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1 Resumen

Se ha estimado que los organelos fotosintéticos de los organismos eucariontes, es decir,
los pldstidos, se originaron hace mas de 1,500 millones de afos (m.a.) a partir de un Unico
evento de endosimbiosis primaria. En este evento de endosimbiosis primaria, un organismo
heterétrofo eucarionte ingirid y retuvo una cianobacteria de vida libre. Dicho acontecimiento
modificd profundamente la historia evolutiva de nuestro planeta. Debido a la antigliedad de
este evento y a la integracidn genética y metabdlica de los plastidos con sus hospederos, las
etapas tempranas del proceso de oranelogénesis son dificiles de reconstruir. Una alternativa
para comprender como se originan los plastidos es estudiar organismos que se encuentran en
etapas tempranas de organelogénesis fotosintética. Tal es el caso del cromatdforo de Paulinella
chromatophora.

P. chromatophora es un protista que tiene una nutricion autétrofa gracias a que
contiene dos organelos fotosintéticos. El origen evolutivo de estos organelos fotosintéticos
(también llamados cromatéforos) es independiente al de los plastidos del resto de organismos
eucariontes. Los cromatdéforos se originaron a partir de las alfa-cianobacterias, en tanto que los
plastidos se originaron a partir de las beta-cianobacterias. El genoma de los cromatéforos se
encuentra en etapas tempranas de organelogenésis. Es decir, que el grado de integracién tanto
genética y metabdlica con su hospedero no es tan extremo como en el caso de los plastidos. En
este proyecto se planted estudiar tanto la antigliedad de los cromatéforos, asi como los
mecanismos evolutivos que participaron en la integracidn metabdlica y genética del
cromatéforo con su huésped.

Aunque se presume que el cromatéforo se origind recientemente (entre 60 y 200 m.a.),
el intervalo propuesto se basa en asunciones indirectas sobre la antigliedad de otros sistemas
simbidticos. Es por ello que una revisidon de la edad de P. chromatophora es importante. El
articulo 1: “How really ancient is Paulinella chromatophora?” trata sobre el cdlculo de la edad
aproximada de P. chromatophora (i.e. adquisicién de la capacidad fotosintética del hospedero)
mediante la determinacién de su reloj molecular. Se encontré que el cromatéforo evoluciond
aproximadamente entre 90 y 140 millones de afos.

En el articulo 2: “Natural selection drove metabolic specialization of the chromatophore
in Paulinella chromatophora” se estudid cdmo cambid el metabolismo del chromatéforo al
evolucionar en un plastido a partir de una cianobacteria de vida libre. Para este estudio, se
utilizaron modelos estequiométricos de los metabolismos de una cianobacteria de vida libre y
del cromatoforo. Con ello, se lograron predecir metabolitos que son esenciales para el
cromatoéforo (y posiblemente estan siendo proporcionados por el hospedero) y se determind
gue el metabolismo del cromatdéforo es extremadamente fragil debido a la reduccién genética
experimentada. Finalmente concluimos que el metabolismo del cromatéforo estd
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particularmente adaptado para producir carbono reducido que es proporcionado al hospedero.
Ademas, el analisis de evolucién reductiva sugiere que la seleccion natural positiva determiné
dichas capacidades metabdlicas del cromatdéforo.

Finalmente el articulo 3: “Massive protein import into the early evolutionary stage
photosynthetic organelle of the amoeba Paulinella chromatophora” se enfocé en el estudio de
la evolucién del proteoma del organelo en etapas tempranas de organelogénesis. En dicho
articulo se concluye que el hospedero contribuye en gran medida a la evolucion del proteoma
del cromatdéforo mediante la importacion de proteinas codificadas en el nucleo celular. Dichas
proteinas importadas al interior del cromatéforo son de dos tipos diferentes: péptidos cortos
de menos de 90 aminodacidos de largo y las segundas son proteinas con mds de 268
aminodcidos. Se determind que la mayoria de genes codificantes para proteinas que son
transportadas al cromatéforo no tienen un origen alfa-cianobacterial y se identificé una
extension N-terminal que permite el transporte de proteinas de gran tamaino al cromatoforo.
Dicha extension permite la importacion de proteinas de los plastidos cuando es expresada
heterologamente en plantas de tabaco.



2 Abstract

It has been estimated that photosynthetic organelles of eukaryotic organisms originated more
than 1,500 million year ago (my) from a single event of primary endosymbiosis. In this event, a
heterotrophic organism effulged and retained a free-living cyanobacteria. This event, deeply
modified the evolutionary history of our planet. Unfortunately, due to the antiquity of this event
and the extreme genetic and metabolic integration of plastids to their hosts, the early steps of
organellogenesis remain unknown. An alternative to this problem is to study organisms which
are in early stages of photosynthetic organelogenesis. This is the case of the chromatophore of
Paulinella chromatophora.

P. chromatophora is a protist endowed with autotrophic nutrition thanks to two photosynthetic
organelles whose endosymbiotic origin is completely independent to that of plastids in other
eukaryotic organisms. Chromatophores evolved from alpha-cyanobacterias while plastids from
beta-cyanobacterias. The chromatophore’s genome is in early stages of organellogenesis (i.e.
the metabolic and genetic integration with its host is not as extreme as in plastids). In this
project, | considered the use of computational tools to study the early evolution of the
chromatophore of P. chromatophora.

It has been proposed that the chromatophore of P. chromatophora evolved relatively recently
(60-200 my). However, this range is based on assumptions taken from other endosymbiotic
systems and lacks actual information from organisms phylogenetically related to P.
chromatophora. In this sense, a revision of the age of P. chromatophora is relevant. In Article 1:
“How really ancient is Paulinella chromatophora?” we calculated the approximate age of P.
chromatophora (acquisition of photosynthetic capacity by the host) by determining its
molecular clock. We found that the chromatophore originated between 90 and 140 my.

In article 2: “Natural selection drove metabolic specialization of the chromatophore in Paulinella
chromatophora” we investigated the evolutionary forces determining the functional
specialization during the organelogenesis process (i.e. the process of metabolic integration and
genetic reduction). We modelled in silico the metabolic capabilities of the chromatophore,
predicted essential metabolites for the chromatophore (likely provided by the host) and
determined its level of metabolic fragility. It was concluded that the metabolism of the
chromatophore is specially adapted to produce reduced carbon which is provided to the host. In
addition, the analysis of reductive evolution suggested that positive natural selection
determined its metabolic capabilities.

Finally, in article 3: “Massive protein import into the early evolutionary stage photosynthetic
organelle of the amoeba Paulinella chromatophora” we focused on the study of the evolution of
the proteome of the photosynthetic organelles in early stages of organelogenesis. In this article,



we concluded that the host contributes greatly to the evolution of the proteome of the
chromatophore by the import of proteins coded in the host-nucleus. These proteins imported to
the chromatophore compartment are of two different types: Short peptides of less than 90
amino acids in length and larger proteins with more than 298 amino acids. It was determined
that most of genes coding for proteins imported to the chromatophore do not have an alpha-
cyanobacterial origin. Also, an N-terminal extension was identified which allows the transport of
large proteins into the chromatophore. Heterologous expression of this N-terminal extension in
tabacco plants allows the transport of proteins to plastids.



3 Introduccion

3.1 Simbiosis

El término “simbiosis” hace referencia a “la asociacion entre dos o mas organismos de
diferentes especies que puede durar durante todo el ciclo de vida de uno o todos los
participantes” (Dimijian 2000).

Las relaciones simbidticas se encuentran ampliamente distribuidas en las distintas
formas de vida existentes en el planeta. Una de las relaciones mas intimas que se pueden
establecer entre los simbiontes es la relacion endosimbidtica. Se puede describir al fendmeno
de endosimbiosis como: “un organismo viviendo dentro de otro” (Wernegreen 2012). El tipo de
interaccidon establecida por el endosimbionte con su hospedero se pueden clasificar en:
mutualista (el endosimbionte y el hospedero se benefician); comensalista (uno de los
participantes se beneficia sin causar perjuicio al otro simbionte); o parasitica (uno de los
simbiontes se beneficia a expensas de perjudicar al otro) (Su et al. 2013; Dimijian 2000).

Los organismos endosimbiontes mutualistas pueden llevar a cabo distintas funciones
que son benéficas para su hospedero. Por ejemplo: producciéon de energia, la fijacién de
nitrégeno, la produccién de nutrientes que complementan la dieta de su hospedero entre otras
(Wernegreen 2012). Esto le permite a los simbiontes (endosimbionte y su hospedero) explotar
nuevos nichos ambientales (Valdivia et al. 2007). Un ejemplo son los metazoos que viven en las
extremas condiciones de las fuentes hidrotermales que dependen de los nutrientes provistos
por las bacterias endosimbiontes quimioautotréficas (Lane 2007).

El establecimiento de relaciones endosimbioticas ha tenido un profundo impacto en la
evolucion de la vida en nuestro planeta, principalmente en el origen de organelos
citoplasmaticos de las células eucariontes: los plastidos y las mitocondrias.

3.2 Origen de los plastidos

La adquisicidn de la funcion fotosintética por los organismos eucariontes fue uno de los eventos
mdas importantes de nuestro planeta debido a que permitid la colonizacién de nuevos nichos
ecoldgicos, formando la base de la cadena alimenticia de muchos otros organismos (Reyes-
Prieto et al. 2007).

Los organelos fotosintéticos (plastidos) de las células eucariontes se originaron a partir
de un Unico evento de endosimbiosis primaria (eucarionte-procarionte) establecida cuando un
protista unicelular retuvo a una cianobacteria de vida libre en su interior (Bhattacharya et al.
2004). La idea inicial sugiere que la cianobacteria fue ingerida a través de la fagocitosis como
muchos de protistas no fotosintéticos lo hacen hoy en dia. Sin embargo, en lugar de ser



digerida, la cianobacteria fue retenida en condiciones intracelulares (Reyes-Prieto et al. 2007)
Figura 1.
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Figura 1. Endosimbiosis primaria que dio origen a los plastidos de los organismos fotosintéticos eucariontes. Tomada de (Reyes-
Prieto et al. 2007).

El resultado de ésta endosimbiosis primaria fue el origen de un ancestro eucarionte
fotosintético del supergrupo “Plantae” del cual se derivaron tres linajes distintos: Glaucophyta,
Rhodophyta y Viridiplantae (Bhattacharya et al. 2007). A través de endosimbiosis secundarias y
terciarias, establecidas entre organismos eucariontes fotétrofos y no fotdtrofos, los plastidos
(cuya principal caracteristica es la presencia de dos o mas membranas) se dispersaron a través
de diversos organismos eucariontes (Figura 2) (Bhattacharya et al. 2007).



A. Primary endosymbiosis C.Tertiary endosymbiosis
heterotrophic protist Karenia,
@ Karlodinium
O fucoxanthin ( )
cyanobacterium dinoflagellate "
proto-alga gene loss @
gene loss
Plantae
I Alexandrium Emiliania
glaucophytes greenaiga
red algae
peridinin
E G JHGT dinoflagellate haptophyte
chromalveolates
heterotrophic protist
B. Secondary endosymbiosis gene loss

Figura 2. Sucesion de endosimbiosis primaria, secundaria y terciaria que permitieron la dispersion de los plastidos en los
organismos eucariontes. Tomada de Chan & Bhattacharya 2010.

Existen multiples evidencias que sugieren un origen monofilético de los plastidos en el
supergrupo “Plantae”. Entre ellas, se encuentran los andlisis de filogénia molecular de genes
tanto nucleares como de pldstidos (Reyes-Prieto et al. 2007).

El origen de los organelos fotosintéticos en los organismos eucariontes fue un evento
Unico y particularmente raro que se estima ocurrié hace mas de 1,500 m.a. (Yoon et al. 2004).
Debido a la antiguedad, el genoma de los plastidos se encuentra altamente reducido (rara vez
excede los 200 kbp) y estrechamente integrado tanto genética como metabdlicamente con su
hospedero. Debido a las extensas transformaciones que ha sufrido el genoma de los plastidos,
es dificil reconstruir su historia evolutiva temprana. Una alternativa es el estudio, por analogia,
de organismos que se encuentren en las primeras etapas de organelogenesis. Tal es el caso del
cromatéforo de Paulinella chromatophora.

3.3 El cromatdéforo de Paulinella sp. como modelo de organelogénesis
fotosintética

Las amoebas del género Paulinella pertenecen al phylum de los Cercozoa y se
caracterizan por ser tecadas. Este género comprende especies tanto autétrofas como
heterotrofas. Las especies autdtrofas contienen dos cuerpos fotosintéticos alargados llamados
cromatoéforos (Bhattacharya et al. 2007) (Figura 3). Las especies heterétrofas se alimentan de
cianobacterias por fagocitosis (Bhattacharya et al. 2012). En tanto que las especies
fotosintéticas utilizan cromatéforos para fijar carbdn. Las especies fotosintéticas del género
Paulinella han sido reportadas en varias partes del mundo: Gran Bretafia, Suiza, Los Paises
Bajos, Austria, el Mar Baltico, Republica Checa, Ucrania, Estados Unidos, Canadd, Nueva
Zelanda, Japon y Corea (Lhee et al. 2017).
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Figura 3. Micrografias de Paulinella chromatophora (a y b). Representacién esquematica de la division celular de P
chromatophora (c). Tomada de (Nowack 2014).

La divisién celular de las especies autdtrofas de Paulinella comienza con la produccion de
una nueva teca vacia a partir de escamas de silice que se producen en el citoplasma y son
secretadas con ayuda de los filopodios. Posteriormente, se crea una nueva célula por mitosis.
Esta nueva célula es transferida junto con uno de los cromatéforos a la nueva teca a través de
una apertura localizada en el extremo superior (Nomura et al. 2014) (Figura 3).

Los analisis filogenéticos han mostrado que el origen de estos organelos fotosintéticos
del género Paulinella es completamente independiente al de los pldstidos del resto de los
eucariontes (Marin et al. 2005; Kim & Park 2016). En la Figura 4 se muestra la posicidn
filogenética de los cromatéforos de P. chromatophora. Se puede observar que los organelos
fotosintéticos de P. chromatophora pertence al linaje de las alfa-cianobacterias en tanto que los
plastidos pertenecen al linaje de las beta-cianobacterias. Las alfa-cianobacterias se caracterizan
por tener RubisCo 1A vy alfa-carboxisomas, mientras que las beta-cianobacterias contienen
RubisCo 1B y beta-carboxisomas. Cabe destacar que los cromatéforos de las distintas especies
fotosintéticas de Paulinella tienen un origen monofilético. Lo que indica que fue un Unico
evento de endosimbiosis primaria el que dio origen a los organelos fotosintéticos en Paulinella;
de forma similar a como sucedié con el origen de los plastidos en el resto de organismos
eucariontes fotosintéticos (Yoon et al. 2009; Kim & Park 2016).

Hasta el dia de hoy, 3 especies diferentes de Paulinella fotosintética han sido descritas:
Paulinella chromatophora (Nowack et al. 2008); Paulinella micropora (Lhee et al. 2017; Yoon et
al. 2009); y Paulinella longichromatophora (Kim & Park 2016). Siendo las dos primeras de agua
dulce y la tercera una especie marina. La secuenciacién del genoma del cromatdforo de P.
chromatophora CCAC 0185 (Nowack et al. 2008) y P. micropora (Reyes-Prieto et al. 2010; Lhee
et al. 2017) muestra que existen diferencias en los tamafios de los genomas (1.02 y ~0.97 Mpb,
respectivamente). Ademas, 66 genes se han perdido diferencialmente entre ambas especies.
Los analisis filogenéticos de 18S rADN nuclear y 16S rADN del cromatéforo sugieren que hubo
una evolucién divergente dentro de la poblacién de Paulinella con nutricion autétrofa después
del evento Unico de adquisicidon del cromatéforo (Lhee et al. 2017; Kim & Park 2016).



El tamafio del genoma de los cromatéforos de ambas especies de Paulinella representa
aproximadamente 1/3 del tamafio del genoma de la cianobacteria Synechococcus sp. WH 5701.
La cianobacteria WH 5701 es el organismo de vida libre filogenéticamente mds cercano cuyo
genoma ha sido secuenciado. Su genoma tiene un tamaino aproximado de 3 Mpb y 3346 genes
codificantes de proteinas (Nowack et al. 2008). Como se puede apreciar, el cromatdforo
evoluciond por pérdida genética. Esta reduccion genética afectd genes que codifican para
proteinas que son esenciales en una condicidn de vida libre, tales como aquellas proteinas que
participan en la sintesis de aminodcidos y cofactores. Ello sugiere que la supervivencia y
funcionalidad del cromatdéforo depende de moléculas que son proporcionadas por el
hospedero.

Ademas de la reduccién genética experimentada por el cromatodforo, se ha encontrado
evidencia de mds 30 genes de origen endosimbiotico que han sido transferidos al nucleo del
hospedero. La mayoria de estos genes codifican para proteinas pequenas involucradas en la
fotosintesis y la foto-aclimatacién, siendo el hospedero quien establece el control de la
expresion de dichas proteinas (Nowack et al. 2011; Nakayama & Ishida 2009). Se ha encontrado
evidencia bioquimica de que 3 proteinas que son codificadas en el nucleo del hospedero
(codificadas por los genes psaE, psakl y psak2) y que tienen un origen evolutivo en el
cromatéforo, forman parte del fotosistema | y son transportadas hasta el organelo fotosintético
en donde ejercen su funcién (Nowack & Grossman 2012).
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Figura 4. Arbol filogenético de los cromatéforos de Paulinella chromatophora, diversos plastidos y cianobacterias de vida libre.
Tomada de (Marin et al. 2005).

El analisis de los cromatdforos de Paulinella chromatophora ha sido de vital importancia
para el estudio de la organelogénesis fotosintética por su analogia con los plastidos del resto de
organismos eucariontes fotosintéticos. De esta manera, la investigacién realizada durante mi
proyecto de doctorado contribuyd al conocimiento de la biologia de Paulinella chromatophora y
su cromatéforo, haciendo énfasis en la interaccidon genética y metabdlica de los simbiontes y su
impacto durante el proceso de organelogénesis.

4 Resumen y discusion de articulos publicados

4.1 Determinando la edad de Paulinella chromatophora

Como se ha mencionado previamente, se ha estimado que la endosimbiosis primaria a
partir de la cual se originaron los plastidos, ocurrié hace mas de 1,500 m.a. (Yoon et al. 2004).
De aqui surge la importancia evolutiva del uso de P. chromatophora como modelo de estudio de
la organelogénesis fotosintética pues se ha propuesto que sus cromatéforos tienen un origen
mucho mas reciente. Ello, permite indagar en los procesos evolutivos iniciales por analogia.

