio por tu amistad.

A los miembros del jurado Dr. Antonio Lazcano, Dr. Victor Valdes, Dra. Valeria Souza,
Dr. Arturo Becerra y Dra. Alicia Negron, por sus valiosos comentarios y suguerencias

A mis compaiieros de Laboratorio de Microbiologia Ana, Arturo, Luis, Erwin por su apoyo
y gran sentido del humor.

A mis coautores y amigos que estan por otros caminos Josetxu, Amanda y Héctor.

A las nuevas generaciones los tallarines y colateds
A Pilar y Olga por el apoyo bibliogréfico.

A mis amigos.



Indice

Andlisis comparativo del tamafio y contenido de los
genomas procariontes

Resumen 1
Abstract 2
Introduccion 3
Factores que modifican la cantidad de DNA : 6
Transferencia Horizontal 8
Endosimbiosis 8
Patinaje de la polimerasa (Slippage) 9
Procesos de Duplicacion 9

Duplicacién de un gene 10

Duplicacién de todo el genoma 11

Metodologia 17

Articulos:

Islas S, Becerra A, Leguina J |, and Lazcano A. (1998).Early metabolic evolution:
insigths from comparative cellular genomics In. Chela-Flores and F. Raulin
(eds)Exobiology: Matter, Energy, and Information in the Origin and Evolution of Life
in the Universe, 167-174 Kluwer Academic Publishers. Netherlands. 18

Islas S, Castillo A, Vazquez H G, and Lazcano A. (2000).

On the role of genome duplications in the evolution of prokaryotic chromosomes
In: Chela-Flores et al. (eds), Astrobiology, 289-292.

Kluwer Academic Publishers. Netherlands. 25

Islas S, Velasco A M, Becerra A, Delaye L, and Lazcano A (2003)
Hyperthermophily and the origin and earliest evolution of life.
International Microbiology. Aceptado para el vol. de junio 30

Islas S, Becerra A, Luisi Luigi P, and Lazcano A.
Comparative genomics and the gene complement of a minimal cell.
Enviado a Origins of lifeand evolution of the biosphere. 50



Conclusiones

Referencias

Apéndice 1:

1a Base de datos

1b Referencias de |la base de datos
Apéndice 2

2a Gréfical

2b Grafica 2

Apéndice 3

78
83

87

109

127

128

3a Becerra A, Islas S, Leguina J |, Silva E and Lazcanbo Antonio.
(1997). Polyphyletic gene losses can bias backtrack characterizations of the

cenancestor.J Mol Evol 45: 115-118

129

3b Becerra A, SilvaE, Lloret L, Islas S, Velasco AM, and Lazcano A

(2000). Molecular biology and the reconstruction of microbial phylogenies :

Des iaisons Dangereuses ? In: Chela-Flores et al. (eds), Astrobiology,
135

135-150Kluwer Academic Publishers. Netherlands



Resumen

Andlisis comparativo del tamafio y contenido de los genomas procariontes

Los procariontes presentan una variacion considerable en el tamafio de genoma,
debida por una parte a su capacidad para modificar el contenido de DNA mediante
transporte horizontal, slippage, duplicacion de genes y genoma completo, asi como a
re-arreglos propios del genoma. Aunque no sabemos como eran los primeros
organismos, es probable que su maquinaria genética fuera relativamente pequefia y
sus capacidades codificantes fueran restringidas. Asi, explicar los mecanismos por
medio de los cuales se ha incrementado el tamario del genoma no es una tarea facil.
El célculo con mayor precision del contenido de DNA y la construccién de mapas
gendmicos ha sido refinado mediante la técnica de electroforesis de campo pulsado
(PFGE), utilizada desde 1985 para estimar el tamario de genoma. Con el propésito de
estudiar los factores que intervienen en las variaciones del tamafio de los genomas
procariontes, incluyendo la hipotesis que sugiere que estos son el resultado de rondas
de duplicacién del genoma completo (Ohono 1970; Wallace y Morowitz 1973; Zipkas
y Riley 1975; Sparrow y Neuman 1976 Herdman 1985;), en este trabajo reportamos el
resultado de un analisis estadistico de la distribucion de 641 tamarios de genomas
tanto de bacterias como de arqueas cuyas dimensiones han sido calculadas mediante
la técnica de PFGE.

Se analizé una base de datos de 641 organismos procariontes construida de reportes
publicados en NCBI, Scirus, Highwire, y fue completada con datos de posicién
filogenética, estilo de vida, temperatura, y metabolismo.

Con los datos disponibles hasta febrero de 2003, encontramos que el rango de
tamafio de genomas procariontes es de 0.448 Mb (yproteobacteria) a 9.7Mb
(aproteobacteria). Los organismos con genomas mas pequefios son simbiontes y
parasitos obligados pertenecientes a los grupos yproteobacteria, Anaeroplasma,
Spiroplasma, Rickettsia y Spirochaetae. No todos los organismos con tamafio
pequerio son anaerobios lo que puede ser explicado a través de una serie compleja
de adaptaciones secundarias que han guiado a la reduccién de su genoma. Se
encontré sin embargo, que en general que los procariontes anaerobios y
microaerofilicos estan dotados con genomas mas pequefios que los aerobios, No
obstante, los genomas mas pequefios no son por su propio tamafio una muestra que
nos lleve a pensar que son formas ancestrales; igualmente, el rango relativamente
pequeiio del tamarfio de genoma de los hipertrmdfilos puede revelar una tendencia a
que ambientes con altas temperaturas constrifien el contenido de DNA a un rango
especifico (0.5 Mb-5.10 Mb), probablemente por la reduccién del tamafio promedio de
sus genes. Los genomas mas grandes son tipicamente organismos aerobios de vida
libre y con ciclos de vida complejos. Aunque esta base de datos claramente presenta
un sesgo ( organismos disponibles en WWW) y no representa toda la diversidad
procarionte, en la distribucion de los tamafios de genoma de la muestra no hay
evidencias que nos permitan ratificar la hipétesis de Herdman (1985) es decir, los
resultados sugieren que el contenido de DNA de los procariontes no proviene de
duplicaciones totales del genoma.



Abstract

Comparative size analyses and DNA content of prokariotic genome.

There is a considerable variation in the prokariotic genome size this variation is a
result of their ability to modify the DNA content by different means like horizontal
transfer, slippage, gene duplication, whole genome duplication and arrangements
of the genome itself. Although it is still unknown how does the first cells were, is
probable that they were endowed with relatively small genetic machinery with
reduced encoding capacities. Thus, to explain the mechanisms through which the
genome size has been increased is not an easy task.

Pulsed field gel electrophoresis is the best technique to construct a genetic map
and to estimate with accuracy the determination of DNA content. This technique
has been used since 1985.

The purpose of this work was to analyze the factors involved in the variations of
prokaryotic genome size including the hypothesis which suggests that these are
the result of genome duplication (Ohno 1970; Wallace and Morowitz 1973; Zipkas
and Riley 1975; Sparrow and Neuman 1976 Herdman 1985;), in this work we
report a statistical analysis of a sample of 641 archaeal and bacterial genome sizes
determined by pulsed-field gel electrophoresis (PFGE), reported in publications
included in the NCBI/PubMed, Scirus, Highwire databases until February 2003.
and was completed with phylogenetic data, life style , temperature, and
metabolism.

In our sample the prokaryotic genome size rank was 0.448 (y proteobacteria) to
9.7Mb (aproteobacteria). The organisms with the smallest genome size are
obligated simbionts and parasites belong to y proteobacteria, Anaeroplasma,
Spiroplasma, Rickettsia and Spirochaetae groups.

Not all organisms with small genome are anaerobic this feature can be explained
through a complex series of secondary adaptations that have leaded to reduce
their genomes.

In general the anaerobic and microaerofilic procaryotes are endowed with smaller
genomes than aerobic. Nevertheless the smallest genomes are not for its own size
a sample that they are ancient forms; likewise, the relatively small rank of the
hiperthermophilic genome size can reveal a tendency which shows that
environments with high temperatures confine the few DNA content to a specific
rank (0.5 Mb-5.10 Mb), probably by the reduction average of its genes. The largest
genomes are typically aerobic organisms, free life and with complex life cycles.
The database analyzed here is biased (only available organisms on www) and
does not reflect all the actual prokaryotic biodiversity, in our distribution there are
no evidences which support the Herdman’s hipothesis, the results suggests that
procaryotic DNA content does not outcome from the whole genome duplications



Analisis comparativo del tamafio y contenido de los genomas
procariontes

Introduccién.

Un genoma celular se puede definir como el contenido total de la informacion
genética (DNA) utilizada por un organismo para mantenerse y reproducirse (Kolsto
1999). A lo largo del tiempo los seres vivos han sufrido modificaciones tanto en el
contenido como en las dimensiones en su genoma. Asi, aunque no sabemos
como eran los primeros organismos, es probable que su maquinaria genética fuera

relativamente pequena y sus capacidades codificantes fueran restringidas.

El calculo del contenido de DNA ha sido una tarea que se ha enfrentado desde
hace varias décadas, utilizando diferentes técnicas como la colorimetria, la
cinética de renaturalizacion del DNA, la electroforesis de campo pulsado (PFGE)
(Cantor 1988) y, mas recientemente, la secuenciacion completa de genomas. Con
el proposito de estudiar los factores que intervienen en las variaciones del tamafo
de los genomas procariontes, incluyendo la hipdtesis que sugiere que estos son el
resultado de rondas de duplicacién del genoma completo (Ohono 1970; Wallace y
Morowitz 1973; Zipkas y Riley 1975; Sparrow y Neuman 1976 Herdman 1985;
Trevors 1996 ), en este trabajo reportamos el resultado de un analisis estadistico
de la distribuciéon de tamarios de genomas tanto de bacterias como de arqueas
cuyas dimensiones han sido calculadas mediante la técnica de PFGE.

Cuando intentamos reconstruir fases tempranas de la evoluciéon de los seres vivos
encontramos una gran cantidad de interrogantes que marcan las diferentes etapas
de cambio, que arrancan desde los procesos de evolucién prebidtica que llevaron
a las primeras formas de vida, que muy probablemente estaban basadas en un
polimero genético distinto al RNA mismo, hasta la aparicién de formas celulares
con genomas de DNA pasando por una forma intermedia en la que los genomas
pueden haber estado formados por RNA. Los procariontes son los seres vivos

mas antiguos en la Tierra, con un registro fésil que data de hace 3.5 billones de

wl



afos (Schopf, 1993; Brasier et al,, 2002). Aunque el registro paleontologico no
permite establecer con precision ni como eran los primeros seres vivos ni el tipo
de genoma que tuvieron las primeras células, se acepta que la atmosfera primitiva
carecia de oxigeno libre y pudo, de hecho, haber sido reductora. Ello implica que
los primeros seres vivos eran anaerobios y heterétrofos (Oparin 1938). Sus
descendientes, en cambio, se fueron adaptando a un ambiente con una creciente
cantidad de oxigeno liberado en la atmdsfera, lo cual selecciond nuevas
capacidades metabdlicas cuya presencia se refleja, al menos en parte, en las

variaciones en el tamaro de los genomas procariontes.

Los genomas procariontes poseen, por un lado una capacidad mucho mayor que
los eucariontes para adquirir genes y porciones de DNA mediante el transporte
horizontal y, por otra, una estabilidad relativa que les confiere una identidad
especifica. Asi, explicar los mecanismos mediante los cuales se ha incrementado
el tamano del genoma no es una tarea facil. Se podria pensar que “organismos
mas complejos” (pluricelulares) requieren de mas genes, es decir de una mayor
cantidad de DNA (Petrov 2001). Sin embargo, existen algunas amibas que tienen
200 veces mas DNA que los humanos (pero no necesariamente tienen mas
genes). A diferencia de los eucariontes, el genoma en procariontes se traduce casi
directamente a funciones bioquimicas, fisiolégicas y complejidad organismica, por
que la mayoria de las secuencias procariontes corresponden a regiones
codificantes, es decir, son proteinas o RNAs funcionales. Es decir, en los
procariontes existe una correlacion directa positiva entre el nimero de genes y el
tamario del genoma (Mira et al,, 2001). Asi, se puede concluir que los genomas
procariontes de mayor tamano codifican para mas proteinas, secuencias
reguladoras, mecanismos de reparacion, diversidad de rutas metabdlicas y ciclos
de vida complejos. En general, se puede decir también que los organismos con

replicones’ mas grandes poseen, una tendencia metabdlica “generalista’, es decir,

“ El término cromosoma fué acufiado para designar el aspecto adquirido por el material genético
tefiido en células eucariontes. Por analogia con los eucariontes, la molecula de DNA circular o
linear de procariontes se denomina cromosoma, pudiendose designar igualmente como replicones
pués este término hace referencia a la estructura de Aacido nucleico con capacidad de



poseen capacidades metabdlicas amplias y menos requerimientos por
compuestos especificos en su medio de cultivo (Shimkets 1997). En cambio, los
genomas mas pequenos tienden a ser de organismos altamente especializados
que ocupan nichos restringidos como aquellos procariontes parasitos que viven en
hospederos bajo condiciones muy particulares (e.g. los micoplasmas, las
rickettsias, etc). Sin embargo, esta correspondencia no es absoluta y
determinante, dado que la distribucion de tamarios se traslapa ampliamente entre
estos dos niveles. Se ha propuesto que en el pasado remoto los genomas deben
haber sido pequenios, codificando para enzimas poco especificas, proporcionando
a dichas células, maxima flexibilidad bioquimica con un minimo contenido de

genes (Jensen 1976).

Existe una variacién considerable entre los tamafios de genomas procariontes ,
que pueden ir desde los mas pequefios con 580,000pb como Mycoplasma
genitalium (Fraser et al, 1995) hasta los de Stigmatiella erecta, con 9,550,000 pb
(Neumann et al, 1992). Algo similar ocurre con la geometria® de sus genomas.
Hasta hace poco tiempo se pensaba que los procariontes poseian solo replicones
circulares, pero algunas especies presentan cromosomas lineares como el
genoma de Borrelia burdogferi (Casjens 1993), Streptomyces lividans (Lin et al,
1993), Rhodococcus fasciens (Bendich y Drlica, 2000), y Azospirillum (Martin-
Didonet et al, 2000), pudiendo coexistir las dos formas en algunos organismos
como Agrobacterium, Azospirillum y Streptomyces. La presencia de genomas
lineares en grupos filogenéticamente muy separados sugiere que estos se han
generado varias veces de manera independiente. Todos ellos pueden poseer
elementos extracromosémicos o plasmidos, que a su vez pueden ser lineares o
circulares, y que no son esenciales para la sobrevivencia del microorganismo. Los
plasmidos suelen codificar para funciones “especificas ", que le permiten a la
bacteria o0 arquea adaptarse a ambientes adversos. Tales funciones incluyen, por

autoduplicacion. Por tanto son replicones los cromosomas de las células eucariontes, procariontes,
los plasmidos y los acidos nucleicos de los virus. Igualmente el término genoma y cromosoma
procarionte se ha llegado a utilizar indistintamente.

* La geometria del genoma procarionte se refiere a la forma en que se presenta el DNA procarionte
y puede ser circular o linear.



ejemplo, resistencia a los antibioticos, fertilidad (propician conjugacion y
transferencia de material genético), virulencia, degradacién de sustancias, y
fijacion del nitrégeno. El tamano de los plasmidos varia de 2 kb ( 2 genes aprox ),
a 600 kb y hasta 1600 kb como en Rhizobium, al que se le conoce un
megaplasmido o cromosoma auxiliar. Las protecbacterias conforman una cohorte
filogenética dividida en diferentes grupos, de los cuales las B y y albergan una
gran cantidad de plasmidos (Moreno 1998). El tamafio no es un rasgo unico para
diferenciar un plasmido de un cromosoma, ya que para distinguirlos se requiere
que el plasmido posea genes esenciales, tamafo suficiente y control de
replicacion. Asi, Ng et al, (2000) reportaron la secuencia completa de DNA del
plasmido circular (PNRC100) de la arquea Halobacterium, y encontraron que
contiene 191,346 pb (aprox. 186 genes) que son considerados genes esenciales,
ademas de un gen para la replicacion. Ello muestra lo dificil que es precisar la

distincion entre plasmidos y cromosomas .

Factores que modifican la cantidad de DNA -

El incremento en el contenido de DNA se produce principalmente por la
transferencia horizontal, la endosimbiosis (en el caso de los eucariontes), slippage,
y eventos de duplicacion de genes y genomas (fig.1). A continuacién se describen
estos procesos.



Fig 1. Factores que madifican la cantidad de DNA en procariontes.



Transferencia horizontal

Es el nombre que describe los diferentes procesos por medio de los cuales un
organismo tipicamente procarionte transfiere una parte de su material genético a
otro organismo que puede o no ser de su misma especie (Eisen, 2000; Jain et al,
2002). En este proceso existe un componente temporal y espacial de los
organismos para la adquisicion y fijacion del material transferido. Se ha
establecido que no todos los genes tienen la misma probabilidad de ser
transferidos. Por ejemplo, aquellos que codifican para el RNA ribosomal no son
transferidos frecuentemente a otras especies mientras que los genes con mayor
posibilidad de ser transferidos son los genes de mantenimiento del organismo.
(Jain et al, 1999).

La comparacién entre genomas completamente secuenciados con respecto a la
composicion de nucleotidos, analisis de uso de codones, Yy distribucion
filogenética basados en familias de genes son procedimientos que proporcionan
evidencias de la transferencia horizontal de genes entre los dominios Arquea,
Bacteria y Eucaria y pueden ser la base de adaptaciones bioquimicas y
ambientales (Roy 1999) como en los casos de Aquifex aeolicus (bacteria
hipertermofilica) y la arquea Methanococcus jannaschiii (Aravind et al, 1998).
También se ha reportado transferencia de genes de Archaea a Aquifex aeolicus y
Thermotoga maritima. (Nelson et al, 1999)

Endosimbiosis

Muchos procariontes muestran una tendencia para establecer asociaciones con
células eucariontes, lo que conduce al establecimiento de diversos tipos de
interacciones entre ellos, incluyendo la endosimbiosis que ha jugado un importante
papel en la evolucion (Margulis 1993). Las mitocondrias y los cloroplastos son
vestigios de procariontes de vida libre y exhiben fuerte erosion genética durante
su evolucién como un resultado de la pérdida de genes innecesarios asi como de
transferencia de genes al nucleo. No obstante, no hay ejemplos hasta ahora

conocidos de esta relacién entre procariontes .



Patinaje de la polimerasa (Slippage)

Es una mutacion que ocurre durante la replicacion del DNA (en donde un mal
apareamiento de las hebras genera un incremento o pérdida de material genético
en un segundo evento de replicacién, que tiene la peculiaridad de producir
regiones de nucledtidos y por ende de proteinas con un sesgo en la composicion
del conteniendo de segmentos repetidos, mejor conocidos como secuencias de
baja complejidad. Estas secuencias proporcionan una fuente de variabilidad
fenotipica y genética en la evoluciéon del tamafio de los genomas (Tautz et al,
1986, Hancock 1995; Becerra et al, en prep).

Procesos de duplicacion

El significado evolutivo de la duplicacién de genes fue reconocido desde hace
mucho tiempo por Haldane (1932) quien sugirié que las copias del material
genético extra (redundante) a través de sucesivas mutaciones pueden alcanzar
funciones nuevas (Ohno 1970; Li 1880).

La duplicacion de genes es el mecanismo mas importante para la generacion de
nuevos genes durante la evolucién del genoma y este mecanismo puede operar a
diferentes niveles como se ve en la tabla 1

Tabla 1. Tipos de duplicacion

Region de un gen duplicacion interna PyE
Un gen completo duplicacion completa PyE
Regidén de un cromosoma polisomia PyE
Cromosoma entero aneuploidia E

Genoma total poliploidia PyE

P procarionte E eucarionte

9



Duplicacién de un gene

La amplificacion de un gene es un fenémeno genético generalizado en organismos
procariontes . Las duplicaciones pueden surgir por la recombinacion desigual entre
dos moléculas de DNA en una horquilla de replicaciéon. La recombinacion ocurre
entre dos diferentes copias de una secuencia corta repetida representada por las
lineas gruesas, formandose una amplificacién del gene o bien una duplicacion en

tandem (Romero y Palacios 1977, Anderson y Roth 1977)

Horquilla de replicacién

Fig 2 Modelo de duplicacion de un gene durante la replicacion del genoma bacteriano. La
duplicacién de un gene (rectdngulos grises) puede ocurrir entre dos dobles hélices hijas. La
recombinaciéon desigual se realiza entre dos secuencias cortas repetidas (lineas gruesas) |,

resultando por un lado una duplicacién en una hebra y una pérdida en la otra.

Una vez que un gen se duplica el nuevo gen puede mutar y eventualmente
emergen nuevas funciones enzimaticas (hisA e hisF) (Alifano et al, ,1996) o bien

solo sufrir elongacién como el caso de carB (Lawson et al, 1996).

10



Duplicacién de todo el genoma

La duplicacién del genoma completo da como resultado una rapida expansion en
el nimero de genes. En su libro Evolution by gene duplication Ohno (1970)
propusc que nuevos genes eran producidos durante eventos de duplicacion
completa del genoma, y que estos eventos constituyeron un prerequisito para
transiciones evolutivas mayores. Se ha planteado que la duplicacién del genoma
completo en procariontes puede ocurrir mediante: a) entrecruzamiento de
genomas circulares idénticos b) unién cabeza cola de dos genomas lineares
idénticos y ¢) un modo de replicacién para el genoma bacterial primitivo similar al

modo usado por algunos bacteriofagos actuales (Zipkas y Riley 1975).