Inicialmente se habia sugerido que el cromatdforo tiene una edad minima de 60 m.a.
(Nowack et al. 2008). Esto se basé en la propuesta de que en Buchnera aphidicola (una bacteria
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endosimbionte de afidos) un pseudogen necesita entre 40 y 60 m.a. para desintegrarse
completamente. Dado que el genoma del cromatdéforo aun contiene pseudogenes, se asumio,
por analogia, una edad minima de 60 m.a. para este organelo fotosintético. Por otro lado,
(Berney & Pawlowski 2006) establecieron una edad mdaxima de los cromatéforos de 200 m.a.
Esta estimacion fue realizada calculando el tiempo de divergencia con un reloj molecular. Sin
embargo, la especie contra la cual se compard P. chromatophora no era el co-descendiente mas
cercano. Por lo tanto, la edad de 200 m.a. es una edad mdaxima, si el calculo del reloj molecular
fue realizado correctamente. Considerando las propuestas realizadas por los trabajos
mencionados previamente, un intervalo de 60-200 m.a. ha sido sugerido recientemente
(Nowack 2014). Sin embargo, no se habia realizado ningun estudio directo para conocer el
tiempo de divergencia de las Paulinellas heterétrofas de las fotosintéticas utilizando un reloj
molecular. Por tal motivo, una revisién del tiempo de divergencia de Paulinella chromatophora
fue llevada a cabo.

4.1.1 Reloj molecular

Las mutaciones son la fuente de variabilidad genética existente entre los individuos y
especies y son originadas por errores en la replicacion del ADN o dafios que no han sido
reparados apropiadamente (Moorjani et al. 2016). Una proporcidn relativamente grande de las
mutaciones son neutrales (i.e. no tienen un efecto en la adecuacion del individuo). De ésta
manera, éstas nuevas mutaciones pueden dispersarse y fijarse en la poblacién por un proceso
aleatorio llamado deriva genética (Kimura 1984). Asi entonces, la hipotesis del reloj molecular
sostiene que las secuencias de ADN y de proteinas evolucionan a una tasa que es
aproximadamente constante a lo largo del tiempo y proporcional a la tasa de mutacién neutral.
Por lo tanto, se asume que las diferencias genéticas entre cualesquiera dos especies son
proporcionales al tiempo de divergencia entre estas (Ho 2008).

Para poder utilizar la distancia genética para determinar tiempos de divergencia, es
necesario calibrar el reloj molecular. Para calibrar el reloj molecular se requiere evidencia del
tiempo de divergencia entre especies derivada del registro fdsil. Los fdsiles nos permiten
conocer el tiempo minimo de existencia de un linaje determinado (Bromham & Penny 2003).
Como se puede intuir, la exactitud de la estimacién de tiempo de divergencia depende
criticamente de los puntos de calibracién utilizados. La estimacion del tiempo de divergencia
usando la informacién molecular junto con la informacién derivada del registro fdsil, ha sido
importante para determinar el tiempo de divergencia de distintos clados de organismos
eucariontes. Por ejemplo, de acuerdo al trabajo publicado por (Douzery et al. 2004) los reinos
eucariontes se diversificaron hace 950-1,259 m.a.

4.1.2 Contribucion del articulo 1 a la estimacion de la edad de Paulinella
chromatophora

La investigacion presentada en el articulo 1 “How really ancient is Paulinella
chromatophora?” hace referencia a la estimacién del tiempo de divergencia de Paulinella
chromatophora del resto de las especies heterétrofas del genero de Paulinella. El trabajo se
llevé a cabo usando secuencias del gen 185 ARNr de organismos pertenecientes al clado
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Rhizaria y Stramenopila.

Para calibrar el reloj molecular en el articulo 1 se utilizaron varias fuentes de informacién
en los cuales se incluyen fésiles tanto quimicos como morfolégicos, asi como de estimaciones
previas de relojes moleculares. Las evidencias de calibracién utilizadas fueron:

a) El origen de las diatomeas del género Rhizosolenia el cual es conocido con un alto indice
de confiabilidad (91.5 + 1.5 m.a.) (Damsté et al. 2004).

b) Un tiempo minimo de divergencia de las diatomeas pennadas (80 m.a.) (Parfrey et al.
2011; Kooistra et al. 2007)

c) Un tiempo minimo de divergencia para las diatomeas (133.9 m.a.)(Parfrey et al. 2011).
d) Un tiempo minimo de divergencia de Euglyphidae de 40 m.a. (Barber et al. 2013).

e.1l) Reloj molecular estimado para la divergencia de rhizaria de stramenopila (1232.5 m.a.)
(Parfrey et al. 2011).

e.2) Reloj molecular estimado para la divergencia de rhizaria de stramenopila (754.1 m.a.)
(Parfrey et al. 2011).

f) Evidencia disponible de los microfésiles en forma de vaso (VSM, por sus siglas en inglés
vase-shaped microfossils) (742 m.a.) (Porter & Knoll 2000).

Las distintas evidencias se clasificaron en 4 esquemas diferentes de calibracién: A (a, b, c,
d,e.1);B(a, b,c,d, e.l,f);C(a b,cd e2);yD(a b,c,d).

En la figura 5, se muestra el tiempo minimo de divergencia entre Paulinella chromatophora de
las Paulinellas heterétrofas (93.6 m.a.) bajo el esquema de calibracién A (a, b, ¢, d, e.1).
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Figura 5. El origen de Paulinella chromatophora en el tiempo de acuerdo a su reloj molecular log-normal de su SSU ARNr. El
arbol esta calibrado bajo el esquema A (a, b, ¢, d, e.1). Los circulos rojos abiertos pequefios indican calibraciones basados en el
registro fosil (a, b, ¢, y d); el circulo azul abierto pequefio indica la calibracién basada en estimaciones previas (e.1); el circulo
rojo completo representa la edad estimada para P. chromatophora.
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Como ya se describid previamente, los calculos de los tiempos de divergencia dependen
criticamente de los puntos de calibracion utilizados. Como es de esperarse, los distintos
enfoques de calibracién utilizados sugieren distintas edades para P. chromatophora: A) 93; B)
141.4; C) 55.8; y D) 47.9 m.a. La discusidn e interpretacion de los calculos de relojes moleculares
debe ser congruente con el conocimiento firmemente bien establecido del registro fosil. Por lo
que la eleccién del (los) esquema(s) que mejor explican con mayor exactitud el tiempo de
divergencia de P. chromatophora (A, B, C, D) permanecia por ser develado.

4.1.3 Contribucion al articulo 1

Mi contribucién al articulo 1 consistid en proponer utilizar el registro fésil de los
foraminiferos, el cual se encuentra detalladamente descrito, como marco de referencia para
valorar las edades sugeridas para P. chromatophora por los distintos esquemas de calibracién
(A, B, C, D). Los foraminiferos tienen un registro fésil detallado cuya primera aparicién en el
registro fosil esta fechado hace 550 m.a. (Culver 1991). Un andlisis filogenético basado en 15
genes concatenados mostré que los foraminiferos son un grupo hermano de Plasmodiophora
brassicae (Parfrey et al. 2011). Por lo tanto se concluyé que la edad calculada para P. brassicae
debe ser al menos igual a la edad minima propuesta para los foraminiferos. Inspeccionando los
4 esquemas de calibracién, se pudo concluir que solamente los esquemas A y B estiman una
edad aceptable para P. brassicae en términos de comparacién con el origen de los foraminiferos
(Figura 6).
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(a b, c d el) (a,b,cdelf (a b cde2) (a b, c d)
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P. chromatophora P. chromatophora P. chromatophora P. chromatophora

Figura 6. Concordancia entre los tiempos de divergencia calculados por los distintos esquemas de calibracidn y el registro fésil
de los primeros foraminiferos. Solamente los esquemas de calibracidn que asumen un tiempo de divergencia entre Rhizaria de
Stramenopila de ~1232 m.a. (e.1) son consistentes con el registro fésil y el tiempo de divergencia propuesto de los
foraminiferos. La linea punteada negra representa la fecha del fosil foraminifero mas antiguo (545 m.a.). La linea punteada azul
representa el tiempo estimado de origen de los foraminiferos 770 m.a. (650-920).
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Lo anterior fue crucial para seleccionar los esquemas de calibracion que plantean una
edad minima de 93.6 m.a. y una maxima de 141.4 m.a. para P. chromatophora. El intervalo
calculado es consistente con las ideas propuesta por (Nowack et al. 2008) y (Douzery et al.
2004) quienes han propuesto que los cromatdéforos tienen una edad minima de 60 m.a. y una
maxima de 200 m.a. (Nowack 2014). A diferencia de las propuestas de Nowack 2008 y Douzery
2004, el andlisis realizado en el articulo 1, se basd directamente en un estudio de reloj
molecular en P. chromatophora y otros organismos filogenéticamente cercanos. Ademas, en el
articulo 1, utilizando las mismas restricciones de calibracidn, se propone que las dos especies
autétrofas de Paulinella (Paulinella chromatophora y Paulinella micropora FKO1) divergieron
hace 45.7-64.7 m.a.

4.2 Analisis evolutivo del proceso de organelogénesis del cromatoforo de P.
chromatophora

Uno de los aspectos mas importantes del proceso de organelogénesis, son las
modificaciones genéticas, metabdlicas y funcionales que son experimentadas por el organismo
de vida libre en condiciones intracelulares hasta convertirse en un organelo. Para estudiar este
proceso, en el articulo 2 “Natural selection drove metabolic specialization of the chromatophore
in Paulinella chromatophora” se utilizaron como modelos biolégicos el cromatéforo de P.
chromatophora y la cianobacteria de vida libre Synechococcus sp. WH 5701 la cual se consideré
como un ancestro “hipotético” del cromatéforo (Figura 7).

/\

/A Evoluciéon metabdlica

Paulinella sp. in silico

N
Cromataéforo
‘ P. chromatophora

Synechococcus sp. WH 5701

Figura 7. Representacién esquematica del andlisis evolutivo computacional del cromatéforo de Paulinella chromatophora,
usando como ancestro hipotético la cianobacteria Synechococcus sp. WH 5701

4.2.1 La evolucion reductiva del metabolismo del cromatéforo esta
determinada por la interaccion metabdlica con su hospedero

Debido a la estructura poblacional de los endosimbiontes en condiciones intracelulares
(pequeiio tamano poblacional y experimentacién de constantes cuellos de botellas) se ha
determinado que la evolucidon de su genoma y sus capacidades funcionales estd principalmente
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determinada por la deriva genética y la seleccidn natural purificadora. Debido a la interaccidn
establecida con el hospedero, existe una relajacion de la seleccién natural sobre secuencias
codificantes que no son necesarias en las condiciones intracelulares (por ejemplo, sintesis de
metabolitos que son ahora proporcionados por el hospedero) (McCutcheon & Moran 2011;
Moran & Plague 2004). Como consecuencia, el genoma de los endosimbiontes acumula
mutaciones ligeramente deletéreas por el proceso del “trinquete de Muller” (Moran 1996). El
resultado es la disrupcidn de secuencias codificantes que finalmente son eliminadas del genoma
(McCutcheon & Moran 2011).

Ademas de la deriva genética, la seleccién natural a nivel del holobionte (término
referido al hospedero mas el endosimbionte) impone una fuerte restriccién en la evolucién de
las capacidades funcionales del endosimbionte por mecanismos como “parter fidelity feedback”
(PFF). PFF asegura que modificaciones genéticas experimentadas por el endosimbionte, que
afectan la adecuacion del holobionte seran eliminadas por la seleccion natural (Shou 2015). De
esta manera se puede explicar la prevalencia de mitocondrias funcionales en las células
eucariontes (Shou 2015). Asi pues, el genoma de los organismos endosimbiontes tiende a
reducirse, mientras que se retienen solamente aquellos genes que son indispensables para su
supervivencia y su funcionalidad en el holobionte.

Debido a la reduccion genética experimentada y la dependencia nutricional establecida
con su hospedero, el cultivo experimental de los endosimbiontes sin su hospedero es muy
complicado sino imposible, en la actualidad. Una alternativa para su estudio, es el modelaje
mediante el uso de herramientas computacionales. Particularmente para el estudio del
metabolismo de organismos endosimbiontes, herramientas computacionales y enfoques
estequiométricos han sido utilizados (Thomas et al. 2009; P4l et al. 2006; Gonzéalez-Domenech
et al. 2012; Belda et al. 2012). Por ejemplo, el andlisis de balance de flujos (Flux Balance
Analysis, FBA) que es un método estequidmétrico que permite predecir fenotipos celulares en
condiciones ambientales definidas y pérdidas genéticas de interés (Orth et al. 2010).

Con la secuenciacién de su genoma (Nowack et al. 2008), se pudo determinar que el
cromatéforo conserva genes que participan en rutas biosintéticas de metabolitos esenciales
para los organismos eucariontes (cofactores y aminodacidos), lo que sugiere que los metabolitos
proporcionados por el cromatéforo a su hospedero pueden ser varios. Por otro lado, a pesar de
la falta de evidencia experimental, se sugiere que el cromatéforo es incapaz de producir ciertos
metabolitos que posiblemente estan siendo proporcionados por el hospedero. Lo anterior
sefiala una estrecha comunicacion metabdlica entre el hospedero y su endosimbionte
fotosintético.

En este sentido, una primer parte del articulo 2 estuvo enfocada en: i) analizar las rutas
metabdlicas que han sido conservadas por la selecciéon natural purificadora en el cromatdéforo;
ii) la construccidén y analisis de modelos metabdlicos del cromatéforo (de aqui en adelante
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referido como iCV265) y la cianobacteria de vida libre Synechococcus sp. WH 5701 (iCV498); v iii)
la prediccidn de las capacidades metabdlicas del cromatéforo y su interaccidn con el hospedero.

4.2.1.1 Contribucion del articulo 2 a la prediccidon de la interaccion metabdlica
existente entre el cromatéforo y su hospedero

A pesar de que no existe evidencia experimental sobre la interaccion metabdlica
establecida entre el cromatdforo y su hospedero, el analisis computacional nos permitié
obtener una serie de metabolitos que no pueden ser producidos por el cromatéforo y que
segun nuestro modelo, son esenciales para la funcionalidad del cromatéforo y que por lo tanto
es muy probable que estén siendo proporcionados por el hospedero. La comparacion del
contenido genético, el andlisis funcional y simulacion de la evolucién reductiva (ver métodos en
articulo 2) entre el cromatdforo y la cianobacteria de vida libre nos llevé a las siguientes
conclusiones:

Existen 13 categorias metabdlicas que han sido afectadas en menor proporcién por la pérdida
genética en el genoma del cromatéforo (rutas que han sido preferencialmente conservadas).
La retencién de éstas 13 categorias puede atribuirse a la seleccién natural purificadora a nivel
del holobionte por lo que seguramente tienen un papel adaptativo (i.e. fotosintesis y la ruta de
la glucolisis/gluconeogénesis) (Figura 8).
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Figura 8. Conservacién genética de categorias funcionales en el cromatéforo en comparacién con Synechococcus sp. WH 5701.
Para cada categoria funcional se muestra en verde y rojo el porcentaje de conservacién y pérdida genética en el cromatéforo,
respectivamente. Categorias funcionales bien conservadas son indicadas con asteriscos (p-valor < 0.05* o < 0.05**, correccion
de Bonferroni).

La conservacién de rutas metabdlicas observada en el cromatéforo es andlogo a lo
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observado en otros organismos endosimbiontes como Buchnera aphidicola (endosimbionte de
afidos) (Canbéck et al. 2004). En B. aphidicola las rutas metabdlicas que participan en la sintesis
de aminodacidos que son proporcionados al hospedero se han conservado por la seleccién
natural operando al nivel del holobionte (Shigenobu et al. 2000). De la misma manera, el andlisis
de seleccidon realizados a 681 alineamientos de secuencias ortélogos entre Paulinella
chromatophora y Paulinella micropora demostré que la mayoria de ellas tienen sefiales de
seleccion natural purificadora (Reyes-Prieto et al. 2010). El resultado del andlisis de
conservacion genética en el metabolismo del cromatéforo enfatiza el papel de la seleccion
natural en el mantenimiento de las asociaciones mutualistas entre los endosimbiontes y su
hospedero.

El metabolismo del cromatéforo se encuentra reducido. La construcciéon de los modelos
metabdlicos iCV265 y iCV498 demuestran que el metabolismo del cromatéforo se encuentra
reducido en comparacion con el de la cianobacteria de vida libre, ademads de que es altamente
fragil a las pérdidas genéticas pues mas del 83.77% de sus genes metabdlicos son esenciales
(mientras que en iCV498 el 66.86% son esenciales).

Los resultados del analisis de fragilidad del cromatéforo coinciden con observaciones
previas que sugieren que el metabolismo de los organismos endosimbiontes es mas fragil que el
de sus relativos de vida libre (Thomas et al. 2009; Gonzalez-Domenech et al. 2012; Belda et al.
2012). La diferencia de fragilidad metabdlica existente entre el cromatdéforo y Synechococcus sp.
WH 5701 refleja la transicion de vivir en vida libre a condiciones intracelulares mas estables.

El cromatoforo requiere de metabolitos proporcionados por el hospedero que son esenciales
para su funcionalidad. El modelo iCV265 predice que 13 metabolitos tienen que estar siendo
proporcionados por el hospedero al cromatéforo (Figura 9).

El presente andlisis enfatiza el poder predictivo de las herramientas computacionales en el
estudio de los organismos endosimbiontes. A pesar de que no existe evidencia experimental
sobre los metabolitos que el hospedero proporciona al cromatéforo, el modelo iCV265 sugiere
gue los metabolitos presentandos en la figura 9 son esenciales para la funcionalidad del
cromatéforo. Para validar los metabdlitos predichos por nuestro modelo, se llevé a cabo un
analisis de evolucién reductiva (ver métodos en articulo 2). Este analisis de evolucidn reductiva
demuestra que los metabolitos predichos explican con aproximadamente el 80% de exactitud el
contenido genético del modelo del cromatdforo. Este valor contrasta con el 59% predicho
cuando se realiza en analisis de evolucidn reductiva con metabolitos al azar.
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Figura 9. Simulacién de metabolitos proporcionados por el hospedero al cromatéforo. El modelo iCV265 predice que los
metabolitos que no pueden ser producidos por el cromatdforo, pero que son esenciales se incluyen: aminoacidos (Met =
Metionina, Trp = Triptéfano, Arg = Arginina, Glu = Glutamato, Hom = Homoserina), cofactores (NAD = nicotinamida adenina
dinucleétido, Adocbl = Adenosilcobalamina, CoA = Coenzima A), vitaminas (Ribflv = Riboflavina) y otros (AICAR = 1-(5'-
fosforibosil)-5-amino-4-imidazolcarboxamide), SucCoA =Succinil-CoA, LipidsADs = Lipido A Disacarido, DAHP = 2-Deshidro-3-
desoxi-D-arabino-heptonato 7-fosfato).