El resultado de la duplicacion completa del genoma es conocido como ploidia, y
ha sido definida convencionalmente en células eucariontes y se refiere al nimero
de cromosomas homologos en los organismos ; la poliploidia es consecuencia
de la no disyuncién del material genético durante la meiosis (en eucariontes), por
lo que hay un incremento en el contenido de DNA.

De acuerdo con el namero de cromosomas homaélogos presentes en las células,
éstas pueden ser haploides (n) como los gametdfitos y la mayoria de los
procariontes, diploides (2n) como el ratén, o poliploides como algunas ranas
arboricolas. La ploidia ha sido ampliamente observada en grupos biolégicos muy
separados entre si tales como las levaduras, plantas (angiospermas pteridofitas) y
en animales (ostracodos y algunos anfibios), es decir, es un proceso de origen
polifilético (Soltis y Soltis 1999). La mayoria de los procariontes son haploides. Sin
embargo, diferenciar este proceso durante los ciclos celulares en procariontes y
eucariontes puede ser complejo. En algunos procariontes la ploidia ha sido
percibida como consecuencia del desfasamiento entre una tasa mas rapida de
crecimiento con respecto a la replicacién durante el ciclo celular (Trun 1999). Es
decir, cuando E.coli crece a 60 minutos, cada nueva célula hereda un cromosoma;
si el valor de crecimiento de E.coli es mas rapido que el tiempo de replicacion del
DNA, las células heredan cromosomas con horquillas de replicacion, pudiendo
suceder dos posibilidades:



a) La nueva célula puede heredar un cromosoma con mas de una horquilla pero
con un sélo sitio de término, en cuyo caso la célula es haploide; 6 bien b) varios
cromosomas en replicacion, entonces la célula es técnicamente diploide (ver Trun
1999) Fig 3

Fig 3 .Estado del cromosoma a diferentes valores de crecimiento en Escherichia

coli tomado de Turn (1999) y madificado
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Tabla 2. No. de equivalentes por genoma en un poblacion de procariontes en
diferentes fases del ciclo celular . (Bendich y Drlica 2000 )

Organismo Fase estacionaria Fase exponencial
(No. Eq. x genoma (No. Eg. x genoma
al inicio) al final)
Escherichia coli 2,48 1
Methanococcus jannaschii 3 i
Deinococcus radiodurans 4 10
Synechococcus PCC6301 - 8
Desulfovibrio gigas - 9,17
Borrelia hermsii - 16
Azotobacter vinelandii - 80-100

El caso mas notable que se conoce es el que ocurre en la bacteria Epulopiscium
fishelsoni en donde el contenido de DNA varia entre 4 y 5 ordenes de magnitud
entre individuos en diferentes estados del ciclo de vida y puede exceder
considerablemente la cantidad de DNA encontrada en el nucleo de mamiferos
(Bresler 1998).

El incremento en la cantidad de material genético no asegura directamente una
complejidad mayor en el genoma, porque, despues de todo, el resultado final
implica que el organismo simplemente tiene una o mas copias del genoma mas
que nuevos genes con capacidades metabélicas nuevas. Cuando un genoma se
duplica hay muchas situaciones que pueden alterar el destino de la copia extra de
las secuencias del genoma, entre las que se encuentran (a) la formacién de
pseudogenes; (b) la adquisicion de nuevas funciones; (c) la adquisicion de
funciones parecidas.

La importancia de la duplicacién total del genoma se ha convertido en un tema
controvertido, porque las evidencias para afirmar que este tipo de eventos
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sucedieron no es facil de discernir, ni siquiera al analizar los genomas
completamente secuenciados. Las evidencias mas recientes (pero, al mismo
tiempo, no aceptadas por todos) sobre la duplicacion total del genoma provienen
del analisis de dos genomas eucariontes completamente secuenciados: el de
Saccharomyces cerevisiae, analizado por Wolfe y Shields (1997), quienes
identificaron 55 grupos duplicados, comprendiendo 376 pares de genes
conteniendo un minimo de 3 genes en el mismo orden, y quienes concluyen que
esta duplicaciéon ocurri6 hace 100 millones de afos. Esta también el caso de
Arabidopsis thaliana, donde fueron encontradas 24 grandes regiones duplicadas
en un genoma considerado relativamente compacto, (Simillon et al, 2002). Este
descubrimiento llevé a pensar que la duplicacién del genoma completo y su
subsecuente contraccion han sido un importante factor durante la evolucién de

genomas de plantas.

Después que la duplicacién del genoma fue descrita como la mayor fuerza
evolutiva en los vertebrados (Ohno 1970), este proceso se extrapolo para explicar
la evolucién de los procariontes. Tal postulado fue hipétesis la de trabajo central
en varias investigaciones, que de forma general han seguido dos aproximaciones
metodolégicas distintas: (a) mediante el analisis del arreglo genomico de un solo
organismo (Zipkas Riley (1975); y (b) el analisis de la distribucion de un conjunto
organismos con tamarno de genoma conocido (Wallace y Morowitz 1973; Sparrow
y Neuman 1976, Herdman 1985;). En lo que se refiere al andlisis del arreglo de
secuencias en el genoma, Zipkas y Riley (1975) plantean que E.coli experimentd
dos duplicaciones secuenciales de genoma en el pasado, lo cual se refleja en la
posicion de algunos genes en un mapa circular del genoma de la bacteria. Al
examinar el mapa genético de E.coli encontraron que pares de genes
bioquimicamente relacionados tienen una tendencia a orientarse cada 90 o 180
grados. Sin embargo sabemos que existen cambios y arreglos genémicos como
movimiento de los genes y cambio en el orden de los mismos que suelen ocurrir
(Fani et al., 1998). Si la duplicacién del genoma tuvo lugar, estos sucesos deben

haberse producido con poca frecuencia o muy simétricamente en todo el genoma



de tal forma que que se conservara dicho arreglo y que por tanto la distribucion
(orientacién de los genes cada 90 o 180 grados ) en el genoma no sea un arreglo

aleatorio .

Por otra parte, Wallace y Morowitz (1973) analizaron la distribucion de tamaros
de genoma correspondientes a 98 especies bacterianas agrupadas en las familias
Achromobacteraceae, Azotobacteraceae, Bacillaceae, Brevibacteriaceae,
Brucellaceae, Corynebacteriaceae, Enterobacteriaceae, Lactobacillaceae,
Micrococcaceae, Neissiaceae, Rhizobiaceae, Mycoplasmataceae,
Nitrobacteraceae, Pseudomonadaceae, y Spirillaceae estimadas por cinética de
renaturalizacion y microscopia electronica . A través de su andlisis ellos
propusieron un esquema en donde los genomas mas pequefios (5x 10 ° daltones)
de los micoplasmas (en este caso, Acholeplasma laidlawii, un micoplasma
saprofito aislado de aguas residuales) representan formas de vida primitiva y los
denominaron genesistron, y concluyeron que la evolucion subsecuente ocurrié por
duplicacién del DNA. Segun Wallace y Morowitz Acholeplasma puede ser
considerado como intermediario en la evolucién de células protocariontes (es

decir, una forma ancestral prebacteriana) a procariontes.

Sparrow y Neuman llevaron a cabo un analisis de las duplicaciones completas de
muchos genomas distintos (1976) a partir de una distribucion logaritmica de DNA
por genoma de especies compiladas de diferentes reportes que expresan el
contenido de DNA en una variedad de unidades (estas unidades fueron
convertidas a picogramos para igualarlas ). Su analisis comprendié 23 grupos
filogenéticos ampliamente separados entre si, incluyendo viroides, virus, bacterias,
hongos, algas, protozoa, porifera, nematodos, insectos, cordados “inferiores”,
celenterados, angiospermas, vertebrados, moluscos equinodermos, anélidos,
crustaceos y gimnospermas. La distribucion del DNA tiende a formar varios picos
a valores de muiltiplos lo que parece representar duplicaciones de DNA intragrupo,
en el caso de los eucariontes son independientes de la poliploidia, por lo que este
fendmeno ha sido llamado criptopoliploidia y denota un incremento en el tamaro
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de genoma por aumento en el tamafo del cromosoma. Cuando Sparrow y
Neuman (1976) comparan duplicaciones teoricas contra valores minimos de DNA
en cada grupo, observaron una tendencia ciclica sobre 8 ordenes de magnitud a
partir 300 nucledtidos (1.65 x 107 pg ) calculados para un viroide de RNA que

ellos interpretan como un genoma ancestral basico.

En cambio, Herdman (1985) estudio la distribucion de 605 genomas de diversas
cepas de bacterias, cuyos tamanos fueron calculados usando diversos métodos,
incluyendo sobre todo cinética de renaturalizacidn. La distribucién fue discontinua
mostrando picos modales de (1) .5, (2) 1.0-1.25, (3) 2.5-2.75, (4) una cola mas
larga que se extiende arriba de 4.75 y (5) muy pocos genomas entre 6 y 8.5 x 10
daltones. Ademas, Herdman postuld que los cambios en los tamarfos de genoma
son producto de dos principales procesos : a) fusion de genomas o b) duplicacién
de pequefios genomas ancestrales. Herdman también comentd que éste proceso
ha ocurrido independientemente en diferentes grupos de bacterias y que el
cambio de metabolismo anaerobio a aerobio ocurrié separadamente en cada una
de las lineas bacterianas de descendencia y esto fue acompariado por una 0 mas
duplicaciones en el tamarfio de genoma, aunque no sin dejar de hacer notar que
existen mecanismos adicionales que intervienen en los cambios en el tamafio de
genoma. Como se ve en los trabajos adjuntos, esta metodologia y las
conclusiones han sido modificadas substancialmente gracias a los datos
disponibles.



Metodologia

Se construyd una base de datos con los tamafos de genoma de 641 organismos
procariontes determinados por por la técnica de Electroforesis de campo pulsado
(PFGE), reportados en articulos incluidos en NCBI
(http://mww.ncbi.nim.nih.gov/entrez/query.fcgi?db=PubMed ) Scirus (for a scientific
information only http://www.scirus.com/) and Highwire (library of the sciences and

medicine http://intl.highwire.org/) hasta febrero de 2003.

La base de datos fue completada con una descripcion de la posicion filogenética,
el estilo de vida (simbiontes obligados, parasitos obligados y vida libre), el intervalo
de temperatura de crecimiento (mesdfilos 25-44 oC, termdfilos 45-700C e
Hipertermdfilos >700C, y la respuesta al oxigeno de los organismos fue basada en
reportes originales y en datos de Bergey’'s Manual of Bacterial Determination (Holt
et al, 1994). anaerobios (organismos con respuesta al oxigeno negativa),
microaerofilicos (organismos que requieren < 21% de oxigeno), facultativos
anaerobios (organismos con doble respuesta al oxigeno) y aerobios (organismos
que requieren 21 % de oxigeno). Se realizo un andlisis estadistico ( Ji cuadrada )

usando el programa Microsoft Excel
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1. Introduction

The usc of small subunit rRNAs as molecular markers has led to universal
phylogenies. in which all known organisms can be grouped in one of three major cell
lineages. the eubacteria. the archaeabacteria, and the eukaryotic nucleocytoplasm, now
referred to as the domains Bacteria. Archaea, and Eucarya. respectively (Woese ef al..
1990). A descripuon of the List comnmon ancestor (LCA, i.e., the cenancestor), of thece
three primary kingdoms may be inferred from the distribution of homologous
characters among its descendants. In conjunction with the fragmentary information
available from other organisms. the complete genome sequences now available in the
public databases allow such characterizations, and in some cases can even provide
insights into the nature of the cenancestor predecessors. Here we discuss the basic
assumptions and strategies used in such approaches, and apply them to ihe
understanding of the evolutionary assemblage of arginine biosynthesis. Additional
aspects of the evolution of metabolic routes have been discussed in Pereté er al. (1997).

2. Some problems in comparative genomic analysis

The distribution of many biosynthetic enzymes found in all three primary lines of
descent before complete genome sequences became available had already led to the
idea that the cenancestor was comparable to modern prokaryotes in its biological
complexity. ecological adaptability, and evolutionary potential (Lazcano, 1995).
However. the differences in the metabolic repertoire and gene expression mechanisms
among the three primary domains (cf. Olsen and Woese, 1997) demonstrate that the
characterization of the LCA is an unfinished task, and that strong statements and
broad generalizations should be avoided.
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In principle, backtrack reconstructions of ancestral states can be achieved with a
simple, straightforward methodology. Given the availability of complete genome
sequences from the three primary domains, the cenancestor is defined by properties
shared by all living organisms, minus those that are the outcome of convergent
evolution and those acquired by horizontal transfer (Figure 1). However. cross-
genomic analysis can be difficulted by unidentified proteins encoded by rapidly
evolving sequences, as well as from the properties of a given genomic dataset.
Inferences on the nature of the LCA can also be biased by the reduced DNA content of
parasites and pathogens such as the mycoplasma, which have been selected as model
organisms because of their small, compact genomes (Becerra er al., 1997). Although
the application of shotgun sequencing has led to an impressive growth of the databases
in a very short time, larger volumes of complete genome sequences reflecting a broader
cross-section of biological diversity are still required.

Bacteria

Figure 1. Intersection of the plet p of the three domains defines the gene complement of the
common ancestor (LCA). Identification of rapidly-evolving sequences would lead to a bigger set of ancestral
genes (hatched areas).

The functions of many open reading frames (ORFs) derived from complete genome
sequencing projects have been tentatively identified by computer searches based on
structural similarities to known sequences in databases, but many more remain
unidentified (30 to 50%., depending on the organism). Such databases are collections of
the sequences that make up biological systems, but understanding how each component
works is not enough for a proper description of how the entire system proceeds
(Kanehisa, 1997). For instance, in the Bacillus subtilis tryptophan operon no sequence
encodes the glutamine amido transferase required for anthranilate biosynthesis. This
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would pose a problem in comparative genomic-based metabolic reoonstrgcu‘ons. had
biochemical experimentation not demonstrated that in B. subtilis the required genc is
shared with the folate biosynthetic route, in whose operon it is located (Crawford,
1989).

As summarized in Table 1. understanding of the evolutionary development of
metabolism can be obscured by a complex series of changes involving enzymatic
additions. secondary losses, pathway replacements, and functional redundancies.
Additional complications can result from (a) intraespecific enzyme substitutions
involving paralogous proteins; (b) that possibility that extant enzymes may have
participated in alternative routes which no longer exist or remain to be discovered
(Zubay, 1993: Becerra and Lazcano. 1997); (c) homologous enzymes endowed with
widely different catalytic properties (see below); and (d) intracellular horizontal
transfer within nucleated cells (Embley er al., 1997).

TABLE 1. Some processes in metabolic evolution.

proces - .
addition of enzymatic step(s)  oxygen-dependent cholesterol biosynthesis Bloch (1994), Ourisson
: and Nakatani (1994)
archaeal biosynthesis of 2,3-di-O-phytanil Stetter (1996)
sn-glycerol :
loss of routes and enzvmes purine biosynthesis in parasites Becerma er al. (1997)
pathway replacement aerobic instead of anaerobic biosynthesis of ~ Bloch (1994)
monounsaturated fatty acids
fungal lysine biosynthesis Vogel (1960)
functional redundacies phosphatidyicholine biosynthesis Bloch (1994)

imidazole biosynthesis in purine and histidine Peretd ef al. (1997)
biosyntheses

3. Did metabolism evolve backwards?

The first attempt to explain the emergence of metabolic pathways was developed by
Horowitz (1945), who suggested that biosynthetic enzymes had been acquired via gene
duplications that took place in reverse order as found in extant pathways. This idea,
also known as the retrograde hypothesis, established an evolutionary connection
between the primitive soup and the development of metabolic pathways, and is
frequently invoked in descriptions of early biological evolution (cf. Pereto et al., 1997).
Prompted by the discovery of operons, Horowitz (1965) restated his model, arguing
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that it was supported not only by the overiap between the chemical structures of
products and substrates of the enzymes catalyzing successive reactions. but also by the
clustering of functionally related genes.

Although some operon-like gene clusters are found in both bacterial and archaeal
genomes. whole genome comparisons between distant prokaryotes have shown that
gene order can be easily eroded by extensive shuffling events (Mushegian and Koonin.
1996). This implies that the distribution in prokaryotic chromosomes of homologous
genes encoding pathway enzymes cannot be used to (dis)prove the Horowitz
hypothesis. However, if the enzymes catalyzing successive steps in a given metabolic
pathway resulted from a series of gene duplication events (Horowitz, 1965), then they
must share structural similarities. The known examples confirmed by sequence
comparisons that satisfy this condition are limited to few pairs of enzymes and have
been discussed elsewhere (cf. Peretd er al., 1997).

4. The patchwork assemblage of biosynthetic routes

An alternative interpretation of role of gene duplication in the evolution of metabolism
has been developed in the so-called patchwork hypothesis (cf. Jensen. 1976).
According to this scheme. biosynthetic routes were assembled by primitive catalysts
that could react with a wide range of chemically related substrates. The recruitment of
enzymes from different metabolic pathways to serve novel catabolic routes under
strong selective pressures is well document under laboratory conditions. Repeated
occurrcnces of homclogous enzymes in different pathways provide independent
evidence of patchwork unkering. Data derived from the ongoing genome proiccts has
already demonstrated that a large portion of each organisms genes are relatcd to each
other as well as to genes in distantly related species. As discussed in the following
section, the central role that gene duplication and recruitment have played in the
assemblage of histidine anabolism (Alifano et al., 1996) and purine nucleotide salvage

pathways (Becerra and Lazcano, 1997) can also be extended to include arginine
biosynthesis.

S. Gene duplication and arginine anabolism

The phylogenetic distribution of arginine biosynthetic genes suggest that this route was
already present in the LCA. Hence, its absence in both Helicobacter pylori and the
mycoplasma probably reflects polyphyletic secondary losses. Although the same
chemical steps involved in arginine biosynthesis have been found in all organisms
studied. two different strategies for the deacetylation of the intermediate N-
acetylornithine have been described. In enterobacteria, the genus Bacillus. and the
archaeon Sulfolobus solfataricus this reaction is catalyzed by N-acetylornithinase, the
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L-Glutamate
Acetyl-CoA
N-acetylgutamate synthase,
argA (agh)
CoASH
N-Acetylgutamate
ATP
N-acetylgutamate kinase,
argB (argh)
ADP
N-Acetyl-y-gutamylphosphate
NADPH+H*
N-acetylgutamatephosphate reductase,
agC
NADP*, Fi
N-Acetylgutamate-y-semialdehyde
Glutamate
N-acetylomithine aminotransferase,
argD (biaA, gabT, heml)
a-Ketoglutarate
N-Acetylornithine
H,0
N-acetylomithinase,
argE (dapE)
Acetate
L-Omithine
Carbamoyl phosphate
Omithine carbamoyl transferase,
argHl (pyrB)
A
L-Citruline
L-Aspartate, ATP Argin e ;
agG
AMP, PRI
L-Argninosuccinate
Argininosucdnase,
argH (aspA, fumC)
Fumarate
L-Arginine

Figure 2. Arginine biosynthesis. The arginine biosynthetic genes paralogs are indicated within parenthesis.



1712 S.ISLASETAL.

gene product of argE (Figure 2), while in other prokaryotes and in fungi the acetyl
group is removed by ornithine-glutamate acetyltransferase. There is no evidence of
phylogenetic relationship between these two different enzymes. Another variation in
this pathway occurs in the E. coli K12 strain, where two homologous genes (arg/,
argF) encode a family of four trimeric isoenzymes, that bind to L-ornithine and
carbamoyl-phosphate to produce L-citrulline (Glansdorff, 1996).

Arginine biosynthesis consists of eight steps, five of which are mediated by enzymes
that belong to different paralogous families (Figure 2). The list includes the pairs
argd/argB, argFE/dapE, and argl/argF, and the three- and four member families
argH/aspA/fumC and argD/bioA/gabT/hemL (Riley and Labedan, 1996). Although the
first two consecutive reactions in the pathway are catalyzed by the gene products of
homologous sequences (arg4 and argB), we do not consider this as conclusive proof of
the retrograde mechanism. Both reactions are chemically equivalent, and during the
early evolution of this route they may have been catalyzed by an ancestral less-specific
enzyme. Arginine biosynthesis thus provides additional evidence of the role of enzyme
recruitment in metabolic evolution.

6. Homologous enzymes can have different catalytic properties

With the exception of proteins in which the evolutionary accretion of a functional
motif or module has led new catalytic or binding properties, all enzymes encoded by
paralogous genes can be expected to be endowed with comparable biochemical
propertics. However. ceports on the existence of homologous enzymes that catalyze
separate and meciansticaily different reactions (Neidhart et al., 1990) prompted us to
search for additional examples in the available databases.

This analysis was performed using the database assembled by Riley and Labedan
(1996), who compared the E. coli 1,862 protein sequences available as of April 1996
in the SwissProt databank. They concluded that 52.17% of all studied protein
sequences had resulted from gene duplications, and classified them in paralogous
families defined by sequence similarity. Their list includes 112 small families with
only two sequences. 38 with three, 41 with three to seven. and 13 large families. As
noted by Riley and Labedan, most of the members of paralogous families share
comparable biochemical properties, with a scarce 1.23% of homologous protein pairs
displaying what appear to be different functions.