El modelo iCV265 nos permitié establecer una tasa tedrica de carbono reducido que es
exportado por el cromatéforo a su hospedero. En el andlisis de FBA, la funcién objetivo
normalmente usada es la produccién de biomasa (i.e. simulacién de crecimiento celular). Sin
embargo, muchas otras funciones objetivos pueden ser analizadas por este enfoque
estequimétrico (Khannapho et al. 2008). Particularmente, el crecimiento de los organismos
endosimbiontes se encuentra restringido por el hospedero, lo que hace obvio suponer que la
funcionalidad metabdlica de los organismos endosimbiontes mutualistas se enfoca en la
produccién de metabolitos proporcionados al hospedero. Por ejemplo, se ha determinado que
Chlorella sp. (el endosimbionte fotosintético de Paramecium bursaria), proporciona el 57% del
carbono fotosintéticamente asimilado a su hospedero (Johnson 2011).

De igual manera, la principal funcién del cromatdéforo es la de proporcionar carbono reducido
fotosintéticamente asimilado a su hospedero (Kies & Kremer 1979). Por tal motivo, en el
presente trabajo se analizé por primera vez la produccidon de metabolitos proporcionados al
hospedero como funcién objetivo. Aunque no existe evidencia experimental, se establecié una
tasa tedrica de la capacidad del endosimbionte de producir carbono reducido que esta siendo
exportado al hospedero.
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4.2.2 La seleccidon natural determind la especializacion funcional metabdlica del
cromatéforo de P. chromatophora

En previas investigaciones, una conclusion a la que se ha llegado, es que el metabolismo
de los endosimbiontes mutualistas y los organelos de origen mutualista estan especialmente
adaptados para cumplir una funcién que beneficia al holobionte. (Wang et al. 2006) han
sugerido que el metabolismo de los plastidos se caracteriza por tener: i) una longitud de
trayectoria promedio mas larga; ii) un didametro mayor; iii) se encuentra centrado al Ciclo de
Calvin; y iv) presenta una mejor organizacion modular. Todo esto cuando se compara con el
metabolismo de una cianobacteria de vida libre. Dichas caracteristicas se atribuyeron a la
especializacién funcional de los plastidos como productores de carbono reducido. Ademas, el
metabolismo de organismos endosimbiontes mutualistas, como Buchnera (Russell et al. 2014) y
Blochmannia (Zientz et al. 2004) estan especialmente adaptados para sobre-producir
aminodcidos que son exportados a su hospedero. Esta capacidad de sobre-producir metabolitos
que son exportados fue consecuencia de reestructuraciones metabdlicas causadas por la
pérdida genética. Por ejemplo, la pérdida de la ruta biosintética de purina que permite producir
histidina en tasas mayores que en organismos de vida libre (Thomas et al. 2009).

Aunque es légico pensar que la seleccidén natural a nivel del holobionte ha determinado
las modificaciones metabdlicas experimentadas por los organismos endosimbiontes
mutualistas, pocos trabajos se han enfocado en estudiar la evolucién de dicho fendmeno.

4.2.2.1 Contribucion del articulo 2 al andlisis de especializacion funcional del
cromatdéforo

Una segunda parte importante del articulo 2 se basd en el andlisis de especializacién
funcional que experimenté el cromatdforo. La comparacidn, andlisis y simulaciones reductivas
realizadas a los modelos iCV265 e iCV498 nos permitid llegar a las siguientes conclusiones:

El metabolismo del cromatéforo esta especialmente adaptado para producir carbono
reducido. El cdlculo de la distribucion del flujo de carbono mediante FBA nos permitio
determinar que el metabolismo del cromatdforo es capaz de producir una mayor cantidad de
carbono reducido que puede estar siendo exportado hacia el hospedero, en comparacidn con la
cianobacteria de vida libre (Figura 10).

La capacidad del cromatdéforo de producir una mayor tasa de carbono reducido que la
cianobacteria de vida libre estd determinada por la interaccion metabdlica establecida con el
hospedero y la pérdida de rutas metabdlicas, lo que permitié un redireccionamiento del flujo
del carbono inorgdnico hacia la produccion de carbono reducido.

En analisis de evolucién reductiva (ver métodos en articulo 2) sugiere que la probabilidad de
gue la tasa maxima de produccién de carbono reducido en el cromatéforo sea consecuencia de
un modelo aleatorio es menor del 5% lo que sugiere que la selecciéon natural positiva es la causa
de la especializacién funcional del metabolismo del cromatdéforo (Figura 11).
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Se propone el papel de la seleccién natural actuando como un “ingeniero metabdlico” durante el
proceso de especializacién funcional de los endosimbiontes mutualistas. Esto considerando algunas de
las estrategias para el redireccionamiento metabdlico en las practicas de ingenieria metabdlica (pérdidas
genéticas, suministro de precursores y reduccion de flujos en rutas metabdlicas competidoras (Pickens et
al. 2011)) para la produccion de un metabolito de particular interés. De la misma manera, el
metabolismo del cromatdforo experimentd pérdidas genéticas, tuvo acceso a metabolitos precursores
proporcionados por el hospedero y perdié rutas metabdlicas completas. Ademds, el desarrollo
obligatorio intracelular del cromatdéforo sugiere que existe un cambio en su funcionalidad para la
produccién de metabolitos que tienen un impacto positivo en el holobionte, en lugar de respuestas a las
presiones selectivas a las que estan expuestos lo organismos de vida libre (Burgard et al. 2003).

4.2.3 Contribucion al articulo 2

Para el articulo 2, llevé a cabo el planteamiento del proyecto, construccién de los
modelos iCV265 e iCV498, las simulaciones evolutivas, interpretacion de resultados y la
escritura del manuscrito.

4.3 Contribucion de Paulinella chromatophora al estudio de la evolucion del
proteoma durante la organelogénesis fotosintética

El proteoma de los plastidos contiene alrededor de 2,000 proteinas, de los cuales
solamente una pequefia fraccidn son codificados en su genoma (los genomas de los plastidos
codifican entre 50 y 200 proteinas). La mayoria de éstas proteinas presentes en los plastidos son
codificados en el nucleo de la célula (ya sean de origen endosimbidtico o no) y son importados
al plastido mediante un sofisticado aparato de importacién de proteinas (TIC-TOC por sus siglas
en inglés: translocon complex of the inner and outer chloroplast membranes) (Nakayama &
Archibald 2012). El transporte de proteinas a través de TIC-TOC esta facilitado por extensiones
N-terminal llamadas “péptidos de transporte de cloroplasto” (cTPs, por sus siglas en inglés) de
una longitud de 50-70 aminodcidos (Garg & Gould 2016). Una segunda alternativa al transporte
de proteinas a los plastidos se realiza a través del sistema endomembranoso. El transporte se
realiza co-traduccionalmente a través del reticulo endosplasmatico mediante la identificacidon
de una péptido senal (SPs por sus siglas en inglés) (Villarejo et al. 2005).

La interaccidn “protedmica” establecida con el hospedero determind la evolucién reductiva
que experimentd el endosimbionte. De igual manera, su regulacién funcional pasé a estar
determinada por el hospedero.

Debido a lo antiguo de la endosimbiosis primaria por la cual se originaron y lo complejo del
sistema de transporte (sistema TIC-TOC) de los plastidos, es dificil indagar en los procesos
iniciales que permitieron la interaccidn protedmica entre los simbiontes. Por tal motivo fue
interesante el estudio del proteoma del organelo fotosintético en etapas iniciales de P.
chromatophora el cual se llevd a cabo en el articulo 3 “Massive protein import into the early
evolutionary stage photosynthetic organelle of the amoeba Paulinella chromatophora”.
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4.3.1 Contribucion del articulo 3 al estudio del proteoma del cromatéforo de Paulinella
chromatophora.

El proteoma de P. chromatophora fue caracterizado mediante espectrometria de masas.
Algunas de las contribuciones realizadas en el articulo 3 al estudio del proteoma fueron:

En el proteoma del cromatoforo fueron identificados 641 proteinas (283 de ellas con
un alto grado de confianza (i.e. se identificaron con al menos dos diferentes
péptidos y cuando menos en dos réplicas)) de las cuales 422 son codificadas por el
cromatéforo (238 con alto grado de confianza) lo que corresponde
aproximadamente el 49% (27% con alta confianza) del total de 867 proteinas
codificadas por el genoma del cromatoéforo.

Las 219 proteinas (45 con alta confidencia) restantes que fueron identificadas en el
cromatoforo son codificadas por el nucleo de P. chromatophora.

Se encontraron dos tipos de proteinas codificadas en el nucleo que son importadas
al cromatoéforo: el primer grupo incluye péptidos cortos de menos de 90
aminodcidos de largo y el segundo son proteinas con mds de 268 aminodacidos.

La funcién de las proteinas codificadas en el nucleo y que son importadas en el
cromatoéforo incluyen enzimas que involucradas en el metabolismo primario y llenan
vacios de rutas metabdlicas que se encuentran incompletas en el cromatéforo.

Las proteinas que con mas de 268 aminodcidos conservan una extension N-terminal
de aproximadamente 200 aminodcidos (variando de 97-221 aminodcidos) que fue
interpretado como un péptido de transporte del cromatéforo (crTP, por sus siglas en
inglés “chromatophore transit peptide”). En éstas crTPs se pueden observar
“motivos” altamente conservados.

El desarrolld6 una herramienta computacional para identificar los motivos
conservados en el transcriptoma de P. chromatophora permitid identificar
secuencias del hospedero que posiblemente codifican para proteinas que pueden
estar siendo importados al cromatéforo pero que no fueron identificados en el
analisis experimental.

De las 433 proteinas codificadas por el hospedero y que son candidatos a ser
importados al cromatéforo (identificadas en andlisis protedmico y la busqueda in
silico de motivos conservados), solamente 17 tienen un origen a-cianobacterial y
posiblemente se originaron por EGT (de sus siglas en inglés “endosimbiotic gene
transfer”), 26 de ellas tienen un origen bacteriano y el resto de ellas o bien tienen
un origen en el hospedero o este es desconocido.

La expresion heterologa de un gen con localizacidon en el cromatéforo y motivos de
transporte conservados en la planta de tabaco, permitié determinar que el crTP
también permite la importacién de proteinas a los plastidos de la planta de tabaco.

4.3.2 Contribucion al articulo 3

En el andlisis del proteoma, solamente 238 proteinas fueron identificadas de un total de
867 proteinas que son codificadas por el genoma del cromatdforo, lo que sugiere una eficiencia
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del 27.5%. Dada la baja eficiencia del analisis protedmico, era altamente probable que mucha
informacién se estuviera perdiendo. Por tal motivo, la busqueda de proteinas codificadas por el
hospedero e importadas en el cromatéforo se basd en la identificacion de la extensién N-
terminal previamente mencionada. La secuencia de la extensidon N-terminal identificada no se
encuentra muy bien conservada. En este sentido, mi contribucién al articulo 3 fue la propuesta
de definir motivos que se encuentran altamente conservados en la extensién N-terminal de las
proteinas con mas de 268 aminodcidos y su utilizacién para la identificacidon in silico de
proteinas que no fueron identificadas en el andlisis protedémico. Lo anterior permitid
incrementar el nimero de posibles proteinas codificadas por el hospedero e importadas al
endosimbionte de 24 (encontradas en el analisis protedmico) a 291 (proteoma mas predichas in
silico).

Ademas de contribuir al analisis de los datos y la interpretacion metabdlica de enzimas
codificadas por el hospedero pero que son importadas en el cromatéforo.

4.4 Validacion experimental de predicciones in silico

Si bien el trabajo realizado durante mi proyecto de doctorado fue totalmente tedrico
empleando herramientas computacionales para analizar la informacién disponible. El proteoma
(en el articulo 3) y el transcriptoma disponible de P. chromatophora (Zhang et al. 2017), nos da
una idea del poder predictivo que pueden tener el uso de las herramientas computacionales en
el estudio de los organismos endosimbiontes.

En el articulo 2, en el modelo iCV265 (modelo del cromatéforo) se hace referencia a 44
reacciones enzimaticas las cuales son esenciales para el cromatéforo, pero que no son
codificadas por el cromatdforo (revisar “iCV265 table”, en articulo 2). De ésta manera entonces,
el modelo predice que el hospedero tiene que estar codificando para dichas enzimas
complementando asi el metabolismo del cromatéforo.
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Figura 12. Complementacién metabdlica entre el cromatdforo y su hospedero. Dos posibilidades: intercambio activo de
metabolitos (izquierda) e importacion de enzimas al compartimento del cromatdéforo (derecha).

Ese es el caso de la sintesis de histidina en el cromatéforo. En la ruta de la biosintesis de
la histidina, 4 reacciones se han perdido en el cromatéforo. Sin embargo, el modelo iCV265
predice que son esenciales y por lo tanto dichas enzimas deben estar siendo codificadas por el
hospedero para complementar la ruta. La complementacién puede ser ya sea por un transporte
activo de metabolitos entre el cromatéforo y el citoplasma del hospedero (izquierda en Figura
12) o la importacién de enzimas codificadas por el hospedero al interior del cromatéforo
(derecha en Figura 12). En cualquiera de los dos casos, el modelo predice que las enzimas que
complementan el metabolismo del cromatéforo, son codificadas por el hospedero.

Posteriormente, el acceso a la informacién del transcriptoma (Zhang et al. 2017) y el
proteoma publicado en el articulo 3 permitié determinar que de las 44 reacciones predichas
como “codificadas por el hospedero” en el modelo iCV265, el hospedero codifica para enzimas
gue pueden llevar a cabo 34 de dichas reacciones. De las anteriormente mencionadas, 12
enzimas tienen la extensién N-terminal que permite el transporte de proteinas al interior del
cromatdéforo. Finalmente, de las proteinas codificadas por el hospedero y que complementan el
metabolismo del cromatdforo, 6 enzimas fueron encontrados fisicamente en el compartimento
del cromatoéforo.
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5 Conclusiones

El analisis de organismos que tienen una relacién simbidtica obligada, como es el caso de
los organismos endosimbiontes puede estar fuertemente restringido por su incapacidad de ser
cultivados sin su hospedero. En este sentido, las herramientas computacionales ofrecen una
buena alternativa para el estudio tanto evolutivo como funcional de dichos organismos (Holman
et al. 2009).

El uso de herramientas computacionales durante mi proyecto de investigacién me
permitieron indagar en varios aspectos evolutivos del organelo fotosintético de Paulinella
chromatophora a pesar de no tener acceso fisico al organismo. De igual manera, durante la
estancia realizada con la Dra. Eva Nowack en el laboratorio de “Simbiosis Microbiana y
Evolucién de Organelos” pude constatar que algunas de las predicciones realizadas en el articulo
2, con respecto a enzimas codificadas por el hospedero que son esenciales y complementan el
metabolismo del cromatdforo, realmente estdn siendo importadas en el interior del
cromatoéforo (revisar articulo 3). Lo anterior enfatiza el poder predictivo de las herramientas
computacionales.

Dado la similitud de eventos de endosimbiosis primaria entre los plastidos y el
cromatéforo, es altamente probable que las conclusiones del presente proyecto hayan ocurrido
también en los plastidos durante las etapas iniciales de la organelogenesis. Por ejemplo, la
interaccion metabdlica, genética y protedmica establecida con el hospedero condiciond la
evolucién reductiva experimentada por el endosimbionte fotosintético. Ademas, dado la
importancia de la complementacion nutricional del hospedero por el endosimbionte, es muy
probable que la seleccién natural positiva al nivel del holobionte hayan determinado las
reestructuraciones metabdlicas que permitieron la especializacion funcional de los plastidos
como productores de fotosintatos.
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6 Articulos

6.1 Articulo 1. How really ancient is Paulinella chromatophora.
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Abstract

The ancestor of Paulinella chromatophora established a symbiotic relationship with cyanobacteria
related to the Prochloroccocus!Synechococcus clade. This event has besn described as a second
primary endosymbiosis leading to a plastid in the making. Basaed on the rate of pseudogene
disintegration in the endosymbiotic bacteria Buchnera aphidicola, it was suggested that the
chromatophore in P. chromatophora has a minimum age of ~60 Myr. Here we revisit this estimation by
using a lognormal relaxed molecular clock on the 185 rRNA of P chromatophora. Our time estimates
show that depending on the assumptions made to calibrate the molecular clock, P. chromatophora
diverged from heterotrophic Paulinglla spp. ~ 90 to 140 Myr ago, thus establizhing a maximum date for
the origin of the chromatophore.
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Introduction
Mitochondria and plastids evolved from freeliving bacteria by symbiocgenesis more than one billion years
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ago'. Both events boosted the evolution of eukaryotes by expanding their metabolic abilities. Primary
endozymbiozsiz leading to organelles (i.e., mitochondria and plastids) was thought to be unique in the
history of life until the recent dizcovery of an independent primary endosymkbiosis in Fauwlinella
chromatophora®. This thecate filose amoeba hosts in its cytoplasm photosynthetic organelles of
cyanobacterial origin, called chromatophores. Phylogenetic analysis of 165 rRNA showed that the
chromatophores onginated from marine acyanobacteria from the Prochlorococcus! Synechocoocus
clade. In contrast, “classical” plastids of plants and algae evolved from an ancient unknown lineage of
cyanobhacterial.

The genome of the cyancbacteria Synechococcus WHST01, one of the closest known free-living
relatives of the chromatophore with a sequenced genome, has 2917 protein-coding genes®. In conirast,
the chromatophores of P. chromafophora straing FED1 and MOEB0/a contain between 841 and 867
protein-coding genes respectively®®. Remaining genes in the chromatophore suggest a strong metabolic
interdependence with the amoebal nucleocytoplasm. The discovery that proteins of the chromatophore
photosynthetic apparatus are encoded in the host genome and imported back into the cyanchacterial-
derived compartment, reinforces the suggestion that the chromatophore is a bona fide primary
organelle’.