We have repeated this analysis by looking exhaustively at all the characterized
paralogous genes, and excluding from our sample 88 ORFs reported as hypothetical
proteins. The resulting set was cross-checked with experimental data and the
corresponding Enzyme Comission (EC) number. We have found a higher number of
homologous genes with different EC numbers, which will be described elsewhere. An
example is shown in Figure 3. It includes argininosuccinate lyase, which cataiyzes the
last step in arginine biosynthesis (Figure 2), and its homologs aspartate ammonia-lyase
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(that takes part in the synthesis and interconversion of aspartate and asparagine), and
fumarate hydratase (which participates in the tricarboxylic acid cycle). As denoted by
their corresponding EC number, these enzymes catalyze different reversible reactions
(non-hydrolytic cleavage, (de)amination, and a hydration reaction, respectively).
However, all three of them use fumarate as substrate, which suggest that the sirucnn'al
basis for their sequence similarity may be a large homologous binding site for this
compound. .

Argininosuccinase (EC 4.3.2.1) = -—58 — = :
Aspartate ammonia-lyase (EC 4.3.1.]) ———S——— S —
Fumarate hydratase (EC 4.2.1.2) .

Figure 3. A three-member family of E. coli paralogous enzymes which different catalytic propertics. The

sequences were aligned using the Macaw program. The regions with statistically significant sequence similarity
are shown in black.

7. Conclusions

The discovery that homologous enzymes that catalyze similar biochemical reactions
are found in many different anabolic pathways supports the idea that enzyme
recruitment took place at a massive scale during the early development of anabolic
pathways. This conclusion is suoported by analysis of the available genomic databases,
which suggest that approximziely 30% of cellular DNA is the outcome of paralogous
duplications that may have preceded the divergence of the three primary domains.
Such high levels of redundancy suggest that the wealth of phylogenetic information
older than the cenancestor itself may be larger than realized, and that this information

may provide fresh insights into a crucial but largely unexplored stage of early
biological evolution.
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1. Introduction

It is generally accepted that primitive cells were endowed with relatively small genetic
systems with reduced encoding capacities. How the transition from such small
genomes to the more complex ones observed in extant prokaryotes took place is still
unknown, but it may have involved duplication of genes and of larger segments,

horizontal transfer, cell fusion events, and perhaps even whole genome duplications
(Casjens, 1998).

The role of whole gencme duplications was first discussed for vertebrate evolution by
Ohno (1970). Whether this w00k piace or not is still a controversial issue (Hughes,
1999). On the other hand, compilation of data on mycoplasma DNA content led
Wallace and Morowitz (1973) to suggest that the discontinuities in the frecuency
distribution of genome sizes of their sample could be explained by succesive genome
duplications that were assumed to have taken place also took place in other
prokaryotes. Some time ago *his idea appeared to be supported by the position between
functional-related genes in the circular map of Streptomyces coelicolor (Hoopwood
1967) and Escherichia coli (Zipkas and Riley 1975). Furthemore, the resuits of
statistical analysis of a sample of 603 prokaryotic genomes was interpreted as evidence
of several rounds of entire duplications that had started with a modal value of
aproximately 0.8 Mb, and led to genome of 1.6 Mb, 4 Mb, and other minor peaks with
higher values (Herdman 1985). i

With the development of pulsed-field gel electrophoresis (PFGE), a technique that
allows the separation and analysis of large DNA fragments and the direct study of the
physical structure of prokaryotic genomes, the accuracy in the determination of
genome size has been significantly improved (Shimkets, 1998). Here we report the
results of an analysis of a sample of 246 prokaryotic genome sizes obtained by PFGE,
that includes both Bacteria and Archaea, available as of June 1999. Although this
database is likely to be biased and does not represents the full range of prokaryotic
diversity, the different peaks we have observed in the discontinuous distribution of
DNA content (Figurel) do not support the idea that several duplications beginning an
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hypothetical ancestral minigenome have taken place during evolutionary time.The
posibility of a correlation between oxygen response and genome size is also discussed.

2. Material and methods

A genome size database was constructed with the 246 prokaryotic genome sizes
determined by PFGE reported in the publications included in the NCBI database
PubMed (http://www.ncbi.nlm.mih.gov/PubMed/). This database is available upon
request. The information was completed with a description of the organisms’
phylogenetic positions and lifestyle. The organisms’ response to oxygen was based on
the original reports and on data from the Bergey’s Manual of Bacterial Determination
(1994): anaerobe (organisms with negative oxygen response), microaerophilic
(organisms that need < 21% of oxygen), facultative anaerobe (organisms with double
response to free oxygen), and aerobes (organisms that require 2 21% of oxygen).
Statistical analyses were performed using the X? in Microsoft Excel ™ program.

3. Results

-~ 038 c0a -~
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85
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Figure 1. Distribution of prokaryotic genome sizes with respective oxygen response: the white
bars correspond to anaerobes, diagonal lines, to microaerophilics; horizontal lines, to facultatives
and grey points, to aerobes.

The distribution of prokaryotic genome size and their oxygen response in our sample is
shown in Figure 1. The first two bars corresponding to organisms with parasitic
lifestyle; in the first bar only low and double response to oxygen are represented.
From the third bar onwards, the four types of metabolic response to oxygen are
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represented, including both parasitic and free-living organisms. The facultative
anaerobes have genome sizes ranging from the smallest ones to middle sized (0.57-570
Mb). The aerobic organisms have the largest genome reported, while the strict
anaerobes include the genomes with sizes between (1.12- 9.50 Mb), and the negative
response include the genomes sizes with DNA content is (1.60-5.40 Mb) are never
extreme values include as 9.50 Mb.

4. Discussion and conclusions

Herdman (1985) has argued that the peaks observed in the discontinuos size
distribution of his sample of bacterial genomes provided support for the hypothesis
that the evolution of prokaryotic DNA content could be explained by whole genome
duplications. However, although our sample is larger and based in a more accurate
technique for detecting DNA content, we have found no evidence corroborating his
conclusions. The range of prokaryotic genome sizes available as of June 1999, ranges
from 0.573 Mb (Mycoplasma genitalium) to 9.5 Mb (Stigmatiella erecta). Since the
smallest free-living prokaryotes included in our sample have genome sizes in the range
of 1.6 Mb to 1.9 Mb, according to the whole genome duplication hypothesis we would

expect to find peaks with modal values of 3.2 Mb, 6.4 Mb, and 12.8 Mb. This is clearly
not the case (Figure 1).

The smaller genome sizes (0.57 to 1.5 Mb) in our sample correspond to parasitic
organisms of the Mollicutes group. The later include other mycoplasma that have,
whose slightly larger genomes such as Anaeroplasma, Asteroleplasma, and
Spiroplasma, oscillate between 1.5 to !.78 Mb. Other groups with reduced genome
sizes are the rickettsia and the spirociucte. Not all these organisms with reduced DNA
content are anaerobes.. which can be explained by recognizing that these organisms
(genome size < 1.78 Mb), are the outcome of a complex series of secondary
adaptations that have led to the polyphyletic reduction of their genome dimensions.

Thus. neither the mycoplasma or the rickettsia are accurate models of ancestral
Archean organisms.

It has been suggested that the first microorganisms were anaerobic heterotrophes, and
the later availability of oxygen promoted the apparence of new metabolic capacities
(Oparin, 1938). Our results show a correlation between genome size and oxygen
response. As seen in Figure 1, the larger genomes are found solely in bacteria, all
which are strict aerobes with complex life cycles. These results strongly suggest that
such species evolved during late Proterozoic times, once the levels of free-O; in the
terrestial atmosphere had reached values comparable to the extant ones.

There are no reports available in the literature of Archacé with genome size comparable
to those of Stigmatiella (Casjens, 1998) (Figure 1). Whether this reflects the
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evolutionary strategies of the Archaea domain, it is not clear, but our interpretation may
be limited by the current descriptions of prokaryotic diversity.

The database analyzed here is biased by the medical and economical significance of the
organisms, and does mot reflect in an accurate way the actual biodiversity of
prokaryotes. Pathogens and parasites are clearly overepresented because of their
medical and economic significance in human, animal, and crop plant life. Nonetheless,
the large number of microaerophilic and facultative organisms from different
phylogenetic groups in our sample probably reflects thé succesful adaptation to
increasingly higher levels of oxygen in the terrestrial atmosphere.

Finally, we would like underline the fact that in spite of the limitation of our database
there are no indications of free-living prokaryotes with genome sizes smaller than 1.53
Mb (Fervidobacterium islandicum). This observation casts doubts on the existence of
nanobacteria (Kajander and Cificioglu 1998; Aboll, 1999), whose genomes are
assumed to be at least one order of magnitude smaller than those of mycoplasma.
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Abstract The possibility of a high-temperature origin of life has gained support based on
indirect evidence of a hot, early Earth and on the basal position of hyperthermophilic
organisms in rRNA-based phylogenies. However, although the availability of more than 80
completely sequenced cellular genomes has led to the identification of
hyperthermophilic-specific traits, such as a trend towards smaller genomes, reduced
protein-encoding gene sizes, and glutamic-acid-rich simple sequences, none of these
characteristics are in themselves an indication of primitiveness. There is no geological evidence
for the physical setting in which life arose, but current models suggest that the Earth’s surface
cooled down rapidly. Moreover, at 100 °C the half-lives of several organic compounds,
including ribose, nucleobases, and amino acids, which are generally thought to have been
essential for the emergence of the first living systems, are too short to allow for their
accumulation in the prebiotic environment. Accordingly, if hyperthermophily is not truly
primordial, then heat-loving lifestyles may be relics of a secondary adaptation that evolved

after the origin of life, and before or soon after separation of the major lineages.
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Introduction

A thermophilic origin of life is not a new idea. “Heat has been justly regarded the mother
of all generations,” wrote Jean-Baptiste Lamarck in his 1804 Philosophie Zoologique, adding
that “it cannot be doubted that suitable portions of inorganic matter, occurring amidst
favorable surroundings, may by the influence of Nature’s agents, of which heat and moisture
are the chief, receive an arrangement of their parts that foreshadows cellular organization,
and thercafter pass to the simplest organic state and manifest the earliest movements of lifc”
[22].

Lamarck’s ideas are echoed in a number of contemporary proposals on a hot origin of
life. It is not surprising that the correlation between hyperthermophily and antiquity has led
to suggestions of a high-temperature emergence of life. This interpretation has been reinforced
by a number of facts, including large-scale analysis suggesting that, soon after its formation,
the surface of primitive Earth was extremely hot. The planet is generally thought to have
remained molten for some time after its formation 4.6% 10’ years ago, although evidence of
a 4.4 10"-year-old hydrosphere implies that its surface cooled down rapidly [52]. However,
the Earth underwent late accretion impacts that may have boiled-off the oceans as late as
3.8x10’ years ago [41]. Moreover, both paleontological and molecular fossil records appear
to support the possibility of a hyperthermophilic origin of life: (a) the 3.49- to
3.43x10"-year-old Australian Warrawoona stromatolitic chert horizons [37] are endowed
with the diagnostic features of a microbial community associated with a seafloor hydrothermal
system [49]: and (b) rooted universal single-gene phylogenies have shown that
hyperthermophiles are not randomly distributed in universal trees, but occupy the deepest,
shorter branches towards the lowest portion of molecular rRNA-based cladograms [1, 34,
44).

However, attempts to infer the conditions of life based on the traits of heat-loving
prokaryotes have led to opposing suggestions: while some advocate a hyperthermophilic
heterotrophic emergence of life [7, 19], others hypothesize that mineral surfaces in hot
volcanic settings fueled the appearance of primordial chemoautolithotrophic biological

systems lacking genetic material [50]. Rggzardless of these differences, all hot-origin-of-life



scenarios face the same problem, i.e., the chemical decomposition of presumed essential
biochemical compounds, such as amino acids, ribose, nucleobases, RNA, and other
thermolabile molecules, whose half-lives for decomposition at temperatures between 250 °C
and 350 °C are at the most a few minutes [28, 51].

Is it possible, then, that the evidence supporting a hot origin of life is being misinterpreted,
i.e., that the extrapolation of molecular phylogenies into prebiotic times is misleading? The
purpose of this paper is to review the evidence against an extremophilic origin of lifc and a
heat-loving RNA world, thus supporting the possibility that (hyper) thermophilic microbial

lifestyles are in fact the outcome of secondary adaptations during early stages of cell evolution.

The genomes of heat-loving prokaryotes

Comparison of archaeal and bacterial genomes has led to the identification of a number of
thermophilic/hyperthermophilic-specific signatures, including the low abundance of the
dinucleotide CG in their DNA [21], amino acid compositional biases [48], reduced
protein-encoding gene length [S5, 48], and the presence of reverse gyrase, an ATP-dependent
topoisomerase described as a hallmark of a heat-loving lifestyle [13]. As discussed below,
hyperthermophilic genomes have additional characteristic traits.

Although considerable variations in DNA content exist within closely related bacterial
species and strains, the available data suggest that genome sizes of each of the three domains
appear to lic within defined ranges [40). As part of an attempt to study the size and
organization of prokaryotic chromosomes, a database was constructed with 641 archaeal and
bacterial genome sizes determined by pulsed-field gel electrophoresis (PFGE), published as
of December 2002. This database is available upon request, and will be published elsewhere.

Figure 1 shows the genome size distribution of our sample. Mesophilic proteobacteria
have the largest genomes, ranging from 0.448 Mb for Buchnera sp. to 9.7 Mb for Azospirillim
lipoferum 59B. The smallest bacterial genome sizes correspond to obligate symbionts such
as Buchnera sp. and pathogens such as Mycoplasma, Chlamydia and Rickettsia, whose small
DNA content is a derived character that reflects secondary gene loss due to their parasitic

lifestyles.
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Fig. 1. Chromosomal DNA content distribution for mesophiles (white bars) and hyperthermo- and

thermophilic (growth temperature 80 °C or more) prokaryotes (black bars). Prokaryotic genome sizes

shown here were reported in the literature as determined by pulsed-field gel clectrophoresis (n=641)

Of course, the data summarized in Fig. 1 are biased by an inadequate sampling that does
not fully represent the true levels of microbial biodiversity, but is clearly skewed, on the one
hand, towards pathogenic bacteria and, on the other, to extremophilic archaea. Nevertheless,
it provides useful insights into the size and organization of prokaryotic genomes. Although
thermophilic and hyperthermophilic bacterial and archaeal genomes follow a trend similar
to that of their mesophilic counterparts, they depart from a normal distribution and fall
within a well-defined size range (from 0.5 Mb for the thermophilic ectosymbiont
Nanoarchaeon equitans, to the 5.10 Mb of the facultative thermophilic Methanosarcina
acetivorans), with a maximum at approximately 2 Mb. However, this size range does not
necessarily reflect a correlation between DNA content, heat-loving microbial lifestyles and
antiquity, since many different mesophilic bacterial species, including Leptospira, green-sulfur
bacteria, cyanobacteria, spirochaetes, fusobacteria and actinobacteria, are endowed with
similarly small-sized chromosomes.

Genomic analysis has shown that thermophilic and hyperthermophilic genomes are
endowed with smaller protein-encoding genes than their mesophilic counterparts [48, 55).
Detailed statistical analysis of 56 complete genomes, including seven eukaryotes, 14 archaeal
and 35 bacterial species, has shown that the mean protein length of heat-loving prokaryotes
(283+5.8) is significantly smaller than in mesophiles (340£9.4) [48]. It is possible that these
reduced gene sizes are correlated with an extremophilic lifestyle, such as protein
thermostability. As shown in Fig. 2, however, reduced gene size is a polyphyletic trait: small

protein-encoding genes that fall within lﬂé same size range of hyperthermophilic genes are



also found in a wide diversity of non-extremophiles, including proteobacteria, green-sulfur

bacteria, low GC gram-positives, fusobacteria, and mesophilic euryarchaea.
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Fig. 2. Protcin-encoding genc size distribution as a function of genome size. Black dots correspond
to extremophilic protcomes of species that live at 80 °C or more. The arca within which extremophilic
ORFs arc located is circled for clarity. Symbols: Archaca hyperthermophilic crenarchaca: Acropyrum
pernix (App), Sulfolobus solfataricus (Sus), Sulfolobus tokodaii (Sut), Pyrobaculum acrophilum (Pya):
hyperthermophilic curyarchaea: Pyrococcus abyssi (Pyb), Pyrococcus furiosus (Pyf), Pyrococcus
horikoshii (Pyh), Methanococcus jannaschii (Mcj), Thermoplasma acidophilum (Tha),
Mcthanobacterium thermoautotrophicum (Met), Archaeoglobus fulgidus (Arf), Thermoplasma
volcanium (Thv); non-hyperthermophilic euryarchaea: Halobacterium sp. (Has), Mcthanopyrus
kandlcri (Mek), Methanosarcina mazei (Mem), Mcthanosarcina acetivorans (Mea): Bacteria
hyperthermophilic bacteria: Aquifex acolicus (Aqa), Thermotoga maritima (Thm): a-Protcobacteria:
Rickettsia conorii (Ric), Rickettsia prowazekii (Rip), Sinorhizobium mcliloti (Sim1, Sim2, Sim3).
Brucella melitensis (Brm, Brm2), Agrobacterium tumefaciens C58 Uwash (AgtU). Agrobacterium
tumefacicns C58 Cercon (AgtC, AgtC2), Mesorhizobium loti (Mel), Caulobacter crescentus (Cac);
Beta protcobacteria: Neisseria meningitidis MC58 (Nem8a, Nem8b), Ralstonia solanaccarum (Ras.
Ras2); y-Proteobacteria: Xylella fastidiosa (Xyf), Vibrio cholerae (Vic, Vic2), Hacmophilus influcnzac
(Hai), Salmonclia typhi (Sat), Salmonclla typhimurium LT2 (Sat2), Escherichia coli K12 (Eco2).
Escherichia coli O157H7 (EcoT), Escherichia coli O157TH7 EDL933 (Eco3). Yersinia pestis KIM
(YepM), Yersinia pestis CO92 (Yep2), Pscudomonas aeruginosa (Psa), Xanthomonas citri (Xac),
Xanthomonas campestris (Xaa), Pastcurella multocida (Pam), Buchnera aphidicola Sg (Bua), Buchnera
sp. (Bus):8/e-Proteobacteria: Campylobacter jejuni (Caj), Helicobacter pylori 26695 (Heps).
Hclicobacter pylori 199 (Hep9); green sulfurdcteria: Chlorobium tepidum TLS (Cht); gram-positive,



low-GC: Streptococcus pncumoniac TIGR4 (Stp4), Streptococcus pncumoniac R6 (Stpb), Streptococets
pyogenes MGAS3IS (StyS). Listeria innocua (Lii), Listeria monocytogencs (Lim), Thermoanacrobacter
tengeongensis (Tht), Staphylococecus aurcus MW2 (Sta2), Staphylococcus aurcus MuS0 (Sta0),
Staphylococcus aurcus N3 15 (StaS), Lactococcus lactis (Lal), Streptococcus pyogenes (Sto), Clostridium
perfringens (Clp), Clostridium acctobutylicum (Cla), Bacillus subtilis (Bsu), Bacillus halodurans (Bah),
Mycoplasma pnecumoniac (Myn), Mycoplasma genitalium (Myg). Mycoplasma pulmonis (Myp).
Urcaplasma urcalyticum (Uru); gram-positive, high-GC: Streptomyces coclicolor (Stc). Mycobacterium
tubcreulosis CDC1551 (Mytl), Mycobacterium tuberculosis H37TRv (Mytv), Mycobacterium leprac
(Myl); radioresistant bacteria: Deinococcus radiodurans (Derl, Der2); Fusobacteria: Fusobacterium
nucleatum (Fun); cyanobacteria: Synechocystis CC6803 (Syn), Thermosynechococcus clongatus (The).
Nostoc sp. (Nos); actinobacteria: Corynchacterium glutamicum (Cog); chlamydia: Chlamydophila
pncumoniac AR39 (Chp9), Chlamydophila pneumoniac J138 (Chp8), Chlamydophila pncumoniac
CWL0O29 (Chp2), Chlamydia trachomatis (Chr), Chlamydia muridarum (Chm); spirochete: Borrelia
burgdorferi (Bob), Treponema pallidum (Trp)

Like their mesophilic counterparts, hyperthermophilic genes are endowed with simple
sequences, i.e. homopolymeric tracts and tandem arrays of multiple short repeat motifs.
These low-complexity regions have their origin in mutational processes, such as slipped-strand
mispairing and unequal crossing-over, that take place during DNA replication and are known
to represent a major source of genetic variation in pathogenic prokaryotes [31]. Analysis of
all the completely sequenced hyperthermophilic and thermophilic genomes available as of
December 2002 shows that the natural amino acid composition of each proteome is enhanced
with respect to its corresponding simple sequences, which have a compositional bias as shown
by the abundance of small, a-helix forming amino acids, i.c., alanine, leucine, lysine, serinc
and glutamic acid (Becerra, Cocho, Delaye and Lazcano, unpublished results). As shown in
Fig. 3, however, simple sequences in hyperthermophiles are clearly enriched in glutamic acid.
The stability of the a-helix structure of glutamic acid homopolymers under acid pH valucs
[35] probably explains why, with the exception of Thermoplasma acidophilum, simple
sequences of acid-resistant heat-loving prokaryotes tend to be rich in this amino acid.
Enrichment of glutamic acid in extremophilic simple sequences explains the relative abundance

in hyperthermophilic genomes, as noted by Tekaia et al. [48].
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Relatve abundance ol aming acids

Fig. 3. Relative abundances of amino acids in simple sequences in all availablc protcomes as of
December, 2002, Simple sequences were identificd using the SEG program |53], which identifics
low-complexity regions in which an enhanced concentration of short repeats not due to chance events
can be detected. White bars show the average simple-sequence amino acid composition of mesophiles.
and dark bars show those of hyperthermophilic prokaryotes (80 °C or more). The hyperthermophilic
specics represented here are Pyrococcus furiosus, P. horikopshi, P. abyssi, Acropyrum pernix,

Mcthanococcus jannaschii, Archacoglobus fulgidus, Sulfolobus solfataricus and 8. tokodaii

The faulty records of archaean life

As shown by recent debates, the identification of the oldest paleontological traces of life can
be a highly contentious issue. The early archaean geological record is scarce, and most of
the preserved rocks have been metamorphosed to a considerable extent. However, the
evidence suggests that life emerged on Earth as soon as it was possible to do so. Although
the biological origin of the microstructures interpreted as cyanobacterial remnants in the
3.5% 10’ year old Apex sediments of the Australian Warrawoona formation [38] have been
questioned [3], there is additional paleontological evidence that highly diverse microbial
communities were thriving during the early and middle Archaean [32].