It iz likely that the origin of the chromatophore iz one or two orders of magnitude more recent than the
establishment of the primary plastids of plantz and algae. But, how ancient is the chromatophore? Since
there iz no fossil record of P. chromatophora or its close relatives, it is difficult to have a precize anawer
to this question. However, an initial guess suggested the chromatophore has a minimum age of 60 Myr.
Thiz was based on the proposal that in Buchnera aphidicola (Aphid's endosymbiotic bacteria) a
pseudogens needs between 40-60 Myr to disintegrate completely®. Since the genome of the
chromatophore has pseudogenes, the same tempo was extrapolated for the chromatophore®.

Surprisingly, the suggestion that the chromatophore in P. chromatophora has a minimum age of 60 Myr
underwent a change in par of the subsequent literature indicating that P. chromatophora has ~60 Myr.
Clearly, this is an assertion that requires clarification and further analysis. The recent identification by
single cell genomics of non-photosynthetic close relatives of P. chromatophora® and novel attempts to
calibrate the origin of major eukaryotic groups!?. 1 affer an opportunity to revisit the origin in time of this
extraordinary symbicsis.

Methods

Taxon sampling. Based on previous published phylogenetic analyses we retrieved a sample of 185 rRENA
sequences from rhizaria and stramenopila from SILVA database' . These included seguences from: i)
the phylogenetic analysis whereby close relatives of P. cromatophora were identified®; i) the
phylogenetic analyses describing divergence times of major eukaryotic groups'®'"; and iii) sequences
from phylogenetic analyses of euglyphids™ and diatoms™. We did not include sequences from
foraminifera due to their high rate of evolution reflected in extreme long branches. Sequences wene
aligned with MUSCLE'. The final alignment contained 43 sequences and 1128 aligned positions without
gaps. The phylogenetic tree reconstructed from these sequences (see below) is in general terms
congruent with published phylogenetic analyses.

Molecular clock analyses. BEAUTI was used to prepare xmil files. Time trees were infermed by using a

lognommal relaxed molecular clock as implemented in BEAST 215, To select the model of evolution we
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used jModelTest'”. The Tamura and Nei 1993 model (TrN) plus gamma distribution and an estimated
proportion of invariant sites were rated best by the bayesian information criterion (BIC). Therefore, all the
analyses were conducted under this mode] of evolution. In addition, we used a Yule free prior for all
analyses.

To calibrate the clock, we relied upon several sources of informaticn (Fig 2). These included crganizsmal
as well as chemical fossils. We also used previous published estimates of the time divergence between
rhizara and stramenoplia. These sources of information were organized into four different calibration
schemes. All four achemes used information from non-controversial fossil record (evidences: a, b, ¢ and
d). However, the schemes differ on the use of soft evidence from previous molecular clock analyses
(evidence: e 1 and e.2); and on the use of evidence from vaseshaped microfossils (VSM) described
by"3. WSM were originally assigned to rhizaria. However, a posterior molecular clock analysis favored a
reinterpretation of 'YSM as members of amoebozoal?. Thus, the four calibration schemes were: (a, b, ¢,
d ell{a b, cd el f){a b cdel)ia b, c d.

Pricrs on the age of nodes were adjusted to reflect confidence on time divergence. For instance, we
assigned a strong prior on the origin of rhizosolenid diatoms because the origin of this ineage has been
dated to 91.5 = 1.5 Myr based on chemical fossils'*. The 95% probability distribution on this case is
between 91.5 to 97.0 Myr. Other calibrations received less strong priors, as indicated by the larger
number of years contained along the 2.5% to 9.5% quantiles of the shape column from Table 1. Priors
used for the origin of pennate diatoms and for the onigins of earliest diatoms were based on those used
by"" and represent minimal divergence times. The prior used for the origin of Eugliphydas was ba=zed on
the supposition that the group is much older than the fossil evidence as suggested by™®. This prior also
represents a minimal divergence time. Finally, to assign a prior to the divergence in ime of rhizaria from
stramencpila we first averaged BEAST time estimates published by'! and then we paramefrized a
normal distribution to include the varnability of these estimates. We used this normal distribution as a
prior. We constructed a second prior for the same divergence of rhizaria from stramenopila but now
basad on the inference published by'. All sequences within each prior were restricied to be
manophyletic. The root of the tree was determinad by making rhizaria monophyletic.

We evaluated each calibration scheme by looking at convergence and ESS = 200 in Tracer after running
chains of length 10'° and sampling each 10* generations. We discarded 10% of generations as bumnin.
Finally, we conducted all analyses without sequences (i.e., sampling from pricrs) to determine the impact
of priorz and to test whether sequences are informative on estimated divergence dates. Trees were
obtained with TreeAnnotator and visualised with FigTree. We provide BEAUTI xmil files of the four
calibration schemes for BEAST 2 analyzes here.

Results and discussion

In Fig. 1 we show an estimate of the divergences in time of P. chromatophora by using a lognormal
relaxed clock on 185 rRNA. To calibrate this tree we relied on: a) the ongin of rhizosclenid diatoms,
which is known with high confidence (91.5 £ 1.5 Myr)'#; b) @ minimal time divergence of pennate diatoms
{80 Myr)'"-20- ¢) a minimal time divergence for diatoms (133.9 Myr)""-2'; d) a minimal time divergence of
Euglyphidae 40 Myr'®; and e.1) a time estimation of the divergence of rhizaria from stramenopila ~1232
Myr'". This gave us an estimation for the origin of P. chromatophora of 93.6 Myr (38.1 - 138.2).
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Fig. 1: The origin of P. chromatophora in time according to SSU rRNA lognormal molecular clock.

Tree calibrated under the scheme (&, b, ¢, d, e.1). Small open red circles indicate calibrations based on fossil
record (3. b, ¢, and d); small open blue circle indicate calibration based on previous estimation (e.1); red full
circle, estimated age of P. chromatophora. Notice that the divergence in time of Plasmodiophorabrassicae
(black cpen circle) is consistent with the proposed ongin in time of forams. Species names in oranges:
stramenopila; species name in blue and green: rhizana.
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Fig. 2- Calibration constrains.

Evidence: used to derive priors for calibration constraints; Min: Minimal divergence time (Offset parameter in
BEAUTI} in Myr, Distribution: Used to model each prior together with their respective parameter values (alpha
a and beta g for gamma y and mean and sigma o for nomal distributions ) Shape: shows the median for each
distribution and the values containing the 2 5% and 87.5% quantiles. Stronger priors span few years between

the 2 5% and 87.5% guantiles.
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However other calibration schemes are possible. For instance, we can use the report of vase-shaped
microfossils (WVSM) of ~742 to 770 Myr {calibration f) that were described tentatively as members of
Euglyphida'® together with calibrations a, b, ¢, d and e.1, to get an estimate of 141.4 Myr (45.7 — 210.4)
for the ongin of F. chromatophora. Alternatively, we can follow the suggestions that VSMs belong o
amoebozoa and that rhizaria diverged from stramenopila 754.1 Myr (639.8 — 903.3)"Y together with
calibration points a, b, ¢, d and e.2 to get an estimate of 55.8 Myr (254 — T8.6) for the origin of 2.
chromatophora. Finally, we can estimate the divergence of P. chromatophora based only on calibration
points a, b, ¢ and d; thus avoiding controversial WSM fossils (calibration f) and the soft information
provided from previous estimates of the divergence between rhizaria and stramenopila (calibrations .1
and e.2). By this, we get an estimate of 47.9 Myr (28.8 — 64.9).

Which of the four time estimates is closer to the true divergence time of P. chromafophora? Foraminifera
offer a clue. Foraminifera belong to rhizaria and as well as diatoms have a detailed fossil record.
However, their 185 sequences are too divergent to include them in our analysis. The first appearance of
forams in the fossil record is dated at 545 Myr®2. Recent molecular time estimates of forams suggest this
group originated 770 Myr (§50 — 920)*. A phylogenetic analysis based on 15 concatenated genes
shows that forams are a sister group of Plasmodiophorabrassicae with the exclusion of Gromiaowiformis
as an outgroup”’. Therefore, the origin of the lineage leading to P. brassicae in our tree has to be at
least as old as the proposed crigin of forams. By looking at our time estimates, it happens that only the
two proposals that are based on a time of ~1232 Myr for the origin of rhizaria (i.e., that uses calibration
e.1) result in a date for the origin of P. brassicae that is congruent with the estimated origin of forams

(Fig. 3).
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Fig. 3: Concordance between different time divergence inferences and earliest forams in the fossil
record.

Only calibration schemes assuming a time divergence of rhizaria from stramenopila of ~1232 Myr (e.1) are
consistent with the fossil record and proposed time divergence of forams. The horizontal black broken line
represents the date of the oldest foram fossil at 545 Myr. The blue broken line represents the estimated origin
of forams 770 Myr (650 — 920).
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Although the 95% confidence intervals are rater large, the estimates of 92.6 and 141.4 Myr are
conzistent with the orginal suggestion that the chromatophore in P. chromatophora has a minimum age
of 60 Myr®: and with a more recent proposal of a maximum age of 200 Myr for the divergence of P.
chromatophora from Euglypha rotunda®®.

If our estimates are correct, the two strains of P chromafophora diverged from each other about (45.7 —
54.7 Myr). The genomes of the chromatophores in these two strains differ in about 33 genes®. This give
us a rate of ~ 0.25 to 0.36 gene inactivations per milion year since the divergence of the two strains.
These show that genome reduction in the chromatophore is a process that continues slowly however
stately. Whether these genes are been loat by genetic drift or natural selection is still a mater of
research. Further refinements on the time of origin of P. chromatophora and their chromatophores are
expected as our understanding of the evolution of rhizaria and the eukaryotic tree of life improves.
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Abstract

Background: Genome degradation of host-ssmcted mubualistic endosymbionts has been atribued 1o inacthating
mastations and genstic drift while genes coding for host-relavant functlons are conserved by purifying selection.
Unlike their free-lhving relathes, the metabolism of mualistc endosymblonts and endosymbont-ariginated
argaralles s spedalred in the producton of metabalites which as rleased 1o the hast This specialzation
suggests that natuml sslection orafted these meatabolic adaptations. In this work, we analyzed the evolution of the
metabolism of the chromatophore of Poulinells chromatophorg by in silico modeling. We asked whether genoms
reduction ks driven by metabolic enginesning strategies resulted from the interaction with the host As its widely
knovn, the boss of ermyme coding genes leads 1o mewbolic netwark restructuring sometimes improving the
production rates In this case the production rate of reduced-carbon in the metabolism of the chromatonborse

Ries ults: We reconstructed the metabaolic netwarks of the chromatophare of P chromatophoss GCAC 0185 and a
e freeliving ralathve, the oanobacerium Swmachonocous sp. WH 5701, We found that the evolution of free-lving
1o host-estncted lieshyde rendesd a fragile metabolic networfk whene =80% of genes in the chromatophos are
essan tial for metabolic functionality. Despite the lack of experimental information, the metabolic recanstruction of
the chromatophare suggests that the host provides several metabolites 1o the endosymbiont. By wsing these
metabolites as intraceliular condons, in silico simulations of genoms evolution by gene lose recover with 7%
acoumcy the actual metabolc gere conent of the chromatophare Alsa, the metabolic model of the chromataphone
dllowed us o predict by flhux balance anabysis 3 maximum rate of reduced-camon released by the endosymbilant 1o
the host. By inspecting the central metabolsm of the chiomatophore and the feslving oanobacieria we found that
by improvements in the gluconeogenic pathway the metabo lem of the endosymbiont wes mos Sfickently the
carbon souse for educed-carbon production. in addibon, our in slico simulations of the evolutionay proces leading
1o the reduced meatabolic network of the chromatophos showed that the predicied rate of relessed reducedcarbon
& abtained in less than 5% of the times under a process guided by random gene delation and genetic drift

W interpret previows findings a5 evidence that natural selection at holoblont kevel shaped the rate at which
reduced-carbon ks exported to the host. Finally, our model also predices that the ABC phosphate transparier
(mstACE) which B corsened in the gename of the chramat aphore of P, chomatophong strain CCAC 0185 k& a
necessany component to =lease reduced-carbon maleoules 1o the host
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Wonmnued from previous moe)

increased release of mduced-carbon to the host

Condusion: Cur evolutionany analysis suggests that in the case of Rawlinel b chromarophong natural sslecton at
the halabkont kevel played a promirent roke in shaping the metabolic spedalzation of the chromatophore We
propose that natural selection acted as 3 “meatabolic enginser” by favoring mestabolic restrocturings that led to an

Keywonds: Endosymbibant, Matabolic evolution, Adaptation, Metabalic integration

Background

Paudinells chromatophora i an amosba dispensed with
phototrophic nutrition that contains Blee-green photo-
synthetic organells of cyanobacterial origin  termed
chromatophores [1, 2], These novel oganelles have a
maomsphyletic ongin in different draing of photosyn-
thetic Podinells that have been deseribed [3] and were
soquired through a primary endosymbiotic event about
-~ ey 1490 Mya [2-6].

Chromatophore genome sequencing from two strains
of B drmomataphora (FK 01 [7] and CCAC 0185 [5])
mvealed a size of 0977 and 102 Mbp, respectively.
This represents about 13 of the genome size of Syme-
chacocews sp. WH 5701, the closest free-living relative
cyanchacterum with a sequenced genome. Symechocor-
cis sp. WH 5701 has a genome of ~3 Mbp and 3346
protein-coding genes [S). It indicstes that the chm-
matophore evolved by genome redection. However,
genome reduction in P chromatophora is nol o«
entreme as in plastids which ramly excesd 200 Kbp [2].

Chromatophores are genetically integrated with their
et . More: than 30 necear encoded genes of chromato-
phome origin have been identified [7, 8]. And some of the
protein products coded by these genes am impoed
bmﬂtiniﬂﬂr&drﬂn:iﬂphh&:mlpmﬁdpl&hﬂie
photosynthetic apparatus [, Ac whuronmiatio-
pheres have been deseribed as plastids in {]-re making,

B ghromatophors nutntion mlies on the reduced-
carban photosy nthetically sssimilated by the chromato-
phore [10]. This endosmbiotic-nuident dependancy
has been observed in other organims such as aphids
and tsetse flies hovsng pokinyotic endosymbionts
[11]. Particularly kr aphids, host essential aming acids
are provided by an endesymbiotic bactedwm called
Buchnrera aphidicola [12]. Sequencing of the gename of
B. aphidicola revesled 3 high degree of genetic degrad-
ation, while genes necesary for the syntrophic relation-
ship with its hos have been meiained [12].

Prokaryotic endosymbionts evolbe amall genomes
mainly by the combined action of genetic drift and
negative selection [13-18]. In host-restricted  condi-
tigrs, the endosymbiont experences a lack of mopm-
bination and horzental gene tmmfer, = wel =
megurrent population botilenecks lowering its effeciive
population size (M) and a concomitant rebxation of

matural selection [15-17]. The combined action of thes
Botors allows the accumulation of slightly deleteriows
mutations through a process called Muller's ratchet [14,
17]. As a consequence, many genes become paewdo-
genes and are subsequently loat. [n addition, selection
al hilobiont level by mechanisms like *pariner Gdelity
feedback”™ have been proposed o promote the evols tion
of mutualistic interactions [18].

Something that should be considened is that, difledng
from fee-living relatives, the metabolism of mutualistic
endosymbionis i specalized in the prodection of me-
tabsslites that are relessed o their host = nutrients [19,
A, This metabolic specialization is the consequence of
metabolic restrecturing caused by gene loss and genome
reduction [20]. Resulting reduwced genomes code for
Ewer genes, however, they are mone integrated to the
bt The excireme cases ane organelles of endovymisiotic
origin such as chlorophsts [21]. Therekre, if mutualistic
endosymbionis show metabolic adaplations to provide
nutrients Lo their hosts [19, 20], natwel selection must
heave partici pated in the evolation of these systems.

During early stages of oganelogenesis, the cmnobac-
teria that evolved into the chromatophore, had acomss 1o
metabolites provided by the hos i Lkely that the
availability these melabolites render of sme metabolic
mrles digpensable in the endosmbiont The los of
these biceynthetic pathways in the endosymbiont led o
restructurings and changes in the remaining medsbolic
Huxes. Taking into consideration all these modifications
expeienced by the chmmatophore and the meirient
dependency of the holobiont for the photosymthetic
fenction of the choomatophon:, we made the amalogy of
ratural selection scling a8 3 "metabolic engineer™ dired-
ing the arategies for the metabolic pecializtion of the
chromatophore. In geneml the objecive of metabolic
engineering i the directed improvement of medabolic
capabilities through the deletion of metabolic genes or
the introduction of new ones [23]. By wsing these stral-
egies, microorganiams have been enginesred for the
improvement of the yvield and the prodecion and con-
apmplion rates of desired metaboliles For instamnce, Tor
e ool 1-bustano] production in cyanobacteria [23], many
mare examples can be found slkewhere [24, 25]

In this wodk, we mcomirucied the genome based
metabolic models of the dumomatophor of Bewlirella
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chromatophona and the cyanobacteria Smechococcis sp.
WH 5701, We inguired inbo the metabolic capablities of
the chmmatophor; the possble metabolic interaction of
the ¢hromatophom with is host; and in silico simuokste
the prscess of metabolic evolution expedenced by the
chromatophaore in hos - rstric ted comnditions

Results

Differential gene retention of functional categories in the
chromatophore genome

Oner firgt objective was o determing to what extent gen-
etic kes affected functional metabolic categories in the
chromatophore {ie which fundionl gene categories
wem preferentially pressrved) when compared o the
genome of Symechococens sp. WH 5701, We comparsd
againgd Smediococcis sp. WH 5701 because i the dos-
et frea-living cvanobacterdum with a sequenced genoms
and itis likely to be simiar in gene content to the ances-
tor of the chromatophore. To amess the datistical =g
nificance we wed a hypegeometric distobution.

As is shown in g 1, genes belonging to 13 Functional
categories have been kss affected by genome ercson. In
particular, photosyn thesis and Bty acid biosyn thesis cat-
egories are kess affected. Betention of these 13 functional
categories in the chromatophor: can be attributed to a
host-level selection protecting from gene kas, Conserved
genes very likely play an sdaptive mle in the holobiont.

I silico metabolic reoonst rection of the chinoma boplhor e

of P. chromatophera and Synechorecous sp. WH 5701
T better undersdand the role in the symbiosis played by

memaining genes in the chromatophore, we mrecon-
dructed two metabolic medels. One for the chromato-
phore of B chomatophors QCAC 0185 [5] and the
ather for Symechomecns sp. WH 5701, the cossst fres
living cyanckacterium with a sequenced genome. The
ratiomale behind this is o wme Syechococcus sp. WH
5701 & a proxy of the ancesiral cyanobacterium that
el ved into the chroom tophore.