Unfortunately, it is unlikely that data on how life originated will be provided by the
geological record. There is no direct evidence of the environmental conditions on the Earth
at the time of the origin of life, nor is there any fossil register of the evolutionary processes

that preceded the appearance of the firs Zells. Direct information is lacking not only on the



composition of the terrestrial atmosphere during the period of the origin of life, but also on
the temperature, ocean pH values, and other general and local environmental conditions
that may or may not have been important for the emergence of living systems.

The attributes of the first living organisms are also unknown. They were probably simpler
than any cell now alive and may have lacked not only protein-based catalysis, but perhaps
even the familiar genetic macromolecules, with their sugar-phosphate backbones. It is possible
that the only property they shared with extant organisms was the structural complementarity
between monomeric subunits of replicative informational polymers, e.g. the joining together
of residues in a growing chain whose sequence is directed by preformed polymers. Such
ancestral polymers may have not even involved nucleotides. Accordingly, the most basic
questions pertaining to the origin of life relate to much simpler replicating entitics predating
by a long series of evolutionary events the oldest recognizable heat-loving prokaryotes
represented in molecular phylogenies.

The rooting of universal cladistic trees determines the directionality of evolutionary change
and allows ancestral characters to be distinguished from those that were derived.
Determination of the rooting point of a tree normally imparts polarity to most or all characters.
It is, however, important (o distinguish between ancient and primitive organisms. Organisms
located near the root of universal rRNA-based trees are cladistically ancient, but they arc
not endowed with a primitive molecular genetic apparatus, nor do they appear to be more
rudimentary in their metabolic abilities than their aerobic counterparts. Primitive living
systems would initially refer to pre-RNA worlds, in which life may have been based on
polymers using backbones other than ribose-phosphate and possibly bases differcnt from
adenine, uracil, guanine and cytosine, followed by a stage in which life was based on RNA
as both genetic material and catalysts [23].

Molecular cladistics may provide clues to some very early stages of biological evolution,
but it is difficult to see how the applicability of this approach can be extended beyond a
threshold that corresponds to a period of cellular evolution in which protein biosynthesis
was already in operation, i.e., an RNA/protein world. Older stages are not yet amenable to
molecular phylogenetic analysis. A cladistic approach to the origin of life itself is not feasible,

since all possible intermediates that may have once existed have long since vanished.
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Was the last common ancestor a

hyperthermophile?

The variations of traits common to extant species can be easily explained as the outcome of
divergent processes from an ancestral life form that existed prior to the separation of the
three major biological domains, i.e., the last common ancestor (LCA) or cenancestor. No
paleontological remains will bear testimony of its existence, as the search for a fossil of the
cenancestor is bound to prove fruitless. From a cladistic viewpoint, the LCA is merely an
inferred inventory of features shared among extant organisms, all of which arc located at the
tip of the branches of molecular phylogenies. However, if the term “universal distribution™
is restricted to its most obvious sense, i.e., that of traits found in all completely sequenced
genomes now available, then quite unexpectedly the resulting repertoire is formed by relatively
few features and by incompletely represented biochemical processes [8]. Surprisingly, some
of the most likely a priori candidates for strict universality, such as those sequences involved
in DNA replication, have also turned out to be poorly preserved [11].

Analysis of an increasingly large number of completely sequenced cellular genomes has
revealed major discrepancies in the topology of rRNA trees. Very often these differences
have been interpreted as evidence of horizontal gene-transfer events between different
species, questioning the feasibility of the reconstruction and proper understanding of early
biological history [10]. There is clear evidence that genomes have a mosaic-like nature whose
components come from a wide variety of sources. Depending on their different advocates,
a wide spectrum of mix-and-match recombination processes have been described, ranging
from the lateral transfer of few genes via conjugation, transduction or transformation, to cell
fusion events involving organisms from different domains.

The resulting reticulate phylogenies greatly complicate the inference of cenancestral traits.
Driven in part by the impact of lateral gene acquisition, as revealed by the discrepancies of
different gene phylogenies with the canonical rRNA tree, and in part by the surprising
complexity of the universal ancestor, as suggested by direct backtrack characterizations of
the oldest node of universal cladograms, Woese [53] has argued that the LCA was not a
single organismic entity, but rather a highly diverse population of metabolically
complementary, cellular progenotes endowed with multiple, small linear chromosome-like

genomes that benefited from massive maRidirectional horizontal transfer events. According



to this viewpoint, the development of the essential features of translation and of metabolic
pathways took place before the earliest branching event, but what led to the three domains
was not a single ancestral lineage, rather a rapidly differentiating community of genetic
entities. This communal ancestor occupied as a whole the node located at the bottom of the
universal tree, in which decreasing sequence exchange and increasing genetic isolation would
eventually lead to the observed tripartite division of the biosphere.

Did the hypothetical communal progenote ancestor proposed by Woese [53] diverge
sharply into the three domains soon after the appearance of the code and the establishment
of translation? Not necessarily, since inventories of LCA genes clearly include sequences
that originated in different pre-cenancestral epochs. The origin of the mutant sequences
ancestral to those found in all extant species, and the divergence of the Bacteria, Archaca,
and Eukarya were not synchronous events, i.e., the separation of the primary domains took
place later, perhaps even much later, than the appearance of the genetic components of their
LCA [8].

Universal gene-based phylogenies ultimately reach a single universal entity, but the
bacterial-like LCA [8] that we favor was not alone. Company must have been provided by
its siblings, a population of entities similar to it that existed throughout the same period.
They may not have survived, but some of their genes did if they became integrated via latcral
transfer into the LCA genome. The cenancestor should thus be considered as the evolutionary
outcome of a series of ancestral events, including lateral gene transfer, gene losses, and
paralogous duplications, that took place before the separation of Bacteria, Archaea, and
Eukarya.

Comparisons of combined ortholog protein data sets that exclude sequences which may
have undergone lateral transfer are consistent with rRNA trees [5]. Genomic trees also
exhibit an excellent broad-level agreement with rRNA-based phylogenies [47]. Genomic
trees are not cladograms but phenograms, i.e., they are hierarchical representations of
similarities and differences in gene content, in which the presence or absence of a sequence
is counted as a character. Since different lineages evolve at different rates, such overall
similarity may be an equivocal indicator of genealogical relationships. Nevertheless, thesc
trees are rooted in the same area as rRNA phylogenies, which suggests that massive lateral
transfer events between distant groups has not obliterated the early history of life. Thus,
although hyperthermophiles may be displaced from their basal position if molecular markers

40
other than elongation factors or ATPase subunits are employed, or if alternative



phylogeny-building methodologies are used [4], it can still be argued that rRNA-based
phylogenies provide one of the best-preserved historical records of cell evolution [53].

The recognition that the deepest branches in rooted universal phylogenics are ocuppied
by hyperthermophiles does not by itself provide conclusive proof of a heat-loving LCA.
Analysis of the correlation of the optimal growth temperature of prokaryotes and the G+C
nucleotide content of 40 rRNA sequences through a complex Markov model has led Galtier
et al. [16] to conclude that the universal ancestor was a mesophile. This possibility has been
contested by Di Giulio [9], who has argued for a thermophilic or hyperthermophilic LCA.
However, since the time factor is absent from the methodology developed by Galtier et al.
[16], the inferred low G +C content of the cenancestral rRNA does not necessarily belong
to the cenancestor itself, but may correspond to a mesophilic predecessor that may have

been located along the trunk of the universal tree.

Chemical evolution and extreme environments

The hypothesis that the first organisms were anaerobic heterotrophs is based on the
assumption that abiotic organic compounds were a necessary precursor for the appearance
of life. The first successful synthesis of organic compounds under plausible primordial
conditions was accomplished 50 years ago by the action of electric discharges acting for a
week over a mixture of CH,, NH,, H,, and H;O, and led to complex mixture of monomers
that included racemic mixtures of several proteinic amino acids, in addition to hydroxy acids,
urea and other molecules [27]. Prebiotic synthesis of amino acids largely proceeds by a
Strecker synthesis that involves the aqueous-phase reactions of highly reactive intermediates

(Structure

RCHO + HON + 2 NH, g=——% RCH(NH,XC'N + H,0

1, Structure

RCH(NHLCON + 2 H;O) ———® RCH(NH,)COOH + NH,
2).

Detailed studies of the equilibrium and rate constants of these reactions demonstrated
that both amino acids and hydroxy acids can be synthesized at high dilutions of HCN and
aldehydes in a simulated primitive ocean. The reaction rates depend on temperature, pH,

HCN, NH;, and aldehyde concentratiorfs! and are rapid on a geological time scale; the



half-lives for the hydrolysis of the intermediate products in the reactions, amino nitriles and
hydroxy nitriles, are less than a 1,000 years at 0 °C, and there are no known slow steps [30].

The remarkable ease by which adenine can be synthesized by the aqueous polymerization
of ammonium cyanide demonstrated the significance of HCN and its derivatives in prebiotic
chemistry [33]. As summarized elsewhere [30], the prebiotic importance of HCN has becn
further substantiated by the discovery that the hydrolytic products of its polymers include
amino acids, purines, and pyrimidines. The reaction of cyanoacetylene or cyanoacetaldehyde
(a hydrolytic derivative of HCN) with urea leads to high yields of cytosine and uracil, cspecially
under simulated evaporating pond conditions which increase the urea concentration [36].

The ease of formation under reducing conditions (CHs+ N, NH;+H:0, or CO:+H+N:)
of amino acids, purines, and pyrimidines in one-pot reactions strongly suggests that these
molecules were present in the prebiotic broth. In addition, experimental evidence suggests
that urea, alcohols, sugars formed by the non-enzymatic condensation of formaldehyde, a
wide variety of aliphatic and aromatic hydrocarbons, urea, carboxylic acids, and branched
and straight fatty acids, including some which are membrane-forming compounds, were also
components of the primitive soup. The remarkable coincidence between the molecular
constituents of living organisms and those synthesized in prebiotic experiments is too striking
to be fortuitous, and the robustness of this type of chemistry is supported by the occurrence
of most of these biochemical compounds in the 4.5 10’-year-old Murchison carbonaceous
meteorite, which also yielded evidence of liquid water in its parent body [12].

A major advantage of high temperatures is that chemical reactions go faster, and the
primitive enzymes, once they appeared, could have thus been less efficient but nonetheless
effective. However, the price paid is manifold: high-temperature regimes would lead to: (a)
reduced concentrations of volatilé intermediates, such as HCN, H,CO and NH;; (b) lower
steady-state concentrations of prebiotic precursors like HCN, which at temperatures a little
above 100 °C undergoes hydrolysis to formamide and formic acid and, in the presence of

ammonia, to NHLHCO, (Structure

(3] (11
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3). (c) instability of reactive chemical intermediates like amino nitriles (RCHO(NH:)CN),
which play a central role in the Strecker synthesis of amino acids (see Structure 1); and (d)
loss of organic compounds by thermal decomposition and diminished stability of genetic

2
polymers. e



Extremophilic genomes are protected against thermal decomposition by a number of
enzyme-dependent mechanisms [ 18], but these would have not been available during prebiotic
times or at the time of the origin of life. In fact, the existence of an RNA world with ribose
appears to be incompatible with a (hyper)thermophilic environment [29]. Survival of nucleic
acids is limited by the hydrolysis of phosphodiester bonds [24], and the stability of
Watson-Crick helices (or their pre-RNA equivalents) is strongly diminished by
high-temperatures. For an RNA-based biosphere, reduced thermal stability on the geologic
time scale of ribose and other sugars is the worst problem, but the situation is equally bad
for pyrimidines, purines and some amino acids. As summarized elsewhere [23, 39],
measurements by different groups have shown that the half-life of ribose at 100 °C and pH 7
is only 73 min, and other sugars (2-deoxyribose, ribose g-phosphale, and ribose
2,4-biphosphate) have comparable half-lives. The half-life for hydrolytic deamination of
cytosine at 100 °C is 19-21 days, although at 100 °C the half-life of uracil is approximately
12 years. At 100 °C, the thermal stability of purines is also reduced: 204-365 days for adcnine,

with guanine having a low half-life.

A hyperthermophilic pyrite-dependent origin of life?

An alternative to the problem of low half-lives of biochemical monomers at temperatures
of 100 °C or more is to assume an autotrophic origin of life. Such proposals are periodically
resurrected, but they are generally made without supportive evidence. The most elaborate
chemoautotrophic-origin-of-life scheme has been proposed by Wichtershiuser [50]. According
to this hypothesis, life began with the appearance of an autocatalytic two-dimensional
chemolithotrophic metabolic system based on the formation of the highly insoluble mineral
pyrite. The synthesis in activated form of organic compounds such as amino acid derivatives,
thioesters and keto acids is assumed to have taken place on the surface of FeS and FeS. in
environments that resembled those of deep-sea hydrothermal vents. Replication followed
the appearance of non-organismal iron-sulfide-based two-dimensional life, in which
chemoautotrophic carbon fixation took place by a reductive citric acid cycle, or reverse Krebs
cycle, of the type originally described for the photosynthetic green sulfur bacterium
Chlorobium limicola. Molecular phylogenetic trees show that this mode of carbon fixation
and its modifications (such as the reductive acetyl-CoA or the reductive malonyl-CoA
pathways) are found in anaerobic archaizi and the most deeply divergent eubacteria, which

has been interpreted as evidence of its primitive character [25].



The reaction FeS+H,S—+FeS;+H; is a very favorable one. It has an irreversible, highly
exergonic character with a standard free-energy change AG"=-9.23 kcal/mol, which
corresponds to a reduction potential E’=-620 mV. Thus, the FeS/H.S combination is a
strong reducing agent, and has been shown to provide an efficient source of electrons for
the reduction of organic compounds under mild conditions. Pyrite-mediated CO: reduction
to amino acids, purines and pyrimidines is yet to be achieved. However, as reviewed elsewhere
[6, 20, 25], the FeS/H,S combination has been shown to: (a) reduce nitrate and acetylene:
(b) induce peptide-bond formation that results from the activation of amino acids with carbon
monoxide and (Ni, Fe)S; and (c) to induce the synthesis of acetic acid and pyruvic acid from
CO under simulated hydrothermal conditions in the presence of sulfide minerals [6, 20, 25].
However, support for Wichtershiuser’s central tenets is meager. Life does not consist solcly
of metabolic cycles, and none of these experiments prove that enzymes and nuclcic acids arc
the evolutionary outcome of multistep autocatalytic metabolic cycles surface-bounded to
FeS/FeS; or some other mineral. In fact, experiments using the FeS/H.S combination arc
also compatible with a more general, modified model of the primitive soup in which pyrite
formation is recognized as an important source of electrons for the reduction of organic

compounds [2].

Summary and conclusions

As the initially molten young Earth cooled down, global temperatures of 100 °C must have
been reached but could not have persisted for more than 20 million years [42]. Deep-sea
hydrothermal vents and other local high-temperature milieus have existed throughout the
history of the planet and have played a major role in shaping the early environments. However,
the rates of thermal decomposition of amino acids, nucleobases, and genetic polymers are
very short on the geological time scale and argue against a hot origin of life in such extreme
environments.

Since high salt concentrations protect DNA and RNA against heat-induced damage [26,
46], this and other non-biological mechanisms, such as adsorption to minerals surfaces and
formation of clay-nucleic acid complexes [15] might have played a significant role in the
preservation of organic compounds and genetic polymers in the primitive environments.
However, such mechanisms would be inefficient at temperatures above 100 °C. Because

adsorption involves the formation of wegl4 noncovalent bonds, mineral-based concentration



and protection would have been most effective at low temperatures [43]; at high temperatures
any adsorbed monomers would drift away into the surrounding aqueous environment and
become hydrolyzed. However, some minerals could also have the opposite effect: as shown
by the Cu**-montmorillonite catalyzed decomposition of adenine to hypoxanthine [45], the
association of organic compounds with some minerals may in fact reduce their half-lives.

If hyperthermophily is not truly primordial, then heat-loving lifestyles may be relics of a
secondary adaptation that evolved after the origin of life and before or soon after the
separation of the major lineages. As argued here, the so-called root of universal trees does
not correspond to the first living system, but is the tip of a trunk of still undetermined length
in which the history of a long (but not necessarily slow) series of archaic evolutionary cvents
such as an explosion of gene families and multiple events of lateral gene transfer are still
preserved. Is it possible that traces of the emergence of hyperthermophily persist in the
molecular records of earliest biological evolution somewhere along the trunk of rRNA-based
phylogenic trees? If hyperthermophiles were not the first organisms, then their basal position
in molecular trees could be explained as: (a) a relic from early archean high-temperature
regimes that may have resulted from a severe impact regime [17, 41]; (b) adaptation of
Bacteria to extreme environments by lateral transfer of reverse gyrase [14] and other
thermoadaptative traits from heat-loving Archaea; and (c) outcompetition of older mesophiles
by hyperthermophiles originally adapted to stress-inducing conditions other than high
temperatures [29].

Although there have been considerable advances in the understanding of chemical processes
that may have taken place before the emergence of the first living systems, life’s beginnings
are still shrouded in mystery. Like vegetation in a mangrove, the roots of universal
phylogenetic trees are submerged in the muddy waters of the prebiotic broth, but how the
transition from the non-living to the living took place is still unknown. Given the huge gap
existing in current descriptions of the evolutionary transition between the prebiotic synthesis
of biochemical compounds and the LCA of all extant living beings, it is probably naive to
attempt to describe the origin of life and the nature of the first living systems from molecular
phylogenies. A high-temperature origin of life may be possible, but if this was the case then

it could have not involved the usual purines and pyrimidines, or other biochemical monomers.
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Abstract

The concept of a minimal cell is discussed from the viewpoint of
comparative genomics. Analysis of published DNA content values
determined for 641 different archaeal and bacterial species by pulsed field
gel electrophoresis has lead to a more precise definition of the genome size
ranges of free-living and host-associated organisms. DNA content is not an
indicator of phylogenetic position. However, the smallest genomes in our
sample do not have a random distribution in rRNA-based evolutionary trees,
and are found mostly in (a) the basal branches of the tree where
thermophiles are located; and (b) in late clades, such as those of Gram
positive bacteria. While the smallest-known genome size for an
endosymbiont is only 450 kb, no free-living prokaryote has been described
to have genomes < 1450 kb. Estimates of the size of minimal gene
complement can provide important insights on the primary biological
functions required for a sustainable, reproducing cell nowadays and
throughout evolutionary times, but definitions of the minimum cell is
dependent on specific environments.

Key words: minimum gene set, minimal cellular genomes, genetic
redundancy, DNA content
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I. Introduction

Definition of the properties of a minimal cell is a notoriously complex
question which is related not only to the understanding of the essential
properties of a living system, but is also germane to the issue of the origin of
life and early stages of cellular evolution. Several different, complementary
approaches to this problem are already feasible or may be available in the
near future, including the development of experimental systems based on
populations of replicating polymers such as RNA molecules (Joyce, 2002),
the in vitro synthesis of artificial cells which can metabolize, multiply and
adapt (Szostak et al., 2001; Pohorille and Deamer, 2002), the empirical
characterization of intracellular endosymbionts and obligate parasites with
highly streamlined genomes (Morowitz,1967; Morowitz and Wallace, 1973;
Mira et al.,, 2001; Gil et al, 2002), the trimming of extant prokaryotic
genomes by knock-out experiments and transposon mutagenesis (Itaya,
1995; Hutchinson et al., 1999), and the recently advertised attempt to design
a novel form of life with a completely artificial genome (Marshall, 2002).

The characteristics of a minimal cell may be inferred from the existence of
the basic components required for reproduction and self-maintenance under
given environmental conditions (Luisi et al., 2002). From the viewpoint of
comparative genomics, the characterization of a minimal cell is equivalent to
the identification of the minimum number of genes required by an
unicellular organism. Such estimates can provide important insights on the
primary biological functions required for a sustainable, reproducing cell
nowadays and throughout evolutionary times. However, the definition of

minimal genome is determined to a considerable extent by the specific
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environment in which the presumed minimal cell is found (Space Science
Board/National Research Council, 1999; Riley and Serres, 2000). Free-
living, unicellular organisms may exist with genomes smaller than the 1.45
Mb lower-limit exhibited by extant prokaryotes (see below), but all the
available evidence suggests that nowadays reduced, highly-streamlined
genomes like those of Buchnera and the mycoplasma are viable only under
the permissive, nutrient-rich, stable intracellular environment of their hosts
(Mira et al., 2001; Gil et al., 2002). However, the situation must have been
different during the earliest stages of biological evolution, when it is
assumed that simpler, free-living cells with genomes even smaller than those

of Buchnera and Mycoplasma genitalium must have proliferated.

A minimal gene set can be estimated by the presence or absence of
homologous genes based on whole-genome computational sequence
comparisons (Mushegian and Koonin, 1996) and, similarly, by the
determination of the set of sequences shared among fully sequenced
proteomes, i.e., the universal families protein families (Kyrpides et al., 1999;
Hutchinson et al., 1999). Significant variations may exist between the
lenghts of prokaryotic genes (Tekaia et al., 2002). However, on a first
approximation bacterial genes may be considered of similar size and tightly
packed, i.e., the number of prokaryotic genes is proportional to genome size
(Casjens, 1998). Hence, additional insights on the minimal amount of DNA
required by extant cells may also be achieved by an statistical analysis of
prokaryotic genome sizes (Herdman, 1985; Casjens, 1998; Shimkest, 1998).
Previous attempts to analyze the distribution of bacterial DNA content were
based on a sample of 603 prokaryotic genome sizes derived by different

methodologies, such as renaturation kinetics and colorimetric techniques
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(Herdman, 1985), which have very different degrees of accuracy. With the
development of pulse-field gel electrophoresis (PFGE), a technique that
allows the separation and analysis of large DNA fragments and the direct
study of the physical structure of genomes, however, the accuracy in the
determination of genome sizes has been significantly improved. Here we
report the results of an analysis of a database of 641 prokaryote genome
sizes determined by PFGE that we have compiled from the published
literature, and discuss its significance in providing insights on a minimal
cellular genome. The approach developed here is very similar to that
reported by Shimkets (1998), and may be considered complementary. We
also discuss here how the high levels of genetic redundancy detected in all
sequenced genomes can be used to obtain insights in simpler living systems
without the large sets of enzymes and the sophisticated regulatory abilities of
contemporary organisms, that are hypothesized to have existed prior to the

divergence of the three major domains, which lacked.

2. Material and methods

A genome size database has been constructed with the 641 prokaryotic DNA
content values determined by PFGE reported in publications included in the
NCBI/PubMed database (http://www.ncbi.nlm.nih.gov/PubMed/) as of
November 2002. The organisms in this database have been divided into four
major groups: (1) free-living Archaea and Bacteria (including pathogens and
symbionts that remain separate and have free-living stages); (ii) thermophilic
prokaryotes (optimal growth temperature > 45 °C); (iii) obligate parasites;

and (iv) endosymbionts, excluding mitochondria and chloroplasts. The
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information was completed with the phylogenetic position (not shown) and
lifestyle of each organism, based both on the original reports and on data
from the Bergey's Manual of Bacterial Determination (Holt et al., 1994).
The database is periodically updated and 1s available upon request. We have
estimated the levels of genetic redundancy in the smallest genomes of
endosymbionts and obligate parasites using the database of levels of
paralogy (Total Proteins Hits) available from the Institute for Genomic
Research (TIGR, hitp://www tigr.org). To be considered redundant, all the
ORFs in a given genome, whether annotated or not, were compared using
BLAST and had to exhibit at least 60% sequence similarity (P<0.0001). The
result of this comparison is shown in Table 2, where the sizes of some of the
smallest known cellular genomes are indicated in kb, together with the
number of ORFs, the number of redundants found in each genome, and the

corresponding percentage per genome

3. Results

The genome size distribution in our database is shown in Figure 1. The
values of DNA content of free-living prokaryotes can vary over a tenfold
range, from Halomonas halmophila, a moderately halophilic gamma
proteobacteria endowed with a small 1450 kb genome (Mellado et al., 1998),
to the 9700 kb genome of Azospirillium lipoferum Sp59b (Martin-Didonet et
al., 2000). The widest range of genome sizes is exhibited by the
proteobacteria, from the 450 kb Buchnera genome, to the largest ones in the
sample, which correspond to aerobic organisms with complex life cycles

which can include formation of spores and mycelia. There are not reports of
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archaeal genomes as large as those of Azospirillum and Stigmatella, perhaps
due to incomplete sampling. All the archaeal genomes in our sample are
small and fall within the 500 to 5100 kb range. These size range corresponds
in fact to those of thermophilic bacterial and archaeal genomes, were the
lower and upper limits appear to correspond to extreme cases, i.e., the 500
kb chromosome of the thermophilic ectosymbiont Nanoarchaeon equitans
(Hubert et al., 2002), and the 5100 kb of the facultative thermophilic

Methanosarcina acetivorans (Sowers et al., 1988).

Classification of endosymbionts as a group by themselves shows that
although their genome size distribution overlaps with that of obligate
parasites (Figure 1), their DNA content can reach values significantly
smaller that those of the smallest parasites, 1.e., the mycoplasma. The
smallest-known cellular genome is only 450 kb and corresponds to the
obligate endosymbiont proteobacterium Buchnera spp. (Gil et al., 2002),
significantly smaller than the lower limit of 580 kb of the Mollicutes, which
corresponds to the obligate parasite Mycoplasma genitalium (Fraser et al.,
1995). Other groups with reduced genome sizes are the rickettsia and several
spirochacte. The DNA content values of other obligate parasites and
organisms with stringent growth conditions, which we have grouped with
the mycoplasma, however, can reach values as large as the 5016 kb of

Mycobacterium intracellulare (Kim et al., 1996).

4. Discussion
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The data summarized in Figure 1 is clearly biased and does not reflect in an
accurate way the actual levels of prokaryotic diversity. Because of their
significance in medical and economical significance in human, animal, and
crop plant life, pathogens and parasites are clearly overepresented in our
sample. Moreover, the overlap in the 2000 to 3000 kb region in Figure 1 of
several of the categories used here to group the species in our sample shows
that prokaryotes with similar genome sizes but different lifestyles can have

very different complement of genes.

In spite of these limitations, the data summarized in Figure 1 provides useful
insights into the evolution of prokaryotic DNA content and the size of a
minimal cellular gene set. Considerable variations in DNA content may exist
even within closely related bacterial species and strains (Bergthorsson and
Ochman, 1995; Casjens, 1998), but as shown by the genomes of genera like
Helicobacter and Streptomyces, this is not always the case (Shimkets, 1998).
The size range of bacterial genome sizes are clearly less constrained than
that of the archeal chromosomes. Our results also demonstrate the
unsurpassed genome plasticity of the proteobacterial clade. While some
members of the group like the myxobacteria have undergone major
expansion of their encoding abilities adapting to oxygen-rich environments
and developing complex life cycles, others like Buchnera have followed an
opposite direction and lost considerable amounts of DNA as they adapted to

an intracellular environmment (Gil et al., 2002).

The thermophilic bacterial and archaeal genomes tend to be relatively small,
with the lowest limit represented by the 500 kb chromosome of the

thermophilic ectosymbiont Nanoarchacon equitans (Huber et al., 2002). The
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5100 kb genome of the facultative thermophilic Methanosarcina acetivorans
is probably atypical. However, the size range of thermophilic genomes does
not necessarily reflects a correlation between DNA content, heat-loving
microbial lifestyles and antiquity, since a wide variety of mesophilic
bacterial groups, including leptospira, green-sulfur bacteria, cyanobacteria,
spirochaetes, fusobacteria, and actinobacteria, can also exhibit small-sized

genomes.

The smallest, highly-streamlined genomes in our sample do not have a
random phylogenetic distribution. The phylogenetic mapping of genome
sizes on the 16/18S rRNA tree (not shown) demonstrates that the reduction
of prokaryotic genome size has occurred independently multiple times in
separate lineages, and persists as an end-state character with the organisms
deriving essential nutrients from a host. Although endosymbionts and
intracellular parasites have many features in common, including massive
gene losses as they adapted into the nutrient-rich environment provided by
their hosts, grouping them into two different categories allows some insights
into the differences that exist between these two lifestyles (Figure 1). For
instance, it is likely that the larger size of intracellular parasite genomes, as
compared to those of endosymbionts, is due to the presence of genetically
encoded specifically related to parasitic lifestyles, such as sequences

involved in host-parasite recognition and infection mechanisms.

Figure 1 provides no support for the hypothesis that the size distribution of
extant prokaryotic chromosomes is the outcome of a series of whole genome
duplications that begun with an ancestral 800 kb minigenome as suggested

by Wallace and Morowitz (1973) and Herdman (1985). Since there are no

58



5 e
P

BIBLIOTE
IMSTITUTO DE ¢
UNAM

known free-living prokaryotes with genomes smaller than the 1450 kb, 1500
kb, and 1530 kb of Halomonas halmophila (Mellado et al., 1998), Aquifex
pyrophilus  (Shao et al., 1994) and [Fervidobacterium islandicum,
respectively, the extrapolation of a normal distribution curve beyond this
cut-off value does not seems justified. However, as argued by Shimkets
(1998) on the basis of a smaller sample of 141 chromosomes of prokaryotes
grouped as generalists and specialists, the minimum genome size for a living
organism is approximately 600 kb, a figure that fits nicely with the small
genomes of Mycoplasma genitalium and the different Buchnera species
(Fraser et al., 1995; Gil et al., 2002). The independent, massive gene losses
that these two types of bacteria have undergone suggest that their limited
encoding capacities are feasible only because of their adaptation to the

highly permissive intracellular environments provided by their hosts.

5. How small can viable cells be?

One of the earliest attempts to describe both in functional and evolutionary
terms the minimal set of characteristics that a cell must fulfill to be
considered alive was undertaken by Morowitz (1967). Based on the
enzymatic components of primary metabolism whose presence he assumed
was required for DNA-based cell reproduction, Morowitz estimated the size
of a minimal cell that turned out to be about one-tenth smaller than

mycoplasma.

As reviewed elsewhere (Luisi et al., 2002), the defining characteristics of a

minimal cell now and throughout the past has been discussed by Varela et al.
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(1974), Woese (1983), Oro and Lazcano (1984), Dyson (1985), Jay and
Gilbert (1987), Morowitz (1992), Walde et al. (1994), Oberholzer et al
(1995), Ganti (1997), and Szostak et al (2001). Perhaps not surprisingly, the
rapid pace at which more and more completely sequenced cellular genomes
become available has shifted the emphasis towards deducing the minimum
number of protein-encoding genes required for cellular life outside a host

cell and under laboratory conditions.

Following the publication of the complete genomes of Haemophilus
influenza and M. genitalium, Mushegian and Koonin (1996) published the
results of a detailed comparison of these two species in conjuction with the
fragmentary data from other organisms then available. Once parasite-
specific sequences were discarded, the final outcome was an inventory of
256 genes that according to Mushegian and Koonin resembles not only the
genetic complement of the ancestor of the Gram-negative and Gram-positive
lineages to which H. influenza and M. genitalium, respectively, belong, but
also the amount of DNA required to sustain a modern type minimal cell
under permissible conditions. Since most of the 256 sequences shared by
these two organisms have eukaryotic and/or archaeal homologs, Mushegian
and Koonin also discussed how this figure could be reduced to describe the
genome of the last common ancestor of the Bacteria, Archaea and Eukarya,
and suggested that their results could provide insights into the earliest stages

of biological evolution.

As underlined by Koonin (2000), the estimated 256 minimal gene set
complement derived from the comparison of the H. influenzac and M.

genitalium genomes is quite similar to the values of viable minimal genome
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sizes inferred by site-directed gene disruptions in B. subtilis (Itaya, 1995)
and transposon-mediated mutagenesis knock-outs in M. genitalium and M.
pneumoniae (Hutchinson et al., 1999). These figures are also consistent with
the estimate that the universal family of proteins shared among fully
sequenced cellular genomes comprises 324 sequences (Kyrpides et al., 1999)
and, as summarized in Table 1, with the sizes of the Buchnera genomes (Gil
et al., 2002), and the 551 kb vestigial nucleus or nucleomorph found in
cryptomonads, and which is the outcome of a secondary endosymbiotic
event in which a protist engulfed an already existing unicellular eukaryotic

alga which was then reduced to a secondary plastid (Douglas et al., 2001).

However, considerable caution is required to avoid an overinterpretation of
these different estimates. Although the backtrack methodology proposed by
Mushegian and Koonin (1996) is quite straightforward, their estimates do
not consider proteins that perform the same function but have different
sequences (Riley and Serres, 2000), either because they have diverged
beyond recognition or because they are in fact analogous. Equally important,
they failed to consider polyphyletic gene losses which have been involved in
the size reduction of the M. genitalium and H. influenzae genomes, and
which led to the loss of purine- and pyrimidine nucleotide biosynthetic

pathways, among others (Becerra et al., 1997).

As the number of fully sequenced genomes has increased, their comparison
has led to smaller sets of minimum gene complements, which are now
reduced to approximately 80 orthologous sequences common to all life
forms (Koonin, 2000). Quite surprisingly, some of the most likely a priori

candidates for strict universality, such as those sequences involved in DNA
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replication, have also turned out to be not only poorly preserved but also, in
some cases, of polyphyletic origin (Edgell and Doolittle, 1997; Olsen and
Woese 1996; Bohlke et al., 2002). If the term “universal distribution” is
restricted to its most obvious sense, i.e., that of traits found in all completely
sequenced genomes now available, then quite unexpectedly the resulting
repertoire is formed by relatively few features and by incompletely
represented biochemical processes (Tatusov et al., 1997; Tekaia et al., 1999;
Brown et al., 2001; Delaye et al., 2002). As argued elsewhere (Islas et al.,
submitted), such inventories include sequences that originated in different
epochs, inclduing some which may have arisen in the RNA/protein world
(Tekaia et al., 1999; Delaye and Lazcano, 2000; Lazcano, 2001;
Anantharaman et al., 2002). Hence, the figures reported by Mushegian and
Koonin (1996) and Koonin (2000) represent, at he best, lower limits of the
actual size of minimal gene-encoded functions required by a cell living
under highly permissive environmental conditions. Thus, such estimates do
not provide accurate models for the properties of ancestral Archean

genomes.

6. The search for a minimal cell: beyond genetic and functional

redundancy

Recognition that the biochemical complexity of extant organisms is the
outcome of process of biological evolution that started perhaps 4 x 10° years
ago can lead to some inferences on smaller ancestral cells endowed with
less-complex genome replication apparatus and simpler gene expression

mechanisms. In spite of the structural and functional similarities between the
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template-directed enzymatic synthesis of RNA and DNA, double-stranded
DNA cellular genomes replicate via a large, complex array of molecular
components in which proof-reading DNA polymerases play a central role.
However, a number of experimental results and sequence comparisons
suggest that replication of a DNA genome can be achieved with a simplified
set of catalysts (Delaye et al, 2002). For instance, the RNA-primer
formation is catalyzed in mitochondria not by a primase but by the
organellar DNA-dependent monomeric RNA polymerase (Frick and
Richardson, 2001). This suggests that a smaller set of less-specific
polymerases could be functional and, in fact, may have existed during the
early stages of cell evolution. Thus, a working model of a simpler DNA-cell
may be envisioned in which a single ancestral polymerase, whose
evolutionary vestiges appear to be present in the catalytic palm domain of
the DNA pol I and its homologs such as the T7 phage RNA polymerase
(Delaye et al., 2001), could play multiple roles as a DNA polymerase, a

transcriptase and a primase.

Similar arguments can be advocated for a simplified version of protein
synthesis requiring less components. For instance, the fact that RNA
molecules are capable of perfoming by themselves all the reactions involved
in peptide-bond formation suggests that protein biosynthesis evolved in an
RNA world (Zhang and Cech, 1998), i.e., that the first ribosome lacked
proteins and was formed only by RNA. This possibility is supported by the
crystallographic data that has shown that ribosome catalytic site where
peptide bond formation takes place is composed solely of RNA (Nissen et
al., 2000).
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Additional clues to the genetic organization of primitive forms of translation
involving less components are provided by paralogous genes, which are
sequences that diverge not through speciation but after a duplication event.
Such genetic redundancies are a common feature of all known cellular
genomes, including those of the smallest described lifeforms (Table 2).
Accordingly, the presence in all known cells of pairs of homologous genes
encoding two elongation factors, which are GTP-dependent enzymes that
assist in protein biosynthesis, provide evidence of the existence of a more
primitive, less-regulated version of protein synthesis took place with only
one elongation factor. In fact, the experimental evidence of in vitro
translation systems with modified cationic concentrations lacking both
elongation factors and other proteinic components (Gavrilova et al., 1976,
Spirin, 1986) strongly supports the possibility of an older ancestral protein

synthesis apparatus prior to the emergence of elongation factors.

7. Concluding remarks

The properties of a minimal cell can be approached in two different but
complementary directions. One possibility involves the laboratory synthesis
of encapsulated cell-like systems which may eventually metabolize, multiply
and adapt (Szostak et al., 2001). An alternative approach involves the study
of extant minimal genomes in order to describe cells with decreasing degrees
of complexity. As discussed here, the small values of DNA content found in
widely separated microbial species do not represent a primitive trait, but are
in fact the outcome of polyphyletic sequence losses that have occurred in

recent clades. Thus, they are excellent laboratory models to study the
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properties of the genetic and metabolic repertoire of minimal cells, but the
information they provide on the their evolutionary predecessors, specially
those that may have existed during Archaean times, is rather limited.
Primitive cells were probably endowed not only with less genes, but also

with less complex sequences and simpler mechanisms of gene expression.

As discussed here, an examination of the distribution of DNA content of
Archaea and Bacteria complements other genomic approaches, even if our
conclusions are hindered by the nature of the available information. All
known organisms share a core of highly conserved, genetically-encoded
features, a significant portion of which corresponds to the translation
machinery and is maintained even in highly streamlined genomes such as
those of Table 1. However, our methodology is hindered by the fact that
prokaryotes with similar genome sizes can have very different complements
of genes. Regardless of one’s definition of life, the size and content of the
minimal gene set required for life will be strongly determined by the
environment of the minimum cell itself. The search for minimal living
systems under highly permissive conditions should thus be complemented
with the search for free-living prokaryotes with genomes smaller than those
of H. halmophila, in order to understand the minimum gene content for
sustaining viability. The existence of extremely reduced 55S mitochondrial
ribosomes in Caenorhadbditis elegans (Mears et al., 2002), as compared to
its 70S prokaryotic counterpart, suggest that other organisms may exist with
novel or reduced version of the essential moleuclar machinery. Whether
such prokaryotes exist or not is not yet known, but the current cut-off values

of genome size distribution curves (Figure 1) suggest that considerable
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attention should be given to the search for similar free-living prokaryotes

and the sequencing of their genomes.

The experimental efforts to define the essential genes required for life under
highly permissive conditions have shown mutant M. genitalium populations
with 265 to 350 genes can growth and divide under laboratory conditions
(Hutchinson et al., 1999). Extrapolation of these results to the early
evolution of life may help us to understand some of the essential

characteristics, but additional efforts are required for a proper understanding

of the evolutionary transition between putative RNA-cells and §
DNA/protein cells. Insights into such intermediate stages are provided by
analysis of genetic redundancy (Table 2) and by the experimental evidence
reviewed here that has demonstrated that under in vitro conditions protein
synthesis can take place even in the absence of some of its molecular
components. Indeed, the selection and maintenance of laboratory strains in
which paralogous copies of highly conserved genes such as those encoding
the two elongation factors involved in protein synthesis would be substituted
by one single, less-specific catalyst appear to be feasible with the available

experimental techniques.
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Figure caption

Figure 1. Prokaryotic genome size distribution (N=641). Open boxes, free-
living prokaryotes; grey boxes, obligate parasites; black - boxes,
thermophiles; boxes with horizontal lines, endosymbionts.
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Figure 1. Prokaryotic genome size distribution (N=641)
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Table 1. Some miniature cellular genomes

Species | Genome size Lifestyle Reference
(kb)
Mycoplasma genitalium 580 obligate parasite Fraser et al., 1995
Buchnera spp. 450 cndosymbiont Gil et al., 2002
crytomonad 551 sccondary endosymbiont | Douglas et al., 2001
nuclcomorph
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Table 2. Genetic redundancies in small genomes of endosymbionts and obligate

parasites*
Proteome Genome | nomber of | number of _Eg-,:;-:—‘.-,;l,,—,,,d,‘cy

sizes | OREs | redundant |

tkk) ! sequences | st e
Mycoplasma genitalium 580 480 52 A 10.83
IMycoplasma pneumoniae 816 688 134 19.47
|Buchnera sp. APS 640 574 67 1.67
Ureaplasma urealyticum 751 611 105 17.18
Chlamydia trachomatis 1000 895 | 60 6.71
Chlamydia muridarum o 1000 920 i 60 6.52
Chlamydophila pneumoniae J138 1200 1070 | 148 13.83
IRickettsia prowazekii 1100 834 | 49 5.87
IRickettsia conorii 1200 1366 189 13.83
Treponema pallidum 1100 1031 18 7.56

*Genome sizes, complete proteomes, and the number of ORFs were all retrieved from

NCBI http://www.ncbi.nlm.nih.gov
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Conclusiones:

Diferentes aproximaciones tedricas y experimentales provenientes de diversas
disciplinas han sido probadas con el propésito de reconstruir la historia evolutiva de
los procariontes desde los procesos quimicos que pudieron haber ocurrido antes del
surgimiento de los primeros sistemas vivos, hasta los modelos encaminados a
establecer los mecanismos por los cuales se transforman.