Metabolic mode]l mconstrsction of the Free-living
cyanobaciedum Symechowess sp. WH 5701 was done
by identifying orthologs to thase protein-coding genes
mepored in the metabolic model of Syrechocwin sp.
PCC 6803 (i[N6TE) [26]. The realting metabolic model
of the Fee-living organism (FCVASH comprised 743
melabolic resctions with 69 melabolites and 4898
protein-coding genes. Metabolic model recomstrection
of the chromatophore was done by identifying those
genes in the genome of the chromatophone of £ chro-
matoplora CCAC 0185 that ame orthologew o the
free-living metabolic model (V0. The metabolic
el of the chmmatophore (CV265) comprised 627
mactions, ©15 metabolites and 265 protein-coding
genes. Becawse Symechococens sp. WH 5701 is a dose
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freediving relative of the chromatophone, it could be
corgidered that 158 reactions were lost along genome
meduction in the chromatophors [Table 1)

By using the biomas equation of the canobsctedum
Synechocystiz sp. POC 6803 [26], we tested the hunction-
ality of the V88 and the iCV265 metabolic maodels
with Flux Balance Analysis (FBA). Biomass pooduction
was set as objective function. In silico growth was simu-
bited under avtotrophic conditions. OOy and photons
uptake were set to 37 mmol = gDW™ o« b and
L ] = gDV w0 BT respectively and set = con-
straining metabolites as in [26].

Lin masded $CVAYH, almos every metabolic pathway for
biomass production i complete The exceplions were 4
meactions for which no orthologous exist in Syrechocos-
ais sp. WH 5700 when compared to iTM6TH (see maodel
LVEE in Additional fle 1) These mactions had o be
sdded to the V498 model in order to prodsce all the
components necesary e the bicmas equation [n this
wary, IOV showed an in slico growth rate of 00884 H"
which is identical to the in dlico growth reported for
Smechocystis sp. POC 6803 metabolic model wnder
autol mphic conditions [26].

Under these conditions, the metabolic model of the
chromatophom: ((CV265) did not show in dlico growth.
This was obvioudy due to the redoced metabolic cap-
abilities caused by the genomic reduction process
expeimented by the photosynthetic endosymbiont. Gen-
o reduction has alfected the metabolic capabilities of
the chromatophore in two ways: a) some biosynthetic
pathways wene completely lost; while b} some other wens
partially lost

For sample, in Smechocystis sp. POC 6803 ribodlavin
s synthesized by four genes that pedorm sx meactions
by wsing Guanesine 5°-riphosphate (GSF) and D-
Ribulose S-phosphate (RSP a8 precursorns metabolites
[26]. All these genes for rilofavin biosy nthesis were lost
i e chromatop baee. In Chis case, we sssumed that the
hodt provides riboflavin to the chromatophore, The pos-
dble explanation for this les i that dbollavin is the
main precurser Gor Bavin monon ecleotide (riboflavin 5°-
mim ophosphate, FMB) and Savin adenine dinwceotide,
v main ooompound s Chat work a8 coenaymes Tor many
of the enzymes aich & oxidoreductass  inchsding
MADH dehwdrogenase s well as in bidogical Huee-light
photo receptors This observation is comcomitant with
the loss in some functional gene categonies; as in odda-
tive phosphorylation (Fig. 1) As the hypothesis i that
the metabolic netwodk must prserve s functionality,
whenever we found 3 dmilar sitsation, exchange mac-
tigrs woere added 1o the metabolic model 1o dmubite the
incorpormtion of ribollvin and other me@bolites 2
sdditional nutrients fmom the host These metabolites
includad aming acids, cofsctors, vitaming and other
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[]. Genes wre dassfied following BEGG deamse opddswwiongg)n)
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Fig: 1 Cormramion of funconal gane clegortes 0 e O omatooh ae whian companed o Symachooras 5o, WH 500 For e funcional
cHagory we show In grean and red the percentage of gene conservation and lost in #we chromao phore, repectwedy. For instance, F a gene
cEeag oy 5 aompletely graen, & indictes fatal artalogs In Symachomos 5p. WH 501 are aoneerad In e choom o phane. A Shown, gane
s affiecs d Ferenialy each one of fe fundional miegodes In e chromatop hoe. Fundional @egores mriolary wedl oreered ane
Indicaed with aswenshs (pvake © 005 o cO0F™, Bonfiemonl comecied). Satsial sgnificance @icualed by using a hypegeomeric digduton

Geng percentages

marbecules which are essential for the bismas equation
bt canmot be produced by the chromat ophore [Fig 2.

Some other bissynthetic pathways are truncated in
the chromatophore because single gene coding en-
oymes were lodd . For example, in te bicsynthetic path-
way of lencine, most gens coding eneymes are present
in the chromatophore excepl for the gene coding for

Table 1 Chassctadstiee of melalndc mode of Smahoddn
s WMH 501 E0EE0E) and the chesmatophare (OVES)
Metibolic modd

e OIS
Canires 492 riiLs
Mo e L2 ] GiE
Imimcalunr meanalies L0 iTE
Eamceluar maanales i T
Rmcions T43 &I
ENmymic reac mons R4 4TE
TrRreEnan ReacTones EF o
Exchange reacions ir r

F-isopropylmalite dehydrogenase. [n this case, we -
aymed that host encoded encymes complement the
pathway in the endosymbiont Either by impocting
host enooded eneymes Lo the chromato phore or by ex-
changing intermedioted metabolites between the sym-
bionis. Similar dtuations have been proposed for other
hot- end csymbiont systems [12]. For this mason, we
msumed that the production of these metabolites is
shared between the host and the endosymbiont (s
madel JCV265 in Additional file 2}

[n addition, some resctions in the olmomatophors:
madel ACV2ES for which o onthologous gemes edst
with the fres-living model (CVI98 lut are sssential for
in dlico growith were asanmed bo e present (see maodel
VS in Additional file 2)

Finally, chromatophores lost the ability to store phao-
tsynthates as well as the capadity o synthesize su-
croee [5]. Because of that, glyeogen was removed from
the bismass squation in (OV265. Under these condi-
s, in @lico growth of the V265 modsl was
0.1568 h~". This is an unrealistic rate because growth
of the chromatophores is restricted o host division
which is much lower than gmwth rate mported for
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Fig: 2 Muriems upmke smuafan in the dwomeophone model
O] Memboltes atcannot be produced by e dhroman phone
(w0 the fee-iving mode), O949E) Indude: amino adds
T = L-emianing, [ = L1 remopian, fegq = L-Anginine, (il =
L-Gumamme Hom = L-Homosaine), oofaciors (MAD = Micoaramid e
adenine dinudeotde, Adochl= Ad enosdonialamin, (o= Cosreyme
), wEmirs (Ribfiv= Fihofiin and ofers (AICAR =1 -5 *Fhopinonbosd -
amincrd-mickaeoiecrooe ide, Sucl ob = Succimd-Cob LipidADs =
Lipid & Dsmaocharice, Du4® =3-Dvpcdinor 3-deoony-Draabino-hepionate
FoncEpae]

free-living cyanobacieda and even other photosyn-
thetic eukaryies [27].

FRobustess anahysis of metabolic modes s

We assmed the mbudness of the OV and the
V205 models 1o Sngle gens deletions. Genstic m-
busines was defined as the capacity of the models o
maintain its melabolic cpabilities (in sdico biemass
production) after a genetic deletion. Under  plasto-
trophic conditions, model OV showed 333 genes
[ahB6%) Lo be emential because ils deletion decmases
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the biomass production over 9% (Fig. 3). This resuli
shows that (CVA9E is les robust than the metabolic
mndel of Symechocwtic sp. POC 680 where 51.6% of
the gems are emential ender these same conditions
[26]. In addition, ther: is a decreasng robusines in the
menddel off the chromatophor: whem 222 of the 265
genes (B3.77%) ame esential (Fig. 3). This indicates that
the genomic meduction experimented by the chromato-
phore rendered its metabolic network fragle The same
meanll has been observed for other metabolic networks
of endosymbionts [20, 28, 29].

[nberestingly, we fownd that there am 3 mon-sssential
genes in the metabolic model JOVI9E whose single dele-
tion decreases in silico growth rate. These inclede genes
encoding the enrymes acetyl-Cod smithetas, malic en-
oyme [MAD) and fumarmse OF these three, the last en-
oy i the only one decreasing the in silico growth rate
in i[M6TH when it i deleted (data not shown) In the
V05 model, all these 3 geoes were lost In addition,
the mon-essen tial gene in VEE coding e an ennme
with arginase sctivity i the only one whose deletion de-
creaes the growth mbte in the V%85 ¢ homa bophors
maidel This suggests that genome reduction leading o
VS caused metabolic restrocturing beonse deletion
of this emryme with arginese activity in #CV398 has no
ellect.

In silico simul stion of metabolic-gene lose in the
chromatophone of P. dromdatopheng

Based on the metabolic metwork of the free lving Syome-
dhococcus sp. WH 5701, we simulated in silico the gens
ks We evahmated the impact of intracelhelr oonditions
(metabalite svaibbility) on the evolution of the chm-
matophore. In particular, we asked whether the set of
metabolives predicied 1o be provided by the host in the
VRS madel (Fig 2) determined actual gen content of
the chromatophore afler genome reduction.

Twa in slice intracelubsr conditions were evaluated.
[ the Brst oo, we dmubsbed genetic reduction under in
glico intracellubir conditions where available nutrienis
weere those predicied in the (CV265 maodel (we refer o
them as Proposed Butrients) (Fig. 2). In the second omne,
we randomly selected metabolites from the §CVASE
el (the same member as in the st condition) and
amagned as avaibble nutrients under intracelhlar condi-
tires [wer refer o them = Randomized Mulriends; see
Additional file 3: Table 51} The algorithm to simokie
gengame reduction is explained in detail in the methods
saclion.

This algorithm allowed ws o obiain in siico evolved
chromatophoms whose metabolic capabilities reganding
the biomasm prodecion are sguialent o those of
CVRS; bt differing in their in slico evolstionary his-
Lovry amd gene comlent.
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Limulations under the Pooposed Muldents comditions
meaulted in redeced metabolic networks with 2951 (&
263} genes on average. [n these mduced networks, of
the #8 genes present in the free-lhving ancestor {masdel
AV AEE), 52.2% are sticlly conserved in the 500 simula-
tiors and 26.7% are digpensable in all of them. In Fan-
domized Mutrients simulations, reduced networks have
an average dze of 3268 (£ 526) genes and 54% and
16.2% are conserved and dispensable in the 500 simuls-
Licorics, s pg Live: by

As is shown in Fig. 4, the proportion of i) esential
genes (predicted to be ssential in 500 simulations) i)
variable genes (predicted to be comnserved in 1 to 4#9
amubstionsl and i) dispenable genes (predicted o be
kit i 500 @mubtions), vares between metabolic path-
WAV, These prpOr o s also vary bestwiseen Lresbmenls
{Les Proposed Mutrients or Randomized Mulnenis)
Surprisingly, the most extrems case i that of the genes
participating in photesynthetic activity. [n Proposed
Mulrenls 77.6%, 183% and 21% are predcted o be as
sntial, varable and dispensable, mspectively. While
Randomized MNuldents nome was predicied bo be eseential
it g permable becase 1005 of twem we s variable

Genetic concordance was evaha bed between thess sim-
ubited minimal networks and the raal chmmatoplore

mandel (A2V265). This was done by messuring sensilivily
and specificity as in [30]. In Fig 5, we show the fraction of
e podtives and [lse-positives for every cotodl (1 G
SO T e pocdtive and Gl s postive for every cutoll (1 Lo
SOl a curve whose ama wider Uhe curve pepresents
the probabiily thal a gene comserved in £V205 is present
in e smubstions than a gerne which has been lost

The area wnder the curve shows the contabution of the
mubrients avaikble in intracelldlar comditions el aining
the svoutionary higory expedmented by the chomato-
phore, Accordingly, the accuracy obtained under the Pro-
pird  Mutrients condition was 774%, while that of the
Famdomised Mutrients was 598%. The difle rence bel ween
the areas under the curve from both conditions is statist-
cally dgmificant (pale < 0001, Chisquare et of
heisrmegg et ).

Muosdeling s ection and drift toexplsin metabolic
eviadution of the chnom atophore

W are interested in undestanding the role plved by
matural selection during the svolution of the metalbolic
capalvilities of the chromatophore. Clroma bophomes pro-
vide the host with reduced-carbaon, probably a I
This in amalogy o the origin of plstids [0 has been pro-
privied el during the early stages of plastid evolution,
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the photosymbetic endosymbiont exgporied  medoced-
carbon in the foem of an hexose-phosphate through an
hemoese phosplate tmmspoter of bacterial orgin {mon-
cyanobactedaly [31, 37].

T study haovw the potential rabe of carlyon exporiation
evilved, 3 hexose exporl resclion was added o the
metabolic models. This maction was defined as oljec tive
fuiwcticn. To enmime biomas components  prosdoction,
the bismass resction was fived to (0888 B~ which, =
dated previowdy, & the growth e of Serechocwis sp.
POCC 6803 metabolic model under autotrophic growth
conrndl tiomis [26].

Under thes conditions, there & no exporation of
meduced- carbon in the (CVI98 model. However, in the
VS chromatophore masdal, the potential rate of hex-
o epiorled without alfecting the in s@lioo growth mle
was 02689 mmol = gDW ™" < b7 In Fig &, we show the
Buxces caleubsied with FBA of the central metabolism of
the models of the chmomatophors and the Free-lving
cyanobactera in conditions previowdy mentioned.

Fluxes calculated for production of metabolites precur-

s wsed b prodoce biomas compenents are prodoced

in k=g guantity in the chromatophores model (Fig &)

This is a comsegquence of the los of metabolic capabil-
ities in the meabolism of the chromatophore which
allow the redirection of cadsn throwgh e ghee omeo-
genic pathway for the production of beooses = meta-
badic oljective, instead of being uwed in the prsduction
ol ot oo el &

To analyze the slficiency of the metabolic networks
in terms of hexose production at overall metabolizn,
we calcubited the vields The vields are pammmeters
that measure the eficency of the metabolic network
and allow the comparison across different micmor-
ganisms. For instance, the vield of the sthanol prodec-
tion i higher in Saccharompces cerevisiae oomparad
by Symomanas mrobilis, this was the resalt of the
specialization of the microorganism b prodoece spe-
cific metabolites [33]. Themlore, we caleulated the
vields of carbon, energy and mdecing equivalents
{extracellular 0w, ATP and NADPH) reguired bo pro-
duce hexose [Table 2). These esulls show that the
masde]l of the chromatophor is more efficent for
producing hexose fmom the external carbon than the
free-living cyanobactena. [t means that  metabolic
mstrociurings experienced by the chromatophors
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mendered its metabolism more efficient o prdoce
e which can be provided to the host.

The viekds suggest that the loss of svme metabolic cap-
abilities in the ancestmal cvanobactiedum camsed a redic
ection of fxed OO, causing changes in metabolic Duxes
and consequently increasing the rate of redueed-carbon
e pirberdd Lo L ectracel halar ¢ ormpartment.

We then inguired aboul the svolotionary foress that
determined genetic comnservation and metabolic fine-
tionality in chromatophores Specifically, we wanted o
infer il these metabolic capabilities of the JCV285
masdel (the potential mbe of hexose exporiation of
02689 mmol = gDW" « b™") could have been possible
under a random mode] of evolution or were the conge-
queence of natwral selection for metabolic specialization
of the chromatophore and ils positive impact al the
haolobion L. To tests this, we amulated the metabolic re-
duction process with hexose ecport and biomas pm-
duction as evolutionary restrictions in a mandom maodel
where hexose exported mus be greater than zem. [t
means Lhal every gene alfecting the in silico growth rate
of 00EE4 b and impairing bexoss export was consid-
ered as emenilial while the hexose sxport rate oould
always vary while being greater than zero | purifying se-
lection restric tion For hesse expord ).
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Minimal networks oliained in glico under these con-
ditions wers vadable in siee and gene content. OF 500
amubstions, only 175 (A03%) of the genes comserved in
madel SCVIES5 am conserved in all the simuolations. Con-
versely, there are 45 genes predicted o be emential in all
these SO0 dmubstions which are not conserved in model
VRS, The metabolic networks from these S00 simula-
Gires are different in gene conlenl and show diferent
hesgese expanrt rates however they am eguivalent in bio-
s prosduction (Additional Ble 3 Figure 51)

As shown in Fig 7, alter in silico metabolic reduction,
hesgese expart rate in minimal networks obtained under
these comditions tend o be minimal and close Lo 2ero
(e export rate conld not resch sem because of the
resiric ton we imposed). On the other hand, only 268 of
amubstions: have a potential mte of hexose exported
equal or higher than the metabolic modsl of the chim-
matophore (12689 mmol = gDW ™" « b} This suggests
that the probability of obiaining a potential rate of hex-
o exported dmilar to that of V265 under a mndom
mminded is less than 5%, We got a smiar mesult by varying
the growth mte constraint of G0EE4 b under plesble
biclogical values (sse Additional file 3: Figure 53).

Although vardable, our simulations evolved metabolic
metworks that lave approximately the same number of
reactions than #CV265. The average mumber of reactions
with mon-zero Duces in the reduced metabolic models of
the 500 simulstions i 41615 £ 3901 This is slightly less
than the number of eactions with non-zem Muxes in
the MCV265 model [HR resciions). This shows that the
amall percentage of smubitions [26%) showing a polen-
tial rate of hexse quored squal or grester than that of
the chromatophore (02688 mmaol < gDW™" = h™') &
ol due simply o smaller size of the smubited meta-
badie netwoorks.

These in silico experiments suggest that the polential
rale of hesose axported in modsl VIS is unlikely to
b ther omnbome of only genetic drilt and podfiing selec-
tiom (e, less than 5% of the simulibed networks export
hexose at a rate comparable to that of JOV265) This
anggests that the potential rate of hexose exporbed was
the result of a process of functiona] specialzation in
which the incressing rate of hecosse exporiation was fa-
vored by natural selection due 1o the positive impact at
the heladyiont level

[nerestingly all these 26% of in alico evobied ¢ b io-
pleores have in oommon e conservation of a phosphate
trangpocier via ABC system which is als present in the
choomatophore  mosdel  (ICV2385) Congervation of this
prsphate s poder allows the simulbsted network bo gel
the plusphate necesay b be alde to aoport Bued s
WWithowt this transporter most of fxed carbun is ooddized
in the penisme phosphate pathway melosing mmly a anall
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Metabolic imbegration of the chromat ophore to its host

I owr previous simulations, we asumed that mtrients
(Fig. 2) were available simlanemely for the chromato-
phore since the beginning of the evohstionary poocess at
the onst of the endosymbiosis. However, it is likely that
this has not been the e and transportes for e m-
trients wers gained (or lost) sequentially. For instance,
melabolic trangport aclivity in the chmmatophor

Table 2 Vides (Y, o) anahyin of edrscalular OO0, ATP and

MADPH comumed in heode paociuciion for Bodh models
Menbolc madd
Ll e TE
TS Hiesaoeey mmimicl T Hetee TG
Lk Qnsg Qo
AP QG Qo0
MALEH nlaE ] Qoo

reduced due o loss of most transporters in compadsn
o free-living cvanobacteria [5]. And it has been mepoed
that a large percentage of solute trampodes in plgids
from Plamtae have host and bacterial (non-cyamobaect er-
ial) orgin [31, 34].

Therelpre, we simulated the evolutionary acguistion
of transpodes and ils conssguences in gene lss and
the capability of the chromatophare b export Bxed car-
iy o it et

For every simulation, we wied OV a5 a ree-living
ancestor of the chmmatophor under nubdent-rich con-
ditions (Fig 2 Howsever, in this experiment, the maodeal
ACVEE did not bave acces o all nutrien s since the be-
ginning of the simulation [etesd, we randomly
asigned a trangpon allowing the wptake of the regec-
ive muirent We then randomly deleted one gene al a
time from VSR I the delsted gene aflfected the
growth  rate  (00BR4 EY) or  impaired  hexoss
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exporiation, we considerd this gene as ssential and
war restored it to the model. In this way we analyeed
the slective impacl caused by gene loss doe bo the
addition of a single transpoier and the concomilant re-
bixation of natural selection for miention of specific
biosymthetic pathwas, Onoe we analyveed every gense in
the maodel we randomly assigned a soond tansport
and then we repeated the gene loss simulation men-
tivred above Simubition stops when in dlico clhm-
matophor has access Lo the 13 nutrients (Fig. 2) and
all geres have been saluated ke their sssentiality.

As shown in Fig. 8, after the incorporation of the 13
trangport em, the probability of getting a potential e of
heemstamoe e puinrted equal or higher than the metabaolic miodeal
of the chromatophore (1268% mmaol = gDW " = ") i
less than 5% in 500 d@mulations in agreement with our
previous resull (Fg 8]

During the prscess of metabolic integration, it is noted
that the maximum rate of hecose sxportation beoomes
greater with every metabolive olisined as motdent. How-
ever, by inspecting the freguency distribution of simuls-
tiores with different potential mbes of hecoose exported, it
i obvimis thal = melabolic inegration asdvances, the
probability of geting the i rate of hexose ax-
podation decrases (e the freguency of networks with
large export rate becomes analler).

These changes in freguency distributions dudng the
proces of melabolic inbegration can be interpreted in
terms of the fenclional specialimtion o the chromato-
phore. As metabolic integration procesds (with the
addition of more tmmspoders), the chromatophore in-
creased ils capacity bo provide liced catbon o its host.
However, continsed gene loss led o a simplified meta-
beolic metwork and a smaller fraction of in sillico evohed
chromatophores can export as much fxed cadson as

V5. The evolutiviary bndscape becomes analler o
evolution proceeds.

The metaboliim of the chromatophone i dpecially
adapted to prodece carbon for its host
As shown above, the potential rate of hecooss exporbed
in the cdromastophore model ((CV265) is  highly
dependent on phosphate consumption. In addition, the
growth rate of the chomatophom is coupled to the
haet's growth mte. As shown above, the polential rate of
b exported is unlikely bo be the oubcome of a ran-
dhiwimy e vl i,

To test the impact of these two mstric tons, we ana-
hrzed the metabolic propedies of models (OV265 and
VS in pobential rate of hexwse expored under
growth rate and phosphate uptake restriclions As
shown in Fig. 9, the potential mie of heome acpored in
the VI9E maodel is robueg with megpec o grvwth rate
and phosphate uptaks {ie a given growth rate can as-
tain the hewose rate exporiation with different mtes of
phosphate comsumption). This contmss with the chm-
matophore madal ((CV265) whers, for a given growth
rale, only a specific conammplion of phosphate i moeos-
sary o sustain hexose rebase In addition, the capacity
of heose export in the (CV205 madel Ffor a determined
growth mle medriction is grester than the #OVa98
rid el

Discussion

I this work, we show that the metabolic netwodk of the
chromatophore of £ chromatophora & dilferent bo the
metabolic network of its free-living relative Symechocos
ais sp. WH 5701, We sugged that these differences
evolved by natwral selection Geneloss and carbon Bux
redirection guided by matuml selection led o metabolic
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specialization of the chmsmatophore a5 a redwe ed-carkon
provider.

Purifyi g selection and the maintenance of the symbiosis
Cher analysis showed that some metabolic pathways
have been preferentially conserved in the ¢hromabo-
phore (Fig. 1) These preserved metabolic pathways {ie.
photosynthess, carbon fation, and ghioomeogeness)
very likely play a prominent role in the symbiosia This
pattern is amalogows o the one observed in many other
endosymbionis eg. Buchrera aphidicola [35]. In this
liber came, bicsynthetic pathwas prodocing  essential
amindg acids for the host [12, 35] are preserved by hos-
level matural selection

As mentioned above, diflemential comseration of gens
cabegory [unclions aggeds that puedlving selection is
preserving relevant symbiotic functons. Accordingy, es
timation of the rate of nuecdeotide alstitulion in 681
DA alignments of protein-ooding genes orthologous
between chromatophores of two difernt strains of £
chromatophora (OCAC 0185 [5] and FK 01 [7]) showed
that mast of them have signals of pudfing selection [7].

[1 haxs been suggeded that host-level selection prevents
the Bxation of delsterious muiations in esdosymbiomnis
thus lowering the dances of 3 muotational melidown
mesulting in extinction [36 37]. Amd, of cowse, this pre-
venils the conseguent replacement of non-funcional en-
dosymbionts [38]. [n addition, selective presure o
maintain fenctional proleins increass with the tme of
Tt - eendossymbiont inberaction [36] and combined with
very srong bottlenscks may  help o reduce the

sccumubtion of delserows mutations. Thizs has been
proposed o expliin mitechond dal genome el wtion
[34].

Met abolic integration of the chromatop hore to its host
Comparison of the metabolic models of the chromato-
phore and the cyanobacberium Symechococais sp. WH
5701 allowed ws o inguire inte the evolition of the
metabolic interaction of the chromatophores with its
hivt. For example, several metabolic pathways in the
chromatophore are incomplete. [t is likely that the host
supplies these metabolites as mutrients to the chromato-
pheire. Metabaolic pathway sharing is a hallmark of endo-
ambiotic organisma For example Waollachia, which ame
endosymbionis of many animal species, show a degraded
gergine [40, 41] whose limiled metabolic capabilities an
complemented by its hoa [42]. In tem, the endosimbi-
ont provides the host with nutrients aich & ribollavin,
i Lively i ting host Biness [42]. Equally remarkable
i the likely coupled production of some metabolites be-
tweren the chmomatophore and its host. As mentionsd
above, this collaborstion in metabolite biventlesis has
by observed in other symbiotic systems [43-44].

Fragility of a reduced metabolic network

To study the metabolic capabilities of the chromato-
phares we wmed FBA This stoichiometric apprmsach can
predict cellular phenotypes in speciic env moomenilal
comditions. Generally, biomas production is fced as ob-
jes tive T tion, In absence of biomass composition, the
e of 3 biomas eguabion (oo a related organism is a
valid starting point for metabolic analysis [47-49]. In
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this way, FBA has been used to infer the metabolic cap-
abilities of different organisms whose cultivation and
experimental management is challenging or not yet pos-
sible, as in the case of endosymbionts For example,
biomass composition and the metabolic model of
Esdrerichia coli were wed for metabolic analysis of
Buchnera aphidicola [20, 30), Sodalis gossinidins [29],
and Blattabacterium cuenoti [28]. In the same way, we
used the biomass composition and stoichiomet ric model
of Synedrocystis sp. PCC 6803 as a starting point to
maodel the metabolism of the chromatophore and Syne-
chococens sp. WH 5701 [26].

We found that the metabolism of the chramatophore
is highly fragile to gene deletions Approximately 4% of
the genes in the model are essential when singly deleted
in comparison with ~67% of the genes in Synechococcus
. WH 5701 A similar difference in metabolic fragility
was found by [2] when comparing the models of 8.
aphidicola and its free-living relative Fscherichia coli
where 84% and 19% of genes were essential, respectively.

In the same way, the metabolic network of two strains of
Blattabacterium atenoti (Bge and Pam), the abligated
primary endosymbiont of cockroaches, were shown to
be highly fragile to single gene deletion. It was found
that 76.1% and 796% were essential genes, respectively
[28]. Finally, in Sodalis glossinidins (the secc non-
obligated endosymbiont in eady stages of tsetse flies),
#.54% metabolic genes were found to be essential, com-
pared with its ancestral network where only 25.48% are
predicted to be esential [29.

Our robustness amalyses of the CV265 and the
CVA98 models agree with the genemlization that
metabolic networks of endosymbionts are more fragile
than their free-living counterparts. This metabolic fra-
gility of endosymbionts contrasts with theoretical esti-
mations that suggest that, in general, metabolic systems
are robust and complex [50]. However, the metabolic
systems of endasymbionts are considered more rabust
[28] than minimalist metabdic networks [51]. The dif-
ference in metabolic fragility of the chromatophore
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when compard to Srechococcus sp. WH 5700 relecs
the transition from a free-living style to a more gable
comdition inside Bopbnela chromatophora.

Metsbolic environment a4 & deter minant of gene content
[t has been shown that retention of metabolic genes in
endosymbionts i determined by the metabolic require-
memnis and molecubsr enviromment of the bost [52, 53]
With the wse of FBA and the metabolic model of Sme-
chococcus sp. WH 5701 & a prooy of the ancestor of the
chromatophore, we esvaluated the impact of the hos-
metabolic emdimament in the reduction of the metabolic
ayddem  of the endosymbiont The proposed |-
metabolic emdimmment (Proposed Mutrients) predicted
with 77.0% of sccuracy the sctual gene content of the
chromatophore. This & in contma with the 598% of
accuracy obtained when wing 3 mndomly set of host-
provided metabolites (Randomized MNutdents). This em-
phasizes the contribation of the intracellular metabolic
environment Lo the evolution of the metabolism in the
chiromatoplheore.

Limilar reductive smubitions have besn wsed o pre-
dict the set of essential genes of pathogens located in
certain environmenial miches (like the bloodstram)
within the human body [52]. In the same way, reductive
evolution Smulations wsing E. cali a5 free-living ancestor
predicts with 80% of sccumcy the metabolic gene con-
tent of 5. aphidicols and Wigdenvorthia glvaindia [30].

Inspection of the proportion of digsensable, vadable,
and emential genes by in dlico reductive simubitions (e
Proposed Mutrients and Fandomized Nutrents) predics
differential gene retention patterns between differnt
metabolic pathways. For example, in Randomized Mutri-
enls simulbtions, pholesynthesis pathway (which i the
raizon détre of the symbiosis] 1% of genes are pre-
dicted as “variable” (none of the genes are predicted to
b retaimed in the 500 @mubstions) while in Proposed
Mulrienils ~78% am asential This means that wnder
Randomized Mutrienis, photosynihesis function could be
e fil bt ol esmential and could have been loet in the
chromatophare by chance. Cleady, the set of metabolites
comprisng Randomized Nutrents cannot sccount e the
mtabolic gene content of extant chroma tophore.

Maximization of biomass production is regulady wed
& abjective fundcion in FBA analyss. [tallows predicting
the distribution of Muxes though a metabolic network
[54]. The maximization of biomass function is wsed as a
ey of evolubiomary fines. However, mamy oller ol-
jective functions can be wsed [58, 55). For indance, it
was edimated that Chlorella (the photosynthetic endo-
symbicnl of Porameciom bursaria), releases 57% of ils
photosynthates o its host [58]. This means that most
carkon photosynthetically assimilied i destined 1o sym-
biotic interaction indesd of biomas production of
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Chlarella itsll In the same way, B chromatophora has
phototmphic mutritien. [ depends on carbon asimilates
which dervate from the endosmbiotic cyanobecieriom
whose inorganic carbon mte asimibtion is the same a
a free-living cvanobacteria [10]. But unlile its Fee-living
relatives, its growth rate is restricted by £ chromato-
phora. Consdering the above metabolic analysis of the
chromatophors, which predict an in dlico growth mte of
1568 W% it is dificuli to consder the biomass as the
only objective function in chromatophores. Taking into
comsideration that chromatophors provide the host
with reduced -carbon, a maction simulating hexose ex-
port o extracellular compartment was addod. This re-
action was defined as objective function. And o ensume
biomas components production, biomass reaction was
Bxed to 0U0HES b " which is the growth rate of a free-
living relative cmnobacterium. Interestingly, under
these conditions the metabolic model of the chromato-
phorse predicis a potential rate of hexose exportation of
(L2089 mumaol « gD‘N’" « Wt As far as we koow, this is
the st metabolic redoctive evolulionary  amalysds
where metabolic fenctiomality (ie hexose export) of the
endosymbiont & explored a5 objective Function, diller-
ing from previous analvees whem biomasm & =t =
objective lunction of mutsal endosymbionis a 5 aphi-
digada [20, 30, 8 glvsinidin [29] and B. cuenoti [28].

ABC phosphate transporter is an edential component of
the chromatop hore

All simulations showing a hexose exportation rate
equivalent 1o that of the chromatophor  model
(CV265) share the ABC phosphate tmansporter. This
Pi-dependency in the chromatophore agrees with that
observed in isolited spinsch chhoroplasis [57]. It has
been shown that photosynthesis declines dramatically
(less than 1% of the maxmum rate) in chloroplast in
the absence of P, in the resction medivm. Also, cadson
axpiort from the chloroplast is inhibited [58], with up b
6% of " fixed being retained in the chloroplast [57].
Az mentioned above, this cbiervation agmes with the
mare than 95% of simulations which predict that ek
of ABC phosphate transport Byvors cadbon retention in
the chmmatophors intead of being mleated to the
host. Therefore, we predict that lack of ABC trans-
porter in the genome of the chromatophor of Sauli-
rella FEOL is compensated by a phogphate tmansporter
wosded in the host [7].

Theee rode of natural selection on the evolution of the
metabolism of the chromatophore

Inspection of FBA calculsted central metabolic Nuses in
the chmmatophore amd in the free-living o yano bacteria
showed that the endosymbiont is better at producing
hesose. This & likely a host mbted adaplation To
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imvestigate whether this and other charscedsics of the
metabolic model of the chromatophors svoheed by -
wral selection, we simulsted in silico redective ewolution
with a mull maodel not inceding postive selection. As a
oy of genome reduction by purifring selection and
rarwdivm genetic drifl, we ailsmitted the metabolic midel
ol Symechococcns sp. WH 5700 with the ibpllowing algo-
rithm: a) first, we simulsted hoa-level purifying selection
by requiring that the rate of hexose exportation of the
el st be always greater than O and bicmas is poo-
duced at WOREE mmal = gDW " < b b) mext, we per-
formed rownds of single gene deletion wntid no more
genes could be deleted; ¢ fimally, we repeated this
prcem SO0 times By this, we oblained a popubation of
S reduced melabolic networks all of them capable of
produscing (0884 mmal = gDW™" = h™" of biomas, but
il ring in bexose rate axporation. Dilerences in rales of
hexone exporation were due o conlingency -dependent
b of alternative pathways [30]. With this egpenment,
wi could determine i the potential rate of hexose
exparted in JOV265 (02689 mmad o« gDW T« B7Y) i
esily obiained by host-level purifving slection (hexose
enpanriation =) and contings noy-d ependent esvolution on
randiom gene deletion. Cur evolulionary reduclive ama-
hmes showed that 5% of simubitions were predicied 1w
eqpirt hexone at a g@milar rate a8 the model £V2305. This
sanggeds that metabolic functionality of {CV265 i unlikely
Lo e detemmined by genetic dofl alome Therelore, we
comclwde that natural selection at holobiomt level may
have comtriluted o shape metabaic functiomality of the
chromatophiore.

Matural selection a metabolic e ngineer
Acconding 1o the above mentioned, we congider suitable
1o make the amalogy of matuml slecion as metabolic
engineer. Metabolic engineering can be delined a “the
directed improvement of prsduct formation o cellular
propertiss throwgh the modification of specific biochem-
ical mactions or inteed ection of new ones™ [22]. One of
the dyjectives of metabolic engineers & o redireat the
Thex of mass throwegh the metabolisn of erganians bo-
wards a desired metabolic producl. Some genelic stral-
egies b medirect metabolic Du toward prodoction of a
desired metabolite incode incresing the precumsor
apply; altering the mgultion (oversxpressing) genes;
incressing the eficdency of bottleneck enoymes redu-
cing Mux toward wnwanted bypmsducts; or eliminating
competling pathways by gens-deletion [59. 11 has been
proposed that cellular metabolism of Free-living micm-
organisms i primed, thmough matural selection, for the
maximum responsiveness W the history of selective
pressums mther than e the overproduction of specific
chemical compound [60]. In host-restricted comditions
this meguonsivensss b free-living selective presuares am
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nns lomger needed. Instead, new biological objecives am
defined mow related to holobiont survival

For ingance, it wa proposed that the chloroplast
metabolic network has improved photosynthetic proper-
lies in companison o feeliving canebacieda [21]. For
eample, the metabolic netwod in chlomplast has: i) a
hoiger average path length; i) a lamger diameten i) @
Calvin Cycle-cenemd; iv) and presents better maodular
organization when compared with the network of fres
living cvanobactera [21]. In a amilar way, the metalal-
iwm of the chromatophore (CV265) ssems o be tailomed
e the exporation of redoced-carbon; that is, when
comparing the export of reduced-carbon between the
VRS and the CVISE models (with phosphate as re-
drictive nuldent) we fownd that V265 duows higher
rabes of hexoss exported than the feeeliving (CV9E
madel at the cost of increased consumption of phos-
phate (Fig 9

The svolutivrary mechanism oullined above applies
when the host benefils Fom the endesmbionl. In par-
ticular, mechanians such as “parner Gdelity leedback”
(PFF) promote oooperation  betwesn  symbionis. PFF
requires individuals to be “msocabed for an extended
series of exchanges Uhat last long enowgh that a fesdback
operates” [18]. Similkr mechaniams likely operated in
other symbiotic syelems For example, Buchrera [61]
and Blochmannmia [62] overproduce sssential amino
acids (EAAs) o ils host. This overproduction of EAAs
was oordeguence of metabolic restucdurings dee Lo
metabolic-gene losmes. For example, the truncation of
the purine biosynthesis pathway which allows the endo-
ammbiont to prodece histidine ot higher mbes than fres-
living melatives [20]. Beductive evolutionary simulation
carried out by [2] showed that this trencation i an im-
probable evohstiomary event under ¢ omditions tesbed.