En este sentido la discusion aqui presentada se enfocé en el papel que ha jugado la
duplicacién total del genoma en la evolucién de los procariontes y la interpretacién
que Wallace y Morowitz (1973) hicieron a partir de la relacién que existe entre ésta y
el célculo para determinar un posible genoma ancestral;, posteriormente la misma
hipétesis fue retomada y corroborada por Herdman (1985).

Comparando la distribucién de los tamafios de genoma de nuestra muestra con las
distribuciones de los autores antes mencionados descubrimos que en ambos
trabajos se encontré una distribucion discontinua, mientras que los primeros aprecian
valores modales en los intervalos 0.5, 1 -1.5, 2, y por arriba de 2.5 x 10”° daltones, lo
que les permitié sugerir que los genomas mas grandes provenian de formas primitivas
mas pequefias como los micoplasmas. Ahora sabemos que los micoplasmas son
organismos que han reducido su genoma como resultado de una adaptacion
secundaria.

Para Herdman (1985) los maximos observados en la distribucién de los tamafios de
genoma bacterianos de su muestra son picos modales a 0.5, 1-1.5, 2.5-2.75 x 10®
daltones mas una cola extendida por arriba de los 4.75 y muy pocos genomas
grandes; quién ademas infiere que los organismos actuales con metabolismo
fermentativo son representantes “modernos” de aquellos que existieron cuando la
atmosfera era anaerodbica y presumiblemente el contenido de los genomas era
relativamente pequefio y un cambio de metabolismo anaerobio a aerobio ocurrio
separadamente en cada una de las mayores lineas de descendencia bacterianas,
acompanado por una o mas duplicaciones totales de genoma.

Los datos mostrados aqui representan, por un lado, la diversidad procarionte (en
cuanto al contenido de DNA calculado por PFGE que es una técnica mas precisa
para su cuantificacion) estudiada hasta la fecha y rebasa las listas publicadas por
(Wallace y Morowitz 1973; Sparrow y Neuman 1976; y Herdman 1985).

La distribucién de la muestra en este trabajo (Apéndice 2a) no es una distribucién
normal (los datos tienden a concentrarse fuertemente en los primeros cuatro
intervalos y con un brusco descenso que mas o menos se mantiene hasta el
intervalo de 5.5 y una cola extendida hasta el intervalo de 10 Mb. Resalta un valor
maximo en el intervalo de 2-2.5 Mb . En nuestra muestra los organismos con tamario
de genoma mas pequefio (0.448 - 0.5 Mb) corresponden a simbiontes y parasitos
obligados, de los grupos Proteobacteria, Nanoarchaea, y los organismos con tamafio
de genoma >05-1.5 Mb pertenecen a Micoplasmatales, Proteobacteria,
Spirochaetales, Chlamydiales y Acholeplasmatales.
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No obstante, encontramos valores del contenido de DNA de otros parasitos obligados
mayores como el de Mycobacterium intracellulare con 5.016 Mb (Kim et al., 1996).
Excluyendo todos los organismos >0.5-1.5 Mb por su dependencia obligada a un
hospedero, el minimo contenido de DNA de un organismo de vida libre se encuentra
a partir de 1.45 Mb y si nuestros datos corroboraran la hipétesis de la duplicacion
total del genoma en la distribucion esperariamos encontrar picos con valores modales
de 3.2, 6.4, y 12.8 Mb aproximadamente y claramente este no es el caso. Ademas si
este fuera el caso en cada barra de la distribucién o por lo menos en intervalos
cercanos encontrariamos una “cierta” homogeneidad filogenética que marcaria no
sélo relaciones ancestrales sino una “complejidad” genomica (metabdlica) creciente y
constante dificil de detectar por la propia dinamica del genoma.

Por otra parte, el que en algunos procariontes haya sido observada la “posibilidad” de
poder duplicar completamente el genoma temporalmente y bajo condiciones de
laboratorio (Turn 1999) (manteniendo la duplicacion o no) como es el caso de
Azotobacter vinelandii, Deinococcus radiodurans y Methanococcus jannaschii
(Bendich y Drlica 2000) no implica necesariamente que este hecho se pueda
interpretar como el mecanismo Gnico 0 mas importante que operd en las primeras
células, para la adquisicion a gran escala de material genético.

En este trabajo el intervalo de tamanos de genoma procarionte disponible hasta
marzo de 2003 va de 0.448 Mb (Buchnera sp CCE) a 9.7 Mb (Azospirillum
lipoferumSp59b), (Islas et al 2003a ; Islas et al, 2003b ). Como ya se menciond
anteriormente los procariontes mas pequefios de vida libre en la muestra incluyen
organismos a partir de 1.45 Mb Halomonas halmophila (Islas et al; b). Sin embargo,
esto no quiere decir que éste dato corresponda a la cantidad de DNA minimo que
pudo haber tenido el ancestro comun de todos los seres vivos, y mucho menos el
“primer organismo vivo”, sino que se intenta mostrar que existen caracteristicas de
genomas adicionales que merecen tomarse en cuenta para abordar el problema de
una célula minima. Puesto que procariontes dentro del mismo intervalo de tamario de
genoma pueden pertenecer al mismo grupo taxonémico como los Micoplasmatales, 6
en un mismo intervalo de tamafio de genoma se encuentran diferentes grupos
taxonomicos (Apéndice 2b) cepas bacterianas pueden variar en un amplio intervalo
como Burkholderia cepaica 4.6-8.6 Mb se concluye que el tamarfio de genoma por si
mismo no determina una correlacion entre este y capacidades metabdlicas
especificas.

Debido a que el contenido de DNA es un atributo que representa una amplia
diversidad metabodlica que proviene de rutas biosintéticas comunes en algunos
organismos, otros difieren en ciertos pasos enzimaticos debido a pérdidas
secundarias o adiciones enzimaticas. redundancias funcionales etc. (Islas et al 1998)

Entonces el interés por evaluar la cantidad minima de DNA de una célula
corresponde a la posibilidad de ubicarla retrospectivamente en las primeras fases de
la evolucién de la vida y seria relevante no solo por calcular el nimero de genes sino
para tratar de caracterizar las capacidades metabdlicas que podria haber ejercido
dicho “organismo” en un determinado ambiente y evaluar sus posibilidades de cambio;
tal como se ha pretendido definir al Gltimo ancestro comun.
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El intento por describir la naturaleza del ultimo ancestro comun es un asunto que
mantiene la atencion de diversos grupos de trabajo en un debate continuo entre teoria
y métodos. Asi la determinacion del cenancestro a través de la distribucion de algunas
enzimas biosintéticas presentes en los tres dominios Arquea, Eubacteria y Eucaria
han permitido delinear un perfil del cenancestro comparable al de los modernos
procariontes en cuanto a su complejidad bioldgica, adaptabilidad ecoldgica y potencial
evolutivo (Lazcano 1995).Sin embargo pueden hacerse interpretaciones incorrectas al
momento de cuantificar e identificar sus rasgos como a continuacién se describe.

Cuando Mushegian and Koonin (1996) pretendieron detectar la cantidad de DNA
requerida para mantener una célula minima, compararon los dos genomas
completamente secuenciados en ese momento  Haemophilus influenzae vy
Micoplasma genitalium, y publicaron un inventario de 256 genes encontrandose
ausentes algunas rutas biosintéticas. Estas conclusiones fueron derivadas para
proponer que el Ultimo ancestro comun tenia un genoma de RNA sin embargo el
trabajo fue rigurosamente criticado por Becerra et al (1997) pues ambos genomas
son de bacterias parasitas de humanos y han perdido gran cantidad de DNA, ademas
la ausencia en su muestra de proteinas esenciales de eucariontes y Arqueas,
involucradas en la replicacion, no es evidencia para afirmar que el cenancestro tuvo
un genoma de RNA.

Los estilos de vida son aspectos que pueden afectar el inventario de los genes del
ultimo ancestro comun por ejemplo, la pérdida de genes, adaptaciones a
microambientes intracelulares, o vida libre en ambientes muy especificos de tal forma
que. El estilo de vida intracelular (de parasitos obligados y simbiontes obligados)
restringe la posibilidad de adquirir genes de ofros organismos via transferencia
horizontal, pudiendo también perder secuencias de insercidn y secuencias
relacionadas con fagos que le confieren al genoma rearreglos propios y posibilidad
de cambio (Steopkowski 2001).

En lo que concierne a la respuesta al oxigeno no todos los organismos con tamano
pequerio son anaerobios, lo que puede ser explicado a través de una serie compleja
de adaptaciones secundarias que han guiado a la reduccion polifilética de su genoma
(Becerra et al; 2000; Islas et al; 2000). Sin embargo, se encontrd, que en general los
procariontes anaerobios, microaerofilicos y facultativos anaerobios estan dotados con
genomas mas pequefios que los aerobios. Los organismos con genomas pequefios
no son por su propio tamafo una muestra que se pueda interpretar como formas
ancestrales de vida. Asi, ni Micoplasmas o Rickettsias son buenos modelos de
organismos ancestrales del Arqueano, y menos aun pueden ser candidatos a
representar un minigenoma a partir del cual los procariontes evolucionaron por medio
de duplicaciones completas del mismo. Igualmente, el intervalo relativamente
pequeiio del tamafo de genoma de los hipertermofilos puede revelar una tendencia
a que ambientes con altas temperaturas limitan el contenido de DNA a un intervalo
especifico (0.5 Mb-5.10 Mb), probablemente por la reduccion del tamario promedio de
sus genes (Islas et al 2003a). Se ha sugerido que los primeros microorganismos
fueron anaerobios heterdtrofos, y que la disponibilidad de oxigeno promovié la
aparicion de nuevas capacidades metabdlicas (Oparin, 1938). Nuestros resultados
muestran una correlacion entre tamario de genoma y la respuesta al oxigeno, donde
es evidente que los organismos anaerobios obligados microaerofilicos y facultativos
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anaerobios estan dotados con genomas mas pequefios que aquellos procariontes
aerobios, aunque hay considerable variacion y traslape entre ellos (Islas et al 2000).
La mayor diversidad taxonomica procarionte se encuentra en el intervalo de 1.5a 4.0
Mb, en donde ademas los cuatro tipos de respuesta al oxigeno estan presentes. En
contraste con otros grupos tales como las Arqueas hipertermofilicas, las
proteobacterias han explotado exitosamente un amplio intervalo de tamarios de
genoma, mientras algunos de sus miembros como las mixobacterias han
experimentado la mayor expansién de sus capacidades codificantes adaptandose a
ambientes ricos en oxigeno y desarrollando ciclos de vida complejos. Otros miembros
como Buchnera han seguido una direccién opuesta, en una reduccion maxima de su
genoma debido a la pérdida de cantidades considerables de DNA que conlleva la
adaptacién a la vida intracelular. Se puede decir que todos los demas grupos de
procariontes estan dentro de este amplio intervalo.

Por otra parte, los genomas mas grandes (>6.5 Mb) corresponden a bacterias de vida
libre con ciclos de vida complejos los cuales deben haber evolucionado una vez que
significativas cantidades de oxigeno libre llegaron a estar disponibles en el ambiente
Precambrico. En ningin caso, sin embargo, hay la evidencia que apoye que el
contenido de DNA de aerobios estrictos sea el resultado de duplicaciones totales del
genoma. Hasta ahora no hay reportes disponibles en la literatura de genomas de
arqueas con tamarfos de genoma comparables a aquellos de Stigmatella (Casjens,
1998). No es claro, por supuesto, si esto refleja las estrategias evolutivas del dominio
Arquea, y nuestra interpretacion puede estar limitada por las descripciones actuales
de la diversidad procarionte. De hecho, la base de datos analizada aqui esta afectada
por el significado médico y economico de los organismos, y no refleja en una manera
exacta el biodiversidad de los procariontes. Es decir, los organismos patégenos y
parasitos estan claramente sobre-representados por la importancia médica asi como
la trascendencia economica que representan. Sin embargo, un gran numero de
organismos microaerofilicos y facultativos anaerobios de diferentes grupos
filogenéticos en nuestra muestra probablemente reflejan la exitosa adaptacion de
niveles de oxigeno cada vez mas altos en la atmosfera terrestre. Por consiguiente, se
puede concluir que la expansion de ambientes aerébicos durante el Precambrico no
solo dirigié a la diversificacién de bacterias adaptadas a condiciones novedosas, sino
también al desarrollo evolutivo en lo que se refiere a la conservacion de genomas
grandes.

Como ya se menciono anteriormente, es notoria una tendencia en un intervalo mas o
menos definido de los tamarios de genoma procariontes extremofilos que va de (0.5-
510 Mb) que corresponden respectivamente a MNanoarchaea equitans y
Methanosarcina acetivorans. No obstante, este intervalo no necesariamente expresa
una correlacion entre el tamarios del genoma y el estilo de vida microbiano extremo
(hiper)termdéfilos pues existen otros grupos de procariontes que comparten esos
mismos tamaros de genoma siendo mesofilos.

Un rasgo evidente es el que muestra que los genomas termdfilos e hipertermofilos
estan dotados con secuencias génicas codificantes mas pequerias (283 + 58) en
comparaciéon con los procariontes mesdfilos (340 + 9.4); sin embargo, el reducido
tamano de los genes en organismos extreméfilos es un rasgo polifilético ya que esta
caracteristica es encontrada también en mesdfilos de diferentes grupos.
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También se encuentran, secuencias simples en organismos con ambos estilos de
vida meséfilos e (hiper)termdfilo, pero en los hipertermofilos, excepto Thermoplasma
acidophilum, las secuencias simples presentan gran cantidad de acido glutamico que
son estables en condiciones de pH acido.

.

Es bueno recordar que la llamada raiz del arbol universal no corresponde al primer
sistema vivo, solamente refleja la punta de un tronco de tamario indeterminado en la
trayectoria de una sucesion de eventos evolutivos muy antiguos como el surgimiento
de familias de genes, transferencia horizontal etc. Asi la posicién basal de los
hipertermdfilos en los arboles de rRNA se puede explicar por: a) el alto impacto al
que estuvo sometido el Arqueano temprano, b) como una respuesta adaptativa de las
bacterias debida a la transferencia horizontal de la reverso girasa de las arqueas y c)
competencia entre mesdéfilos mas antiguos e hipertermdfilos adaptados a condiciones
de altas temperaturas.

Si los genes pueden moverse de un organismo a otro via transferencia horizontal
algunos genes pudieron haberse dispersado ampliamente de tal forma que ellos
pudieran detectarse como parte del ultimo ancestro comun, sin percatarnos que de
hecho son mas recientes .

Pero aun estamos muy lejos de entender completamente el origen y los atributos de
los primeros seres vivos en cuanto a que no siempre se dispone de evidencias de
rutas metabdlicas, datos bioquimicos, ciclos de vida, registro paleontolégico etc para
integrar e interpretar correctamente los pasos y eventos que siguieron los organismos
procariontes durante su evolucion.
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Database of the prokaryotic diversity according with the genome size and its
relations with their metabolism and some environmental properties

Bacteria: genera and specie ; GS: genome size expresed in Mb; GROUP: each one of the main bacterial
categories according to the Bergey's Manual of Bacteriology; Order: taxonomic categories belonging for each
organism (NCBI); TEMP: Categories about the optimal grow for each microorganisms (Mesophilic: 25 - 44°C;
Thermophilic: 45 - 70°C; Hyperthermophilic: 71 - 115°C) LS: Life Style, parasites obligades simbiontes obligades
and free life organisms; Oxygen response (metabolism) REF: references in wich the genome size is reported.
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528 Azospirillum irakense 4800 G- a proteobacteria M FL A Martin-Didonet, et al (2000)

529 Escherichia coli ECOR3™ 4850 G- g proteobacteria M FL FA Bergthorsson U. and Ochman H. (1995)
530 Escherichia coli ECOR1S 4877 G- g proteobacteria M FL FA Bergthorsson U. and Ochman H. (1995)
531 Salmonella enterica serovar Pullorum 4930 G- g proteobacteria M PO FA Liu GR, et al (2002)

532 Escherichia coli ECOR6G3 4933 G- g proteobacteria M FL FA Bergthorsson U. and Ochman H. (1995)
§33 Escherichia coli ECOR™1 4936 G- g proteobacteria M FL FA Bergthorsson U. and Ochman H. (1995)
534 Agrobacterium tumefaciens CFPB260~ 4964 G- a proteobacteria M FL. A Jumas-Bilak,E., et al (1998)

535 Escherichia coli ECOR28 4980 G- g proteobacteria M FL FA Bergthorsson U, and Ochman H. (1995)
336 P’sendomonas acidovoransDSNS028] 4983 G- b protcobacteria M ElL. A Grothues. 1. . and ‘Tammler. B.. (1991)
537 Pseudomonas aureofaciensDSNS0082 5000 G- g proteobacteria N FL A Grothues, D. . and Timmler, B (1991)
538 Pscudomonas campestrisDSN 1049 5000 G- % M FL. A Grothues, . . and Tammler. B (1991)
339 Pyerxdomonas delafieldilIS\164 5000 G- b proteobacteria NI Fl. A Grothues. D. . and Timmler. B (1991)
340 Psendomonas flavalDSNIG] 9 5000 G- b proteobacteria WY Il A Grothues. D. . and Timmler. B.. (1991)
541 Pseudomonas fluorescensATCC T3S0 000 G- ¢ proteobacteria M FL A Grothues, D. . and Tiimmler. B (1991)
542 Leptospira hiflexa serovar patoc | 5000 G- Spirochactales M PO A Taxlor. A..Barbour.Gi. And Thomas.D. 1991
543 Mycobacterium fortuitum 5000 G+ Actinobacteria M PO A Kim JR. et al (1996).

544 Nanthomonas campestris pvglycines 5000 G- g proteobacteria M PO A Widjaja R. Suwanto A, Tjahjono B. (1999).
545 Mycobacterium intracellulare 5016 G+ Actinobacteria M PO A Kim JR. etal (1996).

546 FEscherichia coli 62 061 G- g proteobacteria M FL FA Bergthorsson U, and Ochman H. (1995)
547 Methanosarcina acetivoran spC24 S100 A Methanosarcinales TRE  EL ANA  Sowers, K. and Gunsalus, P.R. (1988)
548 Bacteroides vulgatus 5100 G- CFB M FL M1 Shaheduzzaman SMI. et al (1997)

549 Agrobacterium umefaciens CS8 5100 G- a proteobacteria M FL A Allardet-Servent. A, etal (1991)

550 Vibrio parahaemolyticus 5100 G- g proteobacteria M FL FA Yamaichi Y. et al (1999)

551 Escherichia coliECORI4 5110 G- g proteobacteria M FL FaA Bergthorsson U. and Ochman H. (1995)
552 Escherichia coli ECOR29 5121 G- g proteobacteria M FL FA Bergthorsson U. and Ochman H. (1995)
553 Escherichia coli ECOR68 5131 G- g proteobacteria M FL FA Bergth U. and Ochy H. (1995)
554 Pseudomonas solanacearum DSAM50905 5200 G- b proteobacteria M FL A Grothues, D. , and Timmler. B,, (1991)
555 Planctomyces limnophilus 5200 G- Planctomycetales M FL FA Ward-Rainey N. et al (1996)

556 Escherichia coli ECOR38 5280 G- g proteobacteria M FL FA Bergthorsson U. and Ochman H. (1995)

557 Pseudomonas facilis 5300 G- b proteobacteria M FL A Grothues, D. , and Tammler, B, (1991)
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558 Psendomonas palleronii 5300 G- b proteobacteria M FL A Grothues, D. , and Tammler, B., (1991)

559 Bacteroides fragilis 5300 G- CFB M FL MI Shaheduzzaman SM. et al (1997)

560 Bacteroides fragilisYCH46 5300 G- CFB M FL ANA  Kuwahara T, et al (2002)

561 Escherichia coli FCORS] 5330 G- g proteobacteria M FL FA Bergthorsson U. and Ochman H. (1995)

562 Clostridium acetobutylicum NCP262 5337 G¢ Bacillus: Clostridium M FL ANA Keis S, Sullivan T J Jones T 1, (2001)

363 FEscherichia coli ECOR40 5340 G- g proteobacteria M FL FA Bergthorsson U and Ochman H. (1995)

564 Phyllobacterium myrsinacearum ATCC43590 5372 G- a proteobacteria N PO A Jumas-Bilak.E.. et al (1998)

565 Bacillus thuringiensis 5400 G - Bacillus Clostridium M FI. FA Carlson CR. Kolsto AB. (1993)

366 Burkholderia cepaica 67-46 5400 G- b proteobacteria M ¥l \ http: “wawwapsnet.or online feature Burkholderiacepaica repli
567 Pyendomonas cichorn DSA50259 5400 G- g protecbacteria N Fl A Grothues, D and Tummler, B.. (1991)

368 Pscudomonas siringae pathovar riuhicola NCPPB 963 5550 G- g proteobacteria M 219 A Charnock C. (199%)

569 Agobacterium mmefaciens bv.CFBP272] 5550 G- a proteobacteria M FI. N Jumas-Bilak I et al (1998)

570 Bacillus cerens* 5900 G- Bacillus Clostridium M ro Ex\ Rolsto. A Gronstad .. Oppegaard. 1T (19901

571 Buwrkholderia cepaica CEPS2 3700 G- b proteobacterna M FL. A http: www apsnetorg online feature Burkholderiacepaica replhi
372 Bwkholderia cepaica NG 293(FU366) 5700 G- b proteobacteria M El A htp: www.apsnet.org online feature Burkholderiacepaica reph
573 Agrobacterivum rubi ATCCi3338 S735 G- a proteobacteria M FL A Jumas-Bilak.E.. ctal (1998)

374 Agrobucterium radiobacter by 1CFBP2414 5780 G- a proteobacteria M EL A Jumas-Bilak E.. et al (1998)

575 Pscudomonas chloroaphis SN SO083 S800 G- g proteobacteria M FL A Grothues, D. . and Tummler. B.. (1991)

576 Mycobacterim avium SRR G+ Actinobacteria hy! PO A Kim JR. et al (1990).

577 Rizhobim galegae 5892 G- a proteobacteria M FL A Huber L, Slenka-Pobell (1994)

578 Azospirilhum halopraeferens 5900 G- a proteobacteria M FL A Martin-Didonet. et al (2000)

579 Psendomonas aeruginosa DSA170" 5900 G- g proteobacteria M FL A Grothues, D. . and Tiimmler, B.. (1991)

580 Psendomonas aeruginosa PAO 5900 G- g proteobacteria Al FL A Romiling.U. and Tummler.B. (1991)

581 Agrobacterium radiobacter bv.] ATCC23308 5900 G- a proteobacteria M FL A Jumas-Bilak.E.. et al (1998)

582 Agrobacterium radiobacter C58 5900 G- a proteobacteria M FL A Jumas-Bilak.E.. et al (1998)

583 Achromobacter ruhlandii DSA653 6000 G- b proteobacteria M FL A Grothues, D. , and Timmler, B., (1991)

584 Pseudomonas putida KT2440 6000 G- g proteobacteria M FL A Ramos-Diaz MA and Ramos LJ. (1998)

585 Burkholderia C3430 6100 G- b proteobacteria M FL A http://www.apsnet.org/online/feature/Burkholderiacepaica ‘repli
586 Burkholderia cepaica LAIGi14280(FC"365) 6300 G- b proteobacteria M FL A http: www.apsnet.org online. feature/ Burkholderiacepaica ‘repli

587 Anabaena sp.PCC™120 6400 G- Cyanobacteria M FL A Kuritz: T, et al (1993)
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Apéndice 3?

Point Counter Point

Polyphyletic Gene Losses Can Bias
Backtrack Characterizations of
the Cenancestor

Mushegian and Koonin (1996) have recently published
the results of a detailed comparison of the complete ge-
nomes of Haemophilus influenzae and Mvcoplasma
genitalium in conjunction with the fragmentary data
from other organisms available as of March 1996. Once
parasite-specific sequences were discarded, the final out-
come was an inventory of 256 genes that may resemble,
not only the genetic complement of the ancestor of
Gram-positive and Gram-negative bacizra. sui provusiyv
also the amount of DNA required today to susiamn a
minimal cell. Since most of these sequences have eu-
karyotic and/or archaeal homologs. Mushegian and Koo-
nin discuss how this figure may be reduced to describe
the genome of the last common ancestor (LCA) of the
Bacteria. Archaea. and Eucarya, that is. the cenancestor.
and suggest how insights on even earlier stages of evo-
lution can be achieved. Given the rapid pace at which
more and more cellular genomes are being completely
mapped and sequenced, the assumptions and strategies
used in such approaches merit considerable attention. As
argued here, important pitfalls can be avoided if the poly-
phyletic gene losses that have taken place in widely sepa-
rated lineages are properly acknowledged.

The Cenancestor Probably Had a DNA Genome

The backtrack methodology proposed by Mushegian and
Koonin (1996) is quite straightforward. and partly based
on the idea that genes that are not found in both bacteria
and eucarya, or in bacteria and archaea. were probably
absent from the cenancestor. The nonstated assumption
is that the archaea and eucarva are sister groups, an evo-
lutionary relationship supported by an increasingly larger
amount of molecular data. However, such an approach
can inadvertently miss nuclear-encoded genes which
may have been part of the LCA but lost independently in
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both the bacterial and archeal domains, or not present in
the prokaryotic genomes of a given data set. For in-
stance, the absence in their sample of eukaryotic or ar-
chaeal homologs of several key proteins involved in
DNA replication led Mushegian and Koonin to speculate
that the cenancestor may have had an RNA genome.
Several objections can be raised against this conclusion:
(1) Sequence similarities shared by many ancient, large
proteins found in all three domains suggest that consid-
erable fidelity already existed in the operative genetic
system of their common ancestor, but such fidelity is
unlikely to be found in RNA-based genetic systems. (2)
Sequence analysis and biochemical characterization of a
ribonucleotide reductase from the archacon Pyrococcus
furiosus has shown that this enzyme shares considerable
similarities with both its eubacterial and eukaryotic
counterparts (Riera et al. 1997). (3) As underlined by
Mushegian and Koonin (1996), their analysis was per-
formed before any complete archaeal or eucaryal ge-
nomes became available in the public data bases, and
should thus be considered preliminary. Indeed, release of
the entire Merhanococcus jannaschii genome has al-
lowed the identification of one archaeal DNA polymer-
ase exhibiting sequence similarity and three conserved
motifs with the eubacterial DNA polymerase II, and with
the eukaryotic a, 7, and £ polymerases (Bult et al. 1996).
Taken together, these results suggest that DNA genomes
and polymerases with proofreading and synthesizing
functions evolved prior to the divergence of the three’
primary kingdoms.

To Salvage or Not to Salvage

Until a more complete data set is available, backtrack
inferences on the nature of the cenancestor should be

. considered as preliminary and perhaps biased by the re-

ed genomic content of parasites, many of which have
undergone multiple secondary losses. For instance, the
de novo purine nucleotide biosynthesis is probably one
of the oldest metabolic pathways, but it is also one of the
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most easily lost by a wide range of obligate symbionts
and parasites. Failure to recognize such polyphyletic
streamlining processes, which have taken place in H.
influenzae and at an even greater degree in M. geni-
talium, can lead to some misunderstanding. It would be
tempting, for instance, to interpret the absence of purine
biosynthesis in the minimal set defined by Mushegian
and Koonin (1996) as evidence that the growth and re-
production of the first life-forms depended on the het-
erotrophic uptake of nucleotides present in the primitive
soup (see. for instance, Pennisi 1996). However, such
conclusions would be at odds with the problems associ-
ated with the chemical synthesis and accumulation under
primitive conditions not only of ribose. but also of purine
and pyrimidine ribosides, which suggest that none of
them are truly prebiotic compounds (cf. Lazcano and
Miller 1996).

The phylogenetic distribution of purine nucleotide
salvage enzymes can also lead to some confusion regard-
ing the cenancestor's metabolic capabilities. Based on
their data set, Mushegian and Koonin (1996) conclude
that their minimal cell had the complete nucleotide sal-
vage pathways for all bases except thymine. Adenine
deaminase (ADA). which catalizes the hydrolytic deami-
nation of adenine into hypoxanthine, is absent in both H.
influenzae and M. genitalium, and, therefore, was not
included in such inventory. However, since the ADA
genz is found in other nonpathogenic Gram-positive and
Gram-negative bacteria, it may have been part of the
LCA genome. The same is probably true of the GMP
reductase guaC gene. Since GMP reductase is not found
in H. influenzae, M. genitalium, M. jannaschii, and Sac-
charomyces cerevisiae, it could be argued that the ce-
nancestor lacked guaC. Such conclusion is not supported
by the presence of GMP reductase in a group of widely
separated species that includes Escherichia coli, Tri-
trichomonas foetus, Trxpanosoma cruzi, Leishmania
mexicana, and humans (Berens et al. 1995). Even organ-
isms with close phylogenetic affinities can differ in their
salvage abilities. Hypoxanthine- and guanine phosphori-
bosyltransferase activities have been found in cell ex-
tracts of the euryarchaeota Methanococcus voltae (Bo-
wen et al. 1996), but the corresponding genes appear to
be absent in the closely related M. jannaschii, where the
only recognizable purine phosphoribosyltransferase gene
is that of adenine PRTase (Bult et al. 1996).

Molecular Phylogenies Are Not Rooted in the
Origin of Life

The pioneering work of Mushegian and Koonin (1996) is
an important improvement over previous attempts to
characterize the LCA (Lazcano 1995 and references
therein). but it can be improved by systematic efforts to
identify streamlining processes that have led 1o polyphy-
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letic gene losses in widely separated species. This may
be particularly significant given the choice of model or-
ganisms whose entire DNA is being sequenced, some of
which have been selected because of their relatively
small, compact genomes. It is expected that in few years
larger volumes of genomic data reflecting a broader
cross-section of biological diversity will become avail-
able. This will allow not only more precise descriptions
of the gene complements of ancestral states, but also an
understanding of the effects of parasitism on genomes
and the dynamics of gene losses.

Genome sequencing and analysis is rapidly becoming
a key element in our understanding of early biological
evolution. but it is difficult 1o see how its applicability
can be extended beyond a threshold that corresponds 1o
a period of evolution in which protein biosynthesis was
already in operation. Older stages are not yet amenable to
this type of analysis. The first life-forms were probably
simpler than any cell now alive, and may have lacked not
only familiar traits like protein catalysts, but perhaps
even genetic macromolecules with ribose-phosphate
backbones (Lazcano and Miller 1996). Given the huge
gap in our understanding of the evolutionary transition
between the prebiotic synthesis of organic compounds
and the cenacestor, the temptation to describe the nature
of the very first living systems based solely on molecular
cladistics should be carefully avoided.
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MOLECULAR BIOLOGY AND THE RECONSTRUCTION OF MICROBIAL
PHYLOGENIES: Des Liaisons Dangereuses?
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A. M. VELASCO. and A. LAZCANO

Facultad de Ciencias, UNAM
Apdo. Postal 70-407
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1. Introduction

Only half-a-century after the DNA double chain model was first suggested, molecular
biology has become cne of hz -t provocative, rapidly developing fields of of
scientific research. the. 25 ' set oniy (o tantalizing new findings on processes and
mechanisms at the molecular level, but also to major conceptual revolutions in life
sciences. Is there any hope of developing methodological approaches and theoretical
frameworks not only to make sense of the overwhelming growing body of data that this
relatively new field is producing. but also to use them to develop a more integrative.
truly multidisciplinarv understanding of biological phenomena? As Peter Bowler wrote
a few vears ago, Charles Darwin and his followers were accutely aware that
"evolutionism's strength as a theory came fom its ability to make sense out of a vast
range of otherwise meaningless facts" (Bowler, 1990). This situation has not changed.
Evolutionary biology may be in a state of major turmoil, but its unifying powers have
not diminished at all. In fact. they probably represent one of the most promising
possibilities of overcoming the perils of reductionism that have plagued molecular
biology since its inception.

Molecular approaches to evolutionary issues are a century old. The possibility of
developing a sucessful blending between them may have been first suggested by the
American-born British biologist and physician George H.'F. Nuttall, who in 1904
published a book summarizing the results of the detailed comparison of blood proteins
that he had used to reconstruct the evolutionary relationships of animals. “In the
absence of palaentological evidence”, wrote Nuttall (1904), “the question ¥&of the
interrelation-ship amongst animals is based upon similarities of structure in existing
forms. In judging of these similarities. the subjective element may largely enter. in
evidence of which we need but look at the history of the classification of the Primates™
Such subjective element Nuttall believed. could be succesfully overcomed by
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constructing a phylogeny based not on form but on the inmunological reactions of
blood-related proteins.

Although the comparative analysis of biochemical properties, metabolic pathways
and. in few cases. morphological characteristics. had provided some useful insights on
the evolutionary relationships among certain microorganisms, until a few years ago the
reconstruction of bacterial phylogenies and the understanding of microbial taxonomy
were both viewed with considerable skepticism. This situation has undergone dramatic
changes with the recognition that proteins and nucleic acid sequences are historical
documents of unsurpassed evolutionary significance (Zuckerkand! and Pauling, 1965).
and has led to a radical renovation of the phylogeny, classification, and systematics of
prokarvotic and eukarvotic microbes (Woese. 1987).

But these changes have also sparked new debates, and have led to an increased
appreciation that the scope and limits of molecular cladistic methodologies require
clarification. As shown by the current controversies on the characteristics of the first
organisms. the origin of the different components of the eukaryotic cell. and the
soundness of traditional taxonomuc systems. the development of the full potential of
molecular cladistics will depend not only on methodological refinements to improve the
algorithms used for reconstructing evolutionary history from molecular data. but also
on the critical reexamination of its theoretical framework, which includes a number of
central concepts, most of which were grafted from classical cvolutionary theory into
molecular biology. Here we discuss some of these issues. and review briefly some of
the major contributions that they have promoted in our understanding of previously
uncharacterized early periods of biological evolution.

2. On the nature of eukaryotic cells

Thc awareness that genomes are extraordinarily rich historical documents from which a
wealth of evolutionary information can be retrieved has widened the range of
phylogenetic studies to previously unsuspected heights. The development of efficient
nucleic acid sequencing techniques. which- now allows the rapid sequencing of
complete cellular genomes, combined with the simultaneus and independent
blossoming of computer science. has led not only to an explosive growth of databases
and new sophisticated tools for their exploitation, but also to the recognition that
different macromolecules may be uniquely suited as molecular chronometers in the
construction of nearlyv universal phylogenies.

A major achievement of this approach has been the evolutionary comparison of
small subunit ribosomal RNA (rRNA) sequences. which has allowed the construction
of a trifurcated. unrooted tree in which all known organisms can be grouped in one of
three major (apparently) monophyletic cell lineages: the cubacteria. the archaebacteria.
and the cukaryotic nucleocytoplasm. now referred to as new axonomic categories. i.c..
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the domains Bacteria, Archaea, and Eucarya, respectively (Woese et al., 1990). There
is strong evidence that the identification of these lineages is not an artifact based solely
upon the reductionist extrapolation of information derived from one single molecule.
While trees based on whole genome information have confirmied at a broad level
rRNA-based phylogenies (Snel et al., 1999; Tekaia et al., 1999), it is also true that the
congruence between rRNA genes and other molecules is not always ideal, and
anomalous phylogenies have been reported (Rivera and Lake, 1992; Gupta and
Golding, 1993). At the time being there is no general explanation to account for these
peculiar topologies, and the possibility that we may have to restrict ourselves to
empirical characterizations of such cases should be kept in mind. However, a large
variety of phylogenetic trees constructed from DNA and RNA polymerases, elongation
factors, F-type ATPase subunits, heat-shock and ribosomal proteins, and an
increasingly large set of genes encoding enzymes involved in biosynthetic pathways,
have confirmed the existence of the three primary cellular lines of evolutionary descent

(Doolittle and Brown, 1994), between which extensive horizontal transfer events have
taken place (Doolittle, 1999).

The ensuing tripartite taxonomic description of the living world fostered by Woese
and his followers has been disputed by a number of workers, who contend that both
eubacteria and archaebacteria are bona fide prokaryotes, regardless of the pecularities
that separate that—Separate them at the molecular level, both are prokaryotes (Mayr,
1990; Margulis and Guerrero, 1991; Cavalier-Smith, 1992). Furthermore, because of
their very nature, molecular dichotomous phylogenetic trees cannot be drawn which
include anastomozing branches corresponding to the lineages which gave rise to the
different components of eukayotic ce!ls. Accordingly, Margulis and Guerrero (1991)
have argued that although molecuiar cludisucs is now a prime force in systematics,
phylogenetically accurate taxonomic classifications should be based not only on the

“evolutionary comparison of macromolecules, but also on metabolic pathways.
chromosomal cytology, ultrastructural morphology, biochemical data, life cycles, and.
when available, paleontological and geochemical evidence.

While molecular phylogenies have confirmed the endosymbiotic origin of plastids
and mitochondria, a number of trees also suggest that a major portion of the eukaryotic
nucleocytoplasm originated from an archaebacteria-like cell whose descendants form
the monophyletic eucaryal branch (Gogarten-Boekels and Gogarten, 1994). As asserted
by Woese and his collaborators. although the presence of endosymbionts is of critical
importance to the eukaryotes, it is undeniable that the latter "have a unique, meaningful
phylogeny" (Wheelis et al., 1992). While such view assumes an absolute continuity
between the nucleocytoplasm and its direct ancestor, the holistic arguments advocated
by Margulis and Guerrero (1991), Cavalier-Smith (1992), and others, emphasize the
evolutionary emergence of an novel type of cell as a result of endosymbiotic events.
According to the latter, the key transitional event leading to eukaryosis was the
evolutionary acquisition of heritable intracellular symbionts, and the eucaryal branch
does not represent eukarvotic cells as a whole, any more than fungal hyphae or
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phycobionts like the Trebouxia algal cells exhibit, by themselves, all the phenotypic
and genetic characteristics of a lichen thallus.

Of course, antagonistic taxonomies have coexisted more or less peacefully along the
history of biology. However. the urgent need to critically revise current classificatory
systems cannot be underscored. Modern taxonomic schemes need to acknowledge not
only the existence of three major cell lineages, but also the eukaryotic divergence
patterns, which appear to be the result of rapid bursts of speciation (Sogin, 1994). Any
such modifications in biological classification require the recognition of the functional
and anatomical continuity between the eukaryotic cytoplasm and the intranuclear
environment, as well as the likelihood that the evolution of membrane-bounded nuclei
is indeed a byproduct of permanent intracellular associations. In fact. extant
amitochondrial eukaryotes such as Giardia and Trichomonas appear to have had
mitochondria in the past (Germont et al., 1997), and still harbor permanent intracellular
bacterial endosymbionts (Margulis, 1993). These amitochondrial cells, which may
include the microaerophilic, amitotic, multinucleated giant amoeba Pelomyxa palustris,
are all located in the lowest branches of the eucarya, and contain several types of
intracellular prokaryotes which may be the functional equivalents of mitochondria. The
ubiquity of endosymbionts suggests that they may have played a critical role in the
evolutionary development of nuclearsd cells. This hyrothesis is amenable to
observational and experimental designs, and may be supported by studying the possible
bacterial affinities of membrane-bounded hydrogenosomes that are known to multiply
by binary division in the Trychomonas cytoplasm (Miiller, 1988), as well as by
searching for prokaryotic endosymbionts in species of Parabasalia, Retortomonads.
Diplomonads, Calonymphids, and other protist taxa, some of which may have evolved
prior to mitochondrial acquisition.

3. The root of the tree or the tip of the trunk?

The construction of the unrooted rRNA tree showed that no single major branch
predates the other two, and all three derive from a common ancestor. It was thus
concluded that the latter was a progenote, which was defined as a hypothetical entity in
which phenotype and genotype still had an imprecise, rudimentary linkage relationship
(Woese and Fox. 1977). According to this view, the differences found among the
transcriptional and translational machineries of eubacteria, archaebacteria, and
eukaryotes, were the result of evolutionary refinements that took place separately in

each of these primary banches of descent after they have diverged from their universal
ancestor (Woese, 1987).

From an evolutionary point of view it is reasonable to assume that at some point in
time the ancestors of all forms of life must have been less complex than even the
simpler extant cells, but our current knowledge of the characteristics shared between
the three lines has shown that the conclusion that the last common ancestor was a
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progenote was premature. This interpretation, based on rRNA-based trees for which no
outgroups have been discovered, has been definitively superseded (Woese, 1993). A
partial description of the last common ancestor of eubacteria, archacbacteria, and
eukarvotes may be inferred from the distribution of homologous traits among its
descendants. The set of such genes that have been sequenced and compared is still
small. but the sketchy picture that has already emerged suggests that the most recent
common ancestor of all extant organisms, or cenancestor, as defined by Fitch and
Upper (1987), was a rather sophisticated cell with at least (a) DNA polymerases
endowed with proof-reading activity; (b) ribosome-mediated translation apparatus with
an oligomeric RNA polymerase; (c) membrane-associated ATP production; (d)
signalling molecules such as cAMP and insulin-like peptides; (¢) RNA processing
enzymes. and (f) biosynthetic pathways leading to amino acids, purines, pyrimidines.
coenzymes, and other key molecules in metabolism (cf. Lazcano, 1995).

Although the possibility of horizontal transfer should always be kept in mind, the
traits listed above are far to numerous and complex to assume that they evolved
independently or that they are the result of massive multidirectional horizontal transfer
events which took place before the earliest speciation events recorded in each of the
three lineages. Their presence suggests that the cenancestor was not a direct, immediate
descendant of the RNA world, a protocell or any other pre-life progenitor system. Very
likely, it was already a complex organism, much akin to extant bacteria, and must be

considered the last of a long line of simpler earlier cells for which no modern
equivalent is known.

Unfortunately, the characteristics of evolutionary predecessors of the cenancestor
cannot be inferred from tiic plesicmorpiiic traits found in the space defined by TRNA
sequences. Although trees constructed from such universally shared characters appear
to be free of internal inconsistencies, the lack of outgroups leads to topologies that
specify branching relationships but not the position of the ancestral phenotype. Thus,
such trees cannot be rooted. This phylogenetic cul-de-sac may be overcomed by using
paralogous genes. which are sequences that diverge not through speciation but after a
duplication event. As noted over twenty years ago by Schwartz and Dayhoff (1978).
rooted trees can be constructed by using one set of paralogous genes as an outgroup for

the other set. a rate-independent cladistic methodology that expands the monophyletic
grouping of the sequences under comparison.