Cone lusion

Cher main objective was to better understand the meta-
badic changes expedenced by the fresliving cyanobac-
teda o become a chmomatophore [n addition, we
anseamed the evolutionary rees driving omganel logene s,
We found evidence that cefain metabolic pathways am
preferentially comserved in the chromatophore. We alu
fund that the pattern of metabolic gene loss smngly
depends on the avaibbility of nutrients from its o
The high fragility of the chromatophore metwod re-
fects the transition Lo a more dable enviromment and,
comsequently, its amplification. The chomatophore is
specialiced in prodecing reduced-carbon which could
b peleased o the host. This specialization was comse-
auence of metabolic edrocturing which could not be
possble in free-living conditions. We interpret this
specialization as conseguence of mteral slection ac-
ing as a metabolic engineer which modifies intnnsic
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melabolic properties of the endossmbiont impacting
positively at the holobiont level Our in dlico simula-
tioms  allowed ws o detemmine  that  metabolic
specialization of the chromatophors i an unlikely re-
sult of purifying host-level selection and genstic dolt
alome. [n this way, computational anabsis of biolegical
syslems allows to oblain new indghts on e evolulion-
ary loroes shaping metabolic evolution of mutualistic
e oy mlbsion 5.

Methods

Differential gene rebention of functional categories in the
chirema tophore gename

To identify metabolic pathways prelrentially con-
served in the chromatophore we camied oul a statis-
tical analysis wsing the pogram Genebemge [83].
Fimst, we classified each of the genss in both genomes
{the chromatophore of Paubirells chromatophora
CCAC 0185 [5] and Symechococcus sp. WH 5701) ac-
cording o Uhe functional calegories of KEGE orthal-
oy (hitpzwww genome jp'kegg ko html). Then we
carried ol the fatistical analysis with Genebdergs.
Crenebeme is a pmogram wrillen in Per]l which allows
the identification of overmpresented lunetions or cal-
egories in a sample by using a hypergeometric distri-
bution [63].

Metabolic reconstrsction of the V98 and the IOW265
masdels

A draft metabolic model was initially mecomstracbed by
identifving orthologous genes between Swechococads sp.
WH 5701 and the metabolic model of Smedrocystis sp.
PCC 680 (i[M6e7TH [30]. Because ihis drali metabolic
nmetwiork had many inconsistencies we perfommed a2 man-
wal refinement. This conssted in reviewing litemture
and databeses wo GBI gaps in the modal. We lnllowed rec-
ammmendations of [64].

The metabsdic netwod of the endosmmbiont was mecomn-
drucied by identifving orhologs betwesn the chmmato-
phare and Symedromaus sp. WH 5701, Syrchococcns sp.
WH 5701 is the closest free-lving relative of the chrmato-
phare with a sequenced genome [5].

The metabolic capabilities of both oganians were
tested with Flux Balance Analyss [65]. FBA is an
optimization algorithm based on lineal oo moming
provided in the Mailb COBRA toalbox [66]. FBA deter-
mines the Mux distibation of all resctions in the modsl

The functionality of metabolic models s evaluated by
their capacity o produece every melabolite that is me-
cemgary for in silico growth, For this, the biomas egqua-
tion of Symechocwtis sp. POC 6803 was asmigned a
objective funclion in both models [n silico growth was
amulated under autotrophic conditions with CCy and
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photons uptake set o 37 mmol « gDW ™" « h™" and
R mmal = gD = B, respectively. These wer
s rctive metabolites in the sydems. Muldent ssign-
ment for metabolic funciomality of the ¢hromatophom:
was based on the literature [5] and metabolite reguire-
ments predicied by the model for in @lios biomass
e i et

Metwork robustness analysis

In both madeks, robustiness bo gens delelions was ana-
byped by wsing the Rnction sngleGeneDeletion of the
COBRA toollboe IF deletion of a dngle gene decmaies
the biomass prodec tion over 99%, compared with wild
type, this geme was consider a5 esgential for biomass
s i,

Simulation of metabolic reductive evolution in the
thromatephone

Tor simulate genome redoction, we used the metabolic
maodel of Symedvococcis sp. WH 5701 [CVAISH) = a
proay of the freeliving ancestor of the ¢hmma toplhoe:
(Fig. 2. Genstic loss was simulsted under Proposed
Mutrients and Randomized Motrients intracellulbar condi-
tigres. All mutrients were avalable simultaneously @nce
the beginning of the amulations. The algorithm starts
by mandomly deleting a gene from the V8 modeal
fie, setting its Nux bo zero) and then evaluating the im-
pact of this deletion in the metabolic fnctionality by
wsing FBA I in silico growth mie in this netwodk (lck-
ing @ gene) was equal o oor above the growth e of a
Free-living cvanobacteda (= 00884 %), then this gene
was comsidensd as non-essential and permanently re-
miwved. [n contrast, il the grwth rate was below
M0E84 h" then this gene was considersd as essential
and retained in the model This process was mepeated
wnitil gach of the genes in the model was evaluated . The
whole process is initisted 500 times which resulis in a
poprzka i o 500 reduced metabolic networks

Genetic concontance between the 500 reduced meta-
b retwasrks and chroom tephore maodel ((CV265) was
amalyeed as in [30]. [n esch of the 500 simulstions, a
bimary varable was assigned for each gene in JOV 498 de-
pending on whether the gene & predicled o be con-
served or nol among the 500 amubitions. This allowed
s by determing the mumber of cocumences thal a gens
is predicied as sssential in the 500 simulated reduced
mesbwinrks.

Measums of sensitivity and specificity wer oblained
calculating the Faclion of tue-positives (fction of
genes predicied o be comserved by the simulations and
present in ACV265) and Gl positives (fraction of genes
predicted by the smulbtions and not present in JCV265)
e every culedl (minimal Faction of amuolabed genoames
in which a gens must be present o be predicied a
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comgerved in fCV265). Figure 5 plots true-postive and
Ble-postive (L-specificity) predictions for every custoll
{1 b 5000 b form a ROC corve. The ara under the
curve represents bow well the simulations recover gens
comtent in #CV205. The area under the curve was empir-
ically caleulated a5 in [67].

Simulation of metabolic integration of the
chinomatophore with its host
We perlormed this analysis by wsing the same algorithm
wied in the simubstion of reductive evolution. However,
this amalysis was perfomed only in Proposed Mutrient
conditions (Fig. 2). In addition, a meaction simubting
hestoese eagport From the chromatophore o the hosd was
defined a5 objective function and the growth mte equs-
tion (bismas equation) was fixed to 00884 K. Ako, in
thit drmulstion, 3 mon-esential gene wat defined a2 ome
whise deletion does not afect the growth rate (L0884 H™)
and the hexose export. Specifically, the mte of hexose
export coukd vary while being always grester than zero.
(therwise, the gene was defined a5 essential

[n this amalysis the mode] doss not have acces to all
13 niutrients at the same time from the beginning of the
amubtion. [stead, we randomly alow the mode to
have access o one of the 13 Propesed MNutdents (Fig. 2)
and subsequently applied our algorithm of reductive
evolution. Once we evahsated the impact of singly delet-
ing each one of the genes, we randomly allowed the
masdel to have access to a second nutrient and newly ap-
plied our algorithm of reductive evolution. The analysis
dops when CVAE has access to all 13 nutrients and all
genes have been tested for esentiality.
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6.3 Articulo 3. Massive protein import into the early evolutionary stage
photosynthetic organelle of the amoeba Paulinella chromatophora
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SIMMARY

The endosymbiotic acquisition of mitochondria and
plastids more than 1 Ga ago profoundly impacted
eukaryote evolution. At the heart of understanding
omganelle evolution is the me-amangement of the
endosymbiont proteome into a host-controlled or-
ganellar proteome. However, early stages in this pro-
cest as well as the timing of events that undedie
omanselle integration remain poordy understood.
The amoeba Fawinela chromatophora contains
cyanobacternum-denved photosynthetic organelles,
termed “chmomatophores,” that wems acguired
more recently (around 100 Ma ago). To explore the
re-amangement of an omanellar proteome during
itz integration imo a eukaryotic host cell, here we
characterized the chromatophore proteome by pro-
tein mass spectrometry. Apparently, genetic comtrol
owver the chromatophore has shifted substantially to
the nucleus. Two classes of nuclearsencoded pro-
teins—which differ in protein length—are imported
into the chromatophore, most likely through inde-
pendent pathways. Long imported proteins carry a
putative, conserved N-terminal targeting signal, and
many specifically fill gaps in chromatophore-en-
coded metabolic pathways or processes. Surpns-
ingly, upon heterologous expression in a plant
cell, the putative chromatophore targeting signal
confered chlormoplast localzation. This finding sug-
gests common features in the protein import path-
ways of chromatophores and plastids, two organ-
glles that evolved independently and more than
1 Ga apart from sach cther. By combining expern-
memntal data with in silico predictions, we provide a
comprehensive catalog of almost 450 nuclear-en-

coded, chromatophoretargeted proteins. Interest-
ingly, most imported proteins seem to derive from
ancastral host genes, suggesting that the re-tarmget -
ing of nuclear-encoded proteins that resulted from
endosymbiotic gene tansfers plays only a minor
role at the onset of chromatophore integration.

INTRO DUCTION

Fubaryotss co-opled photosynihete carbon fication mare than
1 Ga ago from probary dées by endosyrribioc uplake o a gyano-
s teriurm and stably negrafing it a5 a photosynthetc aganele
plasfich) [ 1, 2. At the heart of undes tanding anganelle avadusion
and the piysiology of the misulling chifmeric anganiam & the re-
arangerment of the endosymbiont profeome 85 3 Consequence
of ks of endosymibiont genes and import of nuelear-snonded
praleins. Bul the ancient ongin of plastids and milodhondis)
rmakes i dlficull fo infer fie naum of the inial ineracBons
between host and endosymbont and the timing of events hal
undiespin onganalogenesis. The facate amoeba Pautinala chro-
matophora (CercoXod, Rhizsris) offers the exdiing oppariunity
1o explore interacfons of a aukaryofc host ool with a photo-
gnheic omanele A an eadler stge of nlegration [3]
P. civromalgohod harbors phaosynfhelic aganelles lemmed
“ehromalophonss™ that aigimed only 90-140 Ma ago [4] fram
an a-cy anaba chériurm firough an endosymibioic event hialis in-
dependent of the e that gave rise o plastidsin the Anchae plas-
tida |5, 6. The chramaiophore s suroundad by two anvelbpe
membanes and a peplidogiycan byer [7]. IS genome (1 Mb) &
reiuced 1o apgrosima by one-thind of the ances ral oyanobacte-
rial genarm e [B], and >7 0 genes of a-cyanobacterial odgin, which
rrost Bl resul from endosymibioic gene tansfes [BG T ) fram
the chmmabophoe, se mow epressed fom e nuclear
gerorme [3-11]. Overall, nudksar- and chmmaibphone—enooded
functibns are lighly complementary, with many genes for pro-
T involved inthe same metabolic pathwey or celular process
Ity it riuted over both chmema bphore and nue kar genome

CuraniBiobgy 27, 1-11, Septembar 25, 2017 & 2017 Bsovier Lid 1
CAIRM 134947
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2] In addition i genes of subkaryolic and EGT cdgin, many
genes apparenily ordgnating from various bactedal Eneages
through herizorial gene Fansfer (HET) have predicied uncfons
et would compensate for lost chromatoghore funcions [3).

Wi recenily found that twe EGT-derked & mall pholosysten |
(P& subwnits, PsaF and Psak, are synihesized in fie amoskal
cyloplasm and am impored inlo fie domaiophae. Surpris-
ingly, despite the ok of an N-erminal signal peptice ([SP; which
usially confrs co-Fanslaforal protein mpod nlo the endo-
plasmic micdum [EA) as well a2 ransmembrans domsing
fwiich could confer post- ranslstions lines erfion inio the ER mem-
brane tirough the GET patvway [12]), PsaE seems o Faflic on
the way o the chivmabphae fiough the Golgi [13). Com-
pounds of a hypohelical basic peodsin tmnskbeaior, most
notably an aihclog of TICH fat feens a proleh-condueting
chamel in the imer plastid membrane, ave been dertified n
e chsmaophane genarne [14, 15]. A homndog of TOCTS, the
rmain import charma of the chibroplast outer membrane fas
ned been found in P clromalgohom. Henoe, the medhanism
through which proteins are imporied o fie chromalophons re-
marE undesr. Also, whether the dhramabophos has evaved
the cagmeily i impo, besides shed proieins, dso bgheemo-
lecular-weight metibdic ermymes o melabolic patfways am
rater comecied through extensive metabolite shufiling be-
Tween chromatophons and Rost i cusraently unknown.

T esplare e poisome composifion of an eary-svolu-
linary-stage pholosyrihelic oganele, we 221 oul o denfly
chromatophore et prolsing by profein masss pectromestry
M 5). Inparsculsr, our sludy amed toll) Est wheter, inaddilion
1o shorl EGT-dedved prolans, also hosl- or HET-dedved meta-
bolic ensymes contribule 1o the chromatophons profeorms, (2)
deduce metbolc paliways thal localize to fie chromaiophons,
13) ety cofmmon Sequenos Mo within chromabphonetar-
geted potsns thal mght save 2 chemabphos Bgeing
Eagrnal, and {4 dev elopan inslioo appeoadh 10 predct chromato-
phom-tangeod profens.

RESILTS

The P. chm morio phora Prote sme Dataset
To examine the chromaibphons prolecme compasliom, dhro-
Frabphoes wee Bdaed Fom P. chromaloghora CCACTH 85
te Figh parity (Figures S1A and S1B). Prokins eximeted fom
iokaed ¢hromalophoness and whae-cellysates showed disned

2 Gurrent Balagy 27, 1-11, Septembaer 25, 2017

kandng patiems in SDS-PAGE. The promihent two bands o
-7 kDa hat represent the chromatophone-enooded phycobs-
protene [17] appsar skongly emiched b isclated chrometo-
phores (Figure S1C). M3 analysie of fires independent chro-
matophore solalions and wholecal sates yicked a highly
mprodudble patien of namalred im inlensifies botweon repl-
cates [Figure 5100

Owverall, we idenffied 2452 P. chromalophora proteins |Fg-
ure 1; Table 51). 2,368 of these were dentified in e whol-
ool lysakes and 641 h the cheomaiephares. 980 and 283 pro-
s were idenfified with & Past two dfferent peplides and in
at bsast 1o repBcates in whole-call lysates o chiomalophonss,
mespas Bvaly. Thess proleins are regarded as “high-confidenos
(HC) profeins™ : the mmaining profsin am regarded 25 “low -0on-
fidemon (LC) profeins.” Maker prolsing for cyloskaeton, ER,
rrilachiondrian, and perosisome wene sheant incdhrom slophoms
(Table 53, Aka, of the 100 udesr-sncoded prolehs thal were
st abundant in fie wholecall lysates (Table 53, green sec-
fonj, only two poidns @amotaied as f-oasbonic anhydrase
and payubiquiting were idenffied In e chomaiophonss,
Ahough with stongly dimnished average jon inbensities as
oomparad 1o whob-call heates 200-ld and 4570l lower
sgnal Flenaity for the carboric anhydrase and polyulbiguitn,
msperfvalyl. At least for pohubiouling a spedfic inleraction
with chirarnatlophos: ouler msmbrans prolEns Seems possibie
fmee Discussion). Together, these resulls indoate high purly of
e chromatoghons sarmples with virlially no unspedfic contam-
ination fram other ool compartments.

Chiromat Proteins.

O the 541 proteins (28:3 HC proteing) identified in he chromato-
phore Faction, 422 (238 HC profeing) were chromatophons en-
ooded (Rgure 1B). Ths cofesponds 10 4 coverage of 23%
27 % for HC profeins) of the totl 867 ¢ e
protens. In accond with s photosy the$e funclion, e 20 pro-
ehs yiskiing highest average ko inensifies in chromatophoms:
samples were chromatophone-snooded subunits of the cyano-
mactedal Bghil-farvesting anlemas, the carboxysome, the
pholosynihec apparabie [P=alC, Psal, PsaF, and PsbD), the
Ftype ATPase, melabolc enzyrmes involved in carbon fixation
wia e Calin cyele, and fie molscular chaperones GroEL and
Drak Tabie 53, yellow section). Of fe 422 chmmalophore—en-
ooded prolens idenBfied in chromatophoss, 399 prolens (o
237 of 238 HC proteine) appeared anriched in dhromataphoss

1D 0T
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a5 eormpared o whelecel lsats e avesige ion st
in ehrormalophons [ - average ba iensiBos i lsales
it ] = 0 Figues 18). The 23 chemakphore o proing
frl appear depleled B chromabotoes mosl By rellect
rather the serriguanBtative nalus of MS aralses (han protein
et fall of the depleted prefeine are of low alundanes, s,
ABHAL1 of Fie average profein shundance found acmes al
et ing iden B within chromatophonss) ln e with fiis e
peetation, several of frese depited proleis have Rinalions that
ehuarlylocaliza o the chrermatephars fa g, an ATP synfass sub-
Wi, 505 rbesorral peslan, and plslosyvanin precurse).