This approach was used independently a few years ago by Iwabe et al (1989) and
Gogarten et al (1989). who analyzed paralogous genes encoding (a) the two elongation
factors (EF-G and EF-Tu) that assist in protein biosynthesis; and (b) the alpha and beta
hydrophilic subunits of F-type ATP synthetases. Using different tree-constructing
algorithms. both teams independently placed the root of the universal trees between the
eubacteria. on the one side, and archaebacteria and eukaryotes on the other. Their
results imply that eubacteria are the oldest recognizable cellular phenotype, and imply
that specific phylogenetic affinities exist between the archaea and the eucarya.
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This branching order, which was promptly adopted by Woese et al (1990), appears
to be consistent with structural and functional similarities which are known to exist in
the translation and replication machineries of both archaebacteria and eukaryotes
(Ouzonis and Sander, 1992; Kaine et al., 1994). However, the issue is far from solved.
and has in fact been further complicated by the availability of completely sequenced
genomes. The situation is further aggravated by the fact that the phylogenetic analysis
of sets of ancestral paralogous genes other than the elongation factors and the ATPase
hydrophilic subunits has challenged the conclusion that universal trees are rooted in the
eubacterial branch (cf. Forterre et al., 1993). While the sequences of the products of
genes involved in the transcription/transcriptional molecular machinery of eukaryotes
appear to be closer to those of the archaea than to the eubacteria, other sequences such
as those encoding heat-shock proteins and several enzymes suggest the existence of
phylogenetic affinities between archaebacteria and Gram positive bacteria. No support
for a particular topology was detected when mean interdomain distance analysis was

used to analize a set of approximately forty genes common to the three lineages
(Doolittle and Brown, 1994).

The lack of congruency between different universal phylogenies may be the result
not only of the statistical problems involved in the aligment and comparison of a large
number of sequences that may have diverg2¢ more than 5.5 x 10° years ago, but also of
even older additional paralogous duplications (Forterre et al., 1993), and of horizontal
gene tranfer events: (Doolittle, 1999), both of which may be obscuring the natural
relationships between the lineages. Given the likelihood that microbial phylogenetic
analysis will increase its reliance on paralogous duplicates to define outgroups and
character polarities (Sidow and Bowman, 1991), detailed studies should be devoted to
assess the validity and limits of this ciadistic n:cthodology.

Minor differences in the basic molecular processes of the three main cell lines can
be distinguished, but all known organisms, including the oldest ones, share the same
essential features of genome replication, gene expression, basic anabolic reactions, and
membrane-associated ATPase mediated energy production The molecular details of
these universal processes not only provide direct evidence of the monophyletic origin of
all extant forms of life, but also imply that the sets of genes encoding the components
of these complex traits were frozen a long time ago, i. €., major changes in them are
very strongly selected against and are lethal. Biological evolution prior to the
divergence of the three domains was not a continuous, unbroken chain of progressive
transformation steadily proceeding towards the cenancestor. However, no evolutionary
intermediate stages or ancient simplified version of the basic biological processes have
been discovered in extant organisms.

Nevertheless, clues to the genetic organization and biochemical complexity of the
earlier entities from which the cenancestor evolved may be derived from the analysis of
paralogous sequences. Their presence in the three cell lineages implies not only that
their last common ancestor was a complex cell already endowed, among others, with
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pairs of homologous genes encoding two elongation factors, two ATPase hydrophilic
subunits. two sets of glutamate dehydrogenases, and the A and B DNA polymerases.
but also that the cenancestor itself must have been preceded by simpler cells in which
only one copy of each of these genes existed. In other words, Archean paralogous genes
provide evidence of the existence of ancient organisms in which ATPases lacked the
regulatory properties of its alpha subunit, protein synthesis took place with only one
elongation factor. and the enzymatic machinery involved in the replication and repair of

DNA genomes had only one polymerase ancestral to the E. coli DNA polymerase I and
IL

By definition, the node located at the bottom of the cladogram is the root of a
phylogenetic tree. and corresponds to the common ancestor of the group under study.
But names may be misleading. The recognition that basic biological processes like
DNA replication. protein biosynthesis, and ATP production require today the products
of pairs of genes which arose by paralogous duplications during the early Archean.
implies that what we have been calling the root of universal trees is in fact the tip of a
trunk of unknown length in which the history of a long (but not necessarily slow) series
of archaic evolutionary events may still be recorded. The inventory of paralogous genes
that duplicated during this previously unchacterized stage of biological evolution
appears to include. in addition to elongation factors, ATPase subunits, and DNA
polvmerases. the sequences encoding heat shock proteins, ferredoxins, dehydrogenases.
DNA topoisomerases. several pairs of aminoacyl-tRNA synthetases, and enzymes
involved in nitrogen metabolism and amino acid biosynthesis. It is noteworthy that this
list includes also aspartate transcarbamoyl transferase, an enzyme which together with
carbamyl phosphate synthetase (whose large subunit is itself the product of an internal,
ie. partial. paralogous dupiicauon) catalyzes the initial steps of pyrimidine
biosynthesis (Garcia-Meza et al, 1995).

Thus. prior to the early duplication events that led to what may be a rather large
number of cenancestral paralogous sequences, simpler living systems existed which
lacked the large sets of enzymes and the sophisticated regulatory abilites of
contemporary cells. Althoug:. iateral transfer of coding sequences may be almost as old
as life itself. gene duplication followed by divergence probably played a dominant tole
in the accretion of complex genomes. and may have led to a rapid rate of microbial
evolution. If its is assumed that the rate of gene duplicative expansion of ancient cells
was comparable o today's presei: values, which are of 10°° to 10” gene duplications
per gene per cell generation (Stark and Wahl, 1984), the maximum time required to go
from an hypothetical 100-gene organism to one endowed with a filamentous

cvanobacterial-like genome of approximately 7000 genes would be less than ten million
vears (Lazcano and Miller. 1994). :

Although there are no published data on the rate of formation of new enzymatic
activities resulting from gene duplication events under either neutral or positive
selection conditions. the role of duplicates in the generation of evolutionary novelties is
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well stablished. Once a gene duplicates, one of the copies may be free to accumulate
non-lethal mutations and acquire new additional properties, which could lead into its
specialization or recruitment into new role. Data summarized here supports the idea that
primitive biosynthetic pathways were mediated by small, inefficient enzymes of broad
substrate specificity (Jensen. 1976). Larger substrate ranges may had not been a
disadvantage, since relatively unspecific enzymes may have helped ancestral cells with
reduced genomes overcome their limited coding abilities (Ycas, 1974).

The discovery that homologous enzymes catalyzing similar biochemical reactions
are part of different anabolic pathways supports the idea that enzyme recruitment took
place during the early development of several basic anabolic pathways. Evolutionary
tinkering of the products of duplication events apparently had a major role in metabolic
evolution. This is supported by the analysis of complete genome sequences, that has
shown the large proportion of gene content that is the outcome of duplication events
(Tekaia and Dujon, 1999). Such high levels of redundancy represent an illuminating
possibility and suggest that the wealth of phylogenetic information older than the
cenancestor may be larger than realized, and its analysis may provide fresh insights into
a crucial but largely undefined stage of early biological evolution during which major
biosynthetic pathways emerged and became fixed.

There is a major exception to the above conclusion. True fungi, euglenids, and
chrytridiomycetes synthesize lysine via an eight-step pathway in which a-aminoadipate
(AAA) is an intermediate. This route is different from the seven-step diaminopimelate
pathway used by bacteria, plants, and most protuist (Bhattacharjee, 1985). The
phylogenetic distribution of these two pathways suggest that the AAA route is the most
recent one. Accordingly, if the patchwork assembly of metabolic pathways (Jensen.
1976) is valid, then it can be predicted that the enzymes catalizing the AAA-route
should be homologous to those participating in other major biosynthetic routes.

The recognition that enzyme recruitment may have played a major role in metabolic
evolution leads. however, to assume some caution in phylogenetic inferences. Although
in some cases metabolic pathways may be sucessfully used to assess the phylogenetic
relationship of prokaryotes (DeLey, 1968; Margulis, 1993), the possibility that some of
the enzymes of archaic pathways may have survived in unusual organisms (Keefe et al..
1994), or that important portions of extant metabolic routes may have been assembled
by a patchwork process (Jensen, 1976), suggest that considerable prudence should be
exerted when attempting to describe the physiology of truly primordial organisms by
simple direct back extrapolation of extant metabolism.
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4. Molecular cladistics and the origin of life: is there any connection?

"All the organic beings which have ever lived on this Earth", wrote Charles Darwin in
the Origin of Species, "may be descended from some primordial form". Although the
placement of the root of universal trees is a matter of debate, the development of
molecular cladistics has shown that despite their overwhelming diversity and
tremendous differences, all organisms are ultimately related and descend from
Darwin’s primordial ancestor. But what was the nature of this progenitor?

The heterotrophic hypothesis suggested by Oparin (1938) not only gave birth to a
whole new field devoted to the study of the origin of life, but played a central role in
shaping several influential taxonomic schemes and different bacterial phylogenies
(Margulis 1993). Although the central role of glycolysis and the wide phylogenetic
distribution of at least some of its molecular components are strong indications of its
antiquity (Fothergill-Gilmore and Michels, 1993), it is no longer possible to support the
ad hoc identification of putative primordial traits to assume that the first living system
was a Clostridium-like anaerobic fermenter or a Mycoplasma type of cell (cf. Lazcano
et al., 1992). Like vegetation in a mangrove, the roots of universal phylogenetic trees
are sumerged in the muddy waters of the prebiotic broth, but how the transition from
the non-living to the living took place is still unknown.

Indeed. we are still very far from understanding the origin and attributes of the first
living beings. which may have lacked even the most familiar features in extant cells.
For instance. protein synthesis is such an essential characteristic of cells, that it is

frequently argued that its origin should be considered synonymous with the emergence
of life itself.

However. the discovery of the catalytic activities of RNA molecules has led
considerable support to the possibility that during early stages of biological evolution
living systems were endowed with a primitive replicating and catalytic apparatus
devoid of both DNA and proteins The scheme may be even more complex, since RNA
itself may have been preceded by simpler genetic macromolecules lacking not only the

familiar 3'.5' phosphodiester backbones of nucleic acids. but perhaps even today's bases
(Lazcano and Miller, 1996).

Although molecular cladistics may provide clues to some late steps in the
development of the genetic code. it is difficult to see how the applicability of this
approach can be extended beyond a threshold that corresponds to a period of cellular
evolution in which protein biosynthesis was already in operation. Older stages are not
vet amenable to molecular phylogenetic analysis. Although there have been
considerable advances in the understanding of chemical processes that may have taken
place before the emergence of the first living systems, life’s beginnings are still
shrouded in mysterv. A cladistic approach to this problem is not feasible, since all
possible intermediates that may have once existed have long since vanished. The
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temptation to do-otherwise is best resisted. Given the huge gap existing in current
descriptions of the evolutionary transition between the prebiotic synthesis of
biochemical compounds and the cenancestor (Lazcano, 1994), it is naive to attempt to
describe the origin of life and the nature of the first living systems from the available
rooted phylogenetic trees.

Nevertheless, there have been several recent attempts to use macromolecular data to
support claims on the hyperthermophily of the first living organisms and the idea of a
hot origin of life. The examination of the prokaryotic branches of unrooted rRNA trees
had already suggested that the ancestors of both eubacteria and archaebacteria were
extreme thermophiles, i.e., organisms that grow optimally at temperatures in the range
90° C and above (Achenbach-Richter et al.. 1637;. Rooted universal phylogenies appear
to confirm this possibility, since heat-loving bacteria occupy short branches in the basal
portion of molecular cladograms (Stetter, 1994).

Such correlation between hyperthermophily and primitiveness has led support to the
idea that heat-loving lifestyles are relics from early Archean high-temperature regimes
that may have resulted from a severe impact regime (Sle=p et al., 1989). It has also been
interpreted as evidence of a high tempe.umire origin of iife, which according to these
hypotheses took place in extreme environments such as those found today in deep-sea
vents (Holm. 1992) or in other sites in which mineral surfaces may have fueled the

appearance of primordial chemoautolithotrophic biological systems (Wachtershiuser.
1990).

Such ideas are not totally withou: prececdent. The possibility that the first
heterotrophs may have evolved in a sizzling-hot environment is in fact an old
suggestion (Harvey. 1924). Despite their long genealogy, these hypotheses have not
been able to bypass the problem of the chemical decomposition faced by amino acids.
RNA, and other thermolabile molecules which have very short lifetimes under such
extreme conditions (Miller and Bada, 1988). Although no mesophilic organisms older
than heat-loving bacteria have been discovered, it is possible that hyperthermophily is a
secondary adaptation that evolved in early geological times (Sleep et al., 1989,
Confalonieri et al., 1993; Lazcano. 1993). Such possibility is in fact strongly supported
by the recent phylogenetic analysis of the G+C content of rRNA genes, which suggest

that the last common ancestor was not a hyperthermophilic organism (Galtier et al..
1999).

In fact, hyperthermophiles not only share the same basic features of the molecular
machinery of all other forms of life: they also require a number of specific biochemical
adaptations. Any theory on the hot origin of life must address the question of how such
traits, or their evolutionary precedessors, arose spontaneously in the prebiotic
environment. Such adaptations may include histone-like proteins, RNA modificating

enzymes. and reverse gyrase, a peculiar ATP-dependent enzyme that twists DNA into a
positive supercoiled conformation (Confalonieri et al., 1993). Clues to the origin of
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hyperthermophily may be hidden in this list, and its evolutionary analysis may
contribute to the understanding of the rather surprising phylogenetic distribution of the
immediate mesophilic descendants of heat-loving prokaryotes, which shows that at
least five independent abandonments events of hyperthermophilic traits took place in
widelv separated branches of universal trees, one of which corresponds to the
eukarvotic nucleocytoplasm (Garcia-Meza et al., 1995).

The antiquity of hyperthermophiles appears to be well established, but there is no
evidence that they have a primitive molecular genetic apparatus. Thus, the most basic
questions pertaining to the origin of life relate to much simpler replicating entities
predating by a long series of evolutionary events the oldest recognizable heat-loving
bacteria. Why hyperthermophiles are located at the base of universal trees is still an
open question. but the possibility that adaptation to extreme environments is part of the
evolutionary innovations that appeared in trunk of the tree cannot be entirely dismissed.
The phylogenetic distribution of heat-loving bacteria is no evidence by itself of a hot
or.gin of life. any more than the presence in the hyperthermophile archaeon Sulfolobus
solfataricus of a gene encoding a thermostable B-type DNA polymerase endowed with

3'-5' exonuclease activity (Pisani et al., 1992) can be interpreted to imply that the first
living organism had a DNA genome.

S. Final remarks

Although in the past few years the relationship between molecular biology and
microbial phylogenetics has becn embittered by frequent clashes and antagonism, the
development of rapidiy :rowis: seav:ncs dacbanks has provided a unique view of the
evolution of bacterial and eukaryotic microorganisms, and has opened new perspectives
in several major fields of life sciences. Molecular evolution was originally the outcome
of the wedding of molecular biology with neodarwinian theory, but it has been rapidly
transformed into a field of scientific enquiry in its own right However, its full
development requires not only the development of less-expensive, more rapid
macromolecular sequencing techniques and more powerful computer algorithms for
constructing phylogenetic trees. but also the awareness of its non-stated assumptions
and more precise definitions of its conceptual framework.

As summarized by Patterson (1988), the theoretical foundations of molecular
cladistics have been based on a number of central concepts, most of which were
inherited from older discipiines. such as physiology, anatomy, and neodarwinism.
Homology. which is one of the key concepts in evolutionary theory, was originally used
by Wolfgang Goethe. Ettiene Geoffroy Saint-Hilaire, Richard Owen, and others, to
describe structural resemblance to an archetype (Donoghue, 1992). In recent years it
has not only been repeatedly confused with sequence similarity (Reeck et al., 1988), but
is also used to describe a wider range of possible evolutionary relationships that include
species- or gene-phvlogeny. Infact, some classes of homology that describe
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phenomena at the molecular genetic level may have no exact equivalent in orthodox
evolutionary analysis of morphological traits. One such case is paralogy. a term coined
by Fitch (1970) to describe the diversification of genes following duplication events.

Since paralogy provides evidence of gene duplication but not of speciation events. it
is the basis for infering evolutionary relationships among genes, not among species.
Recognition og this distinction has led to repeated recommendations on the avoidance
of paralogous sequences in phylogenetic analysis. However, the use of paralogous
duplicates in outgroup analyses for determining the evolutionary polarity of character
states in universal phylogenies (Gogarten et al., 1989; Iwabe et al., 1989) has rekindled
keen theoretical interest in their advantageous properties. Their use, however, does pose
some risks. The naive assumption that only one paralogous duplication has taken place
in the set of sequences under consideratiuon may lead to incorrect topologies (Forterre
et al.. 1993). Indeed. the incorporation of genes that are the result of unrecognized
multiple paralogous events in a tree may be even more insidious than the problem
derived by convergent evolution and lateral gene transfer. The latter phenomena are
much more easily identified at the molecular level.

The recognition that paralogous duplicates expand a monophyletic group of
sequences raises a number of issues not cucounisred in ciassical evolutionary analysis.
From a (classical) cladistic point of view, a character that is found only in cutgroups is
primitive. Nonetheless. in molecular phylogenetic analysis this may not be always the
case. Such rule would hold if multiple paralogous duplications have taken place, and if
one (or several) of the older sequences is used as an outgroup for an unrooted tree of
younger sequences. This would be the case. for intanze. if a myoglobin sequence is
used to root alpha (or beta) haemoglobin teo:. tevrever tus rule would not hold if an
alpha haemoglobin sequence (or a set of them) is used as an outgroup for the bela
haemoglobin tree, or viceversa.

The same is true, of course, with universal phylogenetic trees derived from
elongation factors (Iwabe et al, 1989). In this case neither set is older than its
homologue. In this case. the reconstruction of ancestral character states from
dichotomously varying paralogous genes does not comes from the analysis of the
outgroup. but may be inferred from the realization that the root of the tree must have
been preceded by an even older, more primitive condition in which only one copy of
the gene existed. prior to the paralogous duplication. Recognition of this fact is likely to
play a central role in future understanding of enzyme evolution during the early
Archean. Although it is true that the raw material for molecular cladistic analysis is
restricted to sequences derived from living organisms (or from fossil samples from
which ancient preserved DNA can be retrieved) and cannot be applied to extinct groups
of organisms, the construction of trees derived from archaic paralogous sequences may
allow us to infer evolution prior to the ealiest detectable nodes.
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The flourishing of molecular techniques has led into a proliferation not only of
sequences of isolated molecular constituents of living organisms, but also of completely
sequenced genomes. This is a storehouse of data that has already provided considerable
insights into the phylogeny and the diversity of microbes. But because of its very
nature. molecular cladistics separates clusters of adaptative characters into a nested
hierarchical set which is expected to reflect the temporal sequence of their evolutionary
acquisition. However fruitful. such approach has all the demerits of a reductionist one-
trait approach to biological evolution chastised in early literature as “partial
phylogeny”. and since the birth of molecular phylogeny has rarely been used to attempt
a truly integrative analysis of complete character complexes.

Such limitation may be overcomed in several ways, some of which are part of
intellectual traditions deeply rooted in comparative biology. As Georges Cuvier
contended in his 1805 Lectures in Comparative Anatomy, the appearance of the whole
skeleton can be deduced up to a certain point by examination of a single bone. The
success that Cuvier had in such anatomical reconstructions is legendary, and was based
not only in his unsurpassed knowledge and inwition. but also on what he termed the
“correlation of parts”. i. e.. the full recognition of a functional coordination of the parts
of the body of a given animal (Young, 1992). Such correlation of parts is not restricted
to bones and muscles: at subcellular levels, it underlies the functional coordination
among the molecular components of multigenic traits such as metabolic pathways and
protein biosynthesis. As shown by the intimate relationship between the biosyntheses of
valine and isoleucine. their triplet assignments, and the phylogenetic proximity of their
aminoacyl-tRNA synthetases. inquiries on the early evolution of the genetic code and
other basic features of living systems should be understood not only by determining the
molecular phylogenics of somc of iheir isolated components or by mathetical
discussions spiced with a distinct Pythagorean flavor, but with the integrative analysis
of character complexes.

But for all its foibles. the relationship between molecular biology and evolutionary
theory has opened new. unsuspected avenues of intellectual exploration. Never before
has such a wealth of methodological approaches and empirical data been available to
the students of life’s phenomena. In part because of this prosperity, systematics and
evolutionary biology. two of the most broadly oriented fields of life sciences, are now
in a state of intellectual agitation. The symptoms are manifold; it is possible that the
traditional species concept may not apply to prokaryotes, time-cherished concepts like
that of the existence of kingdoms are under fire, the origin and taxonomic position of
genetic mobile elements is unknown. There is an increased awareness that the
understanding of the processes underlying the generation of evolutionary novelties and
the origin of ontogenic patterns cannot be restricted by classical neodarwinian
explanations. We are living in the midst of hectic times in which epoch-making debates
are reshaping the future of the life sciences, and the development of a more integrated
molecular biology may be a never-ending story. It is said that to wish someone to live
in an interesting time is one of the most terrible of all Chinese curses. Whatever the
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outcome of current discussions and debates. for biology the putative Oriental curse may
turn out to be nothing less than an intellectual blessing.
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