Two Classes of Proteins Appsarto Be Imported into the
Chromatophore
The remsiing 210 petens (45 HC prolehs) eBfied h e
ehrerralaphons wes ruderr-meased, 207 of these 219 pe-
i (43 of 45 nuebes s encoded MO proteing) were anriched i
chirarralaphoms 26 oormpamd 10 whole- ool hsa s and werns e
garded as inpert candidates (Figure 18; Table S3). Exarmining
Fre el candidales revealed twe groups of proteing, Corssd-
aring oy B1e 145 peieine for which JlHength coding seaumncs
ICDS) information was available, the firsl group conpeises 85
shert peoteins of <00 armine acid longth (with 10 HE import can-
eidatess]: the secand groun, with a broader vagance in kngths,
cormprises 80 proteins with a length of »280 amine acids jwith
24 HC impodt canditates) (Figurs 52). Retrieval of S LilHength
FriANA sequence was confisTied by the presence o a spliced
besichior | S1) seguence a1 fe 5 ond (see [ o an in-bame slep
eodon upetrem of e st melbionine

Motably, among fie shor LT mport eandidatos wers Bl -
chsar-ancoded P3| subunits PeaE and Peabl which have boen
darronstrated bofors 1o be part of PS1 [12]. Other sheet Frpest
cancidales wem four EGT-cedved high-dight housible (HLI)
predmpratective proting [10, 11] and twe protens snotated
s enki-shock protie. Howsver, mest of tha sherlimpest can-
elelem choned bave hommelegs in ofur cganiss 57 proleng) o
e consarved protine of unboown unetion (10 protehs). Align-
iy shert g cancicates with hormelkiguus Secenc s Tren
ofier specios eonfirmed the pevions notion fial she chm-
melophesetanotd ot bk Nelrerivnl pes-seogencees

AL Dk oolors mredadt HC proteina, and pae
ool ors mpresart LG prodsirs. Black arowhads
Mot HC imprt cardidates Ses dsn g
wre 52 and Tade B3

ol HC wmpain
&lﬂuud v{il‘nﬁﬂli

[13] {Figure SIA). Interdsngly, rmany of Fie shoa Fmpor cand-
dates (39 proteing) ahibil conspicunus oyskine molls (Comc
or Qoo smdior sirelches of posilively changed amino
acids thal are characterisBe of anlimicrabial peplides (AMPS)
{Figure SI8).

Arnang the 24 long HC import candidates, 18 have spadfic an-
notated funcBons (Table 53, blue serfon). Maost of these pro-
teine repmsant enzymes invdved in e primary metabolism,
mnd severd speclicaly fll gaps i chomaiophone—enooded
maetabaic patiways (Fgore 2). Bamples are the pyroline5-
carboyiate reductase [PolC) and he J-sopropyimalate defy-
drogenase (LauB) that catahyre hie only ennyrmate reacons in
profine and baudine bicsynfesis, mepecively, for which fie cos
responding gene ks missing fom fe chromalophoss genome
(Figure 2). The arginine biosyrihelic patiway is sncoded by a
complermentary patchwak of nudéar and clromalophone
genes, Enzymes hal perfosn e first firee and the fifth step
of the patimway (the bilinc tonal ghitamalte/omitine acelyirans-
forama Argld, the N-acetpdghtarmaie Mnase ArgB, and fe
N-acatd-garmma-gutarmyl-phasphate  reductass AmgD) wers
found 1o be mporied Mo fe chromatophons enmymes thal
catahyre s g four and six (AsgD and ArgF) as wel as he genes-
afion of carbameoyl phospiate (Cash and CarB) are chromato-
phore-enooded and were also idenified in the chromaioghone.
Enzyrmes that catalyre the st two steps of the pathway (AmG
and ArgH) are nue ks eanooded and cary a pradicied milocdhon-
drial transil pagtide TP [13]. Both prolens wes identified in
whol-call hsats, bul nol in chomabphaas, h congrence
with a putative milochondrial kocaliea tinn.

Identification of a Putative N-Terminal Import Signal in
Long Import Candldates

b conbast b the shed npent canddates, dll leng HO frpert
canddats  showed  comspiouss NAlerrinal  edesions
comparad 1o odhdogois sequenoss fom other speces (Fig-
we BA). Allgning e N tesrini of Suse 24 profeine reveabed 3
consarved prolein seqguence of agprodmately 200 amino acids
kg (varying Fem 97 o 221 amine acis) that we erpet in
malsgy o nibehonddal and plastid tmnsl peplides TP
anel TP a8 a putstive chamabphae tanel papide TP

Cumant Bidogy 27, 1-11, Soplember 25, 217 3
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Figare 3. Long import Candidates Contain a Putatve orTP

A ScemXic amino acid dgnmans for Tves ong oot cndidates (Aovotded as favin reductace [OXidSS 13- mASSAS N aceddgmmate kindse
[ScaMoid3S65 mU3S0B 1], and pyroine 5 caboxyilte redat e [watoldsiGs mEZTT 1) wilh oriholoQous QroMein Sagquended From oer S0ecios (Sdacted
Among e 5Dest Bast® hits 2gana e v d @abage at NCEIL P, dvomaiophara impont cand dZ o show arspicuous N tsmingl exiensions (represanted in
Qeen color) &6 COMPARd 10 MCLANTes FOm O SONCI0E.

(2) Aigrmert of ¢/TPs from T 24 long HC import candidates. Conerved mofts usad %o the HMM pred dion approach are highightad In gay. Featres
idertSad as having S oog pradoive vdue in daingdshing Impariasd and not Imponed proteing Dy T SVM oo oach and comelaing 10 Ccontenad Saguaencd
modves in e algmment areindcated undemaedh e Jigmet.

For abvevations, 6o Tabie 57. For idandty of saguendceds 01-24, see Talie 53.Seealio Fgues S2and 54,

(Figure 38). Also, 26 out of 38 LC import candidates caried the
N-tesning crTP. The ramahing 10 LC impat candidates thiat
lack a ofTP might repmesent profeins that specifically associate
wih fie ouler chromatophore mambrane, profens impored
through a crTP-indepencent pathway, or contamimants (8 out

4 Curort Bdogy 27, 1-11, Seplormber 25, 2017

of 10 protans were identified with one o two peptides only).
Angdyzing the 24 oTPs Fom HC impo! candidates revealed
fial oTPs show no sigrificant sequence simiarites to known
protan sequences n the NCBI v profin database (blastp;
E valie cubeff of 1.0E~J), and no proten family membership,

Patl o1 PO B
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dhirm s, repeats, or Gene Orlology (G0) terms wem Tound by
e mSaan [16]. The nel chamge of the oTPs at pH 7 varis
between +3.0 and -137. Known langseing sequences (SPs,
mTPs, or TP were nol pradcied by Target® [17]. Only for
2 cut of 24 protsns (scafoki 147-m 18381 and seallolddS a1 -
mI8A31), a Fansmembrane domain was pedicled witin e
aTP. However, 4l 24 ssquences have a predicied propensly
i formm hydrophobic or amphiphiie o heloes [Figues S48 and
S4H [18]. Fhally, we noted hiat, in chromasloghans sampes,
MS-tderdified iryple mpdes aighaked nol exdusivay Tmm
Fie comerved pard of Fmporl candedates bul slss Fom hei
e TPs (Figus 5400, This findng suggests thal fecrTPis sfer
ol chaved off aler polen irnsoeation o thal e clsved
aTPis relativaly stabls.

In Slico Prediction of Chromatophore-Tamgeted
Proteins

To sonputatimally ideily addtional Jong) mper candidls
witiin e 60,973 tamskbiled nuekar P dimimakphora Fan-
seripls, we genemied suppor veclar machine [SVM) modeds
for B bong Imped candidates. |nadStio 1othat, a hiddn Mar-
kow mindal (HMM) spproach wis appbed (ses STAR Metinds
for detnilis]. We msed a combiaBon of the SUM (Wil a
cutell o =0883 and the HMM appmach with =4, 23 o7 23
idenflied sequence motls (SVMEHMM 1, SUMSHMM_ 3, or
SVMEHMM_2). Thess me spproaches, mspectvaly, viskded
a total of 478, 408, or 519 predcled chromalophon-targebed
peetsing 250 amine ackds. To ivesligate spacificity and sens-
Bvity of the thres dffemnd methods, we compared n sheo pre
delinns wih MS-ferred profein beaizations, OF the 33 MS-
idenBlied bag Fmponl candidales, which wem nol sed s
Fahing o sl dala for the SVM and HMM approaches,
SUMEHMM 4 and SUMEHMM_3 faled fo idenilly 11 and
SVMEHMM_2 Biled oidenBly 10 protins. Thess 10 Tase nega-
e profeins were Fie LD mpon candidates leking oTPs (see
aiberve). The rarraining protein thatw s rissedlby SYMEHMM_1
anel SYMEHMM_3 but kien$hed by SYMEHMM 2 showed an
wnusaly dvegen oTP. O fie 870 iHangth prolshs that
wem found schevely h whae-cell lysates by M3, all res
rreifads predicied the srme § polans a5 rporied. Manual -
specBon o fese sequences mvedlsd the oonserved oTP
sauemnce o ther N larming, suggesting hal fusms parlens ans
irperied e the chromalophore bul were missed by fie WS
analysis (all 9 prolens were idenBlied with <3 papBdas). Thus,
because SUMBHMM 2 showed a shghly hoeased sersiiily
ver SUMEHMM_ 3 and SUMEHMM 1, whemas the specificly
of Fie 3 Frodeds was the same (Figure A8), for Lirkier snalyses,
SVMEHMM 2 predclons were Used.

Cuit el the 519 proteins predicled with SVMEBHMM_2, 220 pro-
i ware predicied only by UM, 113 only by HMM, and 188 by
bl appenaches (Tabde 545,15, and 50 of thess rofin wers
iderdified @5 irporl candidales by MBS, respeciively. The
M terrrini of all protens predicled with bof models, and 105
oul of 113 proleis predicted by Sie HMM_ 2 modsl, aligned
wel with the known TP ssquences, whemsas The N lermin of
e remaihing B profeine peedicied by HMM 2 akme d&d nel. OF
e profeins idenified by SVM slone, only thee (all of fiem
WS- tberified imped candidates) contihed an N lamius that
was easly digrabi lo fe known ofTPs, dtheugh the aTP

saquence in (hess fires prolens was quile divengent and much
shirler Than usua jeog., Figurs 38, sequences 23 and 24). Amang
the rernaining 225 predic e d import candicates fat lack an sasily
digmabie crTP sequence, fere were only two MS-idengfied
impod candidaies. Thue, whether fise profeing are mporied
o he chromatophone based on similar physioochermical prop-
ertiess of their M lermini with the conserved aTP sequenos oF
represant ke posiive predeBions is curenly undsar and will
hive 1o e tesled apearimentally. Thersons, al his poirl, we
consider only the 291 in-slico-peedicied proteins with aignable
aTP & confidently pradicied impart candidates [Table 55).

Reconstruction of Chromatoephore-Localized Metabolic
Pathways and Processes
Mary of thes e 231 confiden By predicted mport o andidates s sem
to fill riher gaps in chromaiophom-localized biosyrihelc paih-
waysipmossees (Figures JB-40). For some nucbar-snooded
probeding (el woulk] be expectod (olocalize (o e chromalophars
(et el o (e presenos’alsenc e patiem of genesinvoled inthe
same pahway on he dromaloghoms gendne), ne pedcBons
wem obkined, owing o the sbsence of 5 fulHength transcripts,
One axample & the uopophywnogen ll sydhase [HemD)
iwvolved ine Hompinll biosyn Fuess . However, manial inspeciion
of e cosespanding imnscrpl revesbed fhe presence of a -
cated efMP. I his way, complels chromabphone oo red
biceyrihesc pafvways o furfer amino adids, co-Baclors, and
nucieatices were reconeincied (Figure 4C). Furiher sxamples
of uncfone provided by predicied impod candidates inchude
the Bgafon of DNA nicks during DNA repBcaion fuough a DNA
Egaes of bacterial arigin |3 (Figure 40) and the detodhcation of
rethyiglyexal (Figure 4B). In the palfways analyFed, mos! nu-
dear-enooded enzymes for which a chmmalophoreenooded
vakard is preserd didd not femture a ofTP (Figures 4B-4D). Far a
few armymes, however, a nudear Boform caming a arTP was
obmerved despite the pmomos o a chromalophare gene o
he S ey (@G-, GbA and HemF: Rgures 48 and 4C).
Taken logeter, e perimaental svidenos and in silco pradclion
iderdifiad 433 putafively chromatophom-tmeted profeins (Table
55). 228 of Fiese proieins am o unknown funcfon, the remaning
217 nvolved h diverss callulsr processess (Fgure 4B The brgest
fire Soral geoup @47 of 118 profens hat could be sssgned toa
specific nclional das) containg prolans nvaved ingensi in-
forrmaiion procsssing (Figues 4E); in parSoullar, we iderdified 22
zine finger-type ransoiplon facios, several DMNA and RNA hei-
cames, and one pol-A polyrmerass. Mlso, many metabolc en
Fyrriss Seaim i be rporied int the chomatophoms: with 13 pro-
e invalvedin armino add, 13 in carbahydem e, woin aadh Bpad
and co-factesvitarmin, and 9 in nueleode metaboism. 9 chro-
rraophos-targeted protins Lincon in phalosynihess and Bght
acdimatlion, and lither 9 profeins respond 1o oiafve & e,
Finally, 7 probeinsmight beim dved in protsn fFansport and folding
(Figuse 4B amang fem & an odholag of fie diloroplast pralsn
tmnslocaior com ponent TICE2. Dverall, chrormaipphoms-largeed
profeines showed a pronounosd over-representafion of plastid or
sul plasficinl compartmem-sised G0 terms (Figus 4F).

Phylogenetic Drgin of Imported Proteins
Ierestingly, iy 17 of the 433 japarimantally delermined +
precicled el cindidales we of rovanchactlaid eeigin

Cumartd Bidlagy 27, 1-11, Saplember 25, 2017 &
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Figure 4. Functonal Analyses of Experimontally Determined and In-Salico-Pradio ind import Candidates

(A Seralvily and specilicly of e Tvme pradcion meods SYMAHMM_ 4, SVMA HVIM_3, and SVMASMM_2 25 evatated by compadeon of i @ioo predicted
impored and not Importad Protens Wi aped mentaly determined protein lomiZatons Gee main tee)

(8-0) Feconsdnction of metaboic pathways with predicied impont cand d ai. Candidates am involved in (2) detcx Barion (.0, degadation o mewiglyoxal
oy Raoyigiaziions lyase B0 and Mdroyacyigltatiae hydoiae [GoS)k ©) ! gaps in cofacior (ag., dilorophy! a [Ch aj and pycacyanobilng,
Puciecics (6.0, cyiding Mphophate [CP] and amino acid (&g-. 35 0aragine ] bios e i© patvways; and (D) paticinate In Quneto Normmation or cosds ng
(0.0 192 ion of DNA nicka Trough T DNA Igxe A Ligh) n e chromatophons. Lootization of urdetying 0enss & represented 2a in Figum 2. Ble atowheads
andlawrsraprasent in-Gioo predided impot anddates. The driod af 2000110 T NUCinar Sreoded enZyned N G0 10eing Hedcd s geen, [recenas
of TR, red, abaance of ofTF, gy, abaence of Lk ooy COS and gay gesn, manud idect Saaton of 2uncated ofTF (sas main ded). Muligie droies ndate

pracence of mudtple nuciear ancoded proten solama

(5) Furcdoml dasses o impon canddates (o SXAs, e Tabie S5 NS, meabolam.
(F) Word doud vauaization of GO bias andyss (lor celuide component) of Impant candidates. Al mpont candides (eoedmentaly detarmined + in siico
pradictad; see Tabie S55) were analy2ed aguingt T Dackoround of al nucieas ancoded P. ciromaiophon protens.

Ses 6o Tabie 5S4, 56, 56, and 87,

and most Bkely arase firough EGT (Tabile S5 Mast of hese EGT
pro®kie are involved h photosynthesis and ight acdimaton
Additional 26 impod candidates e of bacteral aigh and
were mast Bely acaquired tirough HGT [3-11] (see Table S5,
Thes, he mmaining 390 impart candidates are of hast or unoer-

1t has been descdbed bafare hiat many EGT/HGT genes in P.
chromatophora expedenced gene family exparsions prabably
afer the rarsfer event [9). One exampie i the nudear-encoded
cystane synthase A (CysK) of 2-cyanobacteria odgin that diver-
sfied o fwee nudedr soforms. Two of these isdfoens wem
identfied by urique pepiides inocur MS anadysis; the clromato-
phom-encoded CysK (POCC0298) was not expadmertally iderti-
fied. Intriguingly, subcelliiy locazaton of the nudear-encoded
CysKisoforms corrdated with features n the protan sequences
(Figure 5). Whereas scaffoldd337-mA41170 (which was endched
inclromaophores)aoguimd a o TP after gane duplcation, scaf-
fdd2205-m25816 (which was exdusivdy found in whok-cal

6 Curort Bdogy 27, 1-11, Saplormber 25, 2017

hsates and thus most el remans in the cyoplasm) shows
no N-lerming extension but acquired a C-eening Fossmam
fold The Rossmam fold is a protein structuml motif that is found
n many nuckoiide-binding pratens but is neiher found in the
chomatophae nor adher oy ancbacterid CysK pratens., 1S spe-
dfic unction in the oytoplasmic CysK isoform remains elisive.,

Subce Bular Localization of Chromatophore-Targe ted
Proteins upon Expression in Plant Cells

To st whether the P. clromatophora aTP or crypiic targeting
sSgnds within shartimpon candidates would show any targeting
camdty in he haterologous context of a plirt cell, we ex-
ressed recanbinant fluarescent fusion pratans transienty n
obacoo (Figure 6). For this pupose, (1) e crTP derived fom
scaffdd5513-m.48594 fannotated as flavin reductase; Fgure3dB,
sequence 5) and (2) the shot impot candicdate PsaE (scaf-
fold! 7087-m.100929) were fusad tothe N terminus of the yallow
flurescent protein (YFP), ransantly expressed in Nicatiana
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b fharriana plins, and protein loeafztion ws aabyeed by
Muresmmnse misrmscopy of molaed probplets W
PEaE=%TFP a& wellas YFP, wiich was ﬂﬁ!ﬂd Ao #5% A Con-
ol, showed a chaar evieplasmic lecalization [Fgures 6B and
A0, efMP=¥FP localized 1o e plastid (Figure AD). Wikin fe
plastic, cr TP=Y FIP uoness oene e was oboen od over the anveops
a5 wellas fie stroma as indeated by fie complmentary patiem
eI YIP signal and chbropinl arefuomssenas of fie Brytakad
grana stacks. Thus, the N-erminal o TP surpdsingly Seems o
dmel YFP b fe chlompla and madale i lranslosation
across fe chioroplast ervelop membranes. To st wheter
te plaskdilageling capadly fund i the Mavin reductase
ex TP weas & generml erTP faatire, we axpressed two irier o TPs
in the lolmece system. We chose one “lypical’ TP jderived
Fom scafeld?081-m 1 974) and one inusmEly shor e TP fhal
was enly pradcied by the SUM, bul ned the HMM approach
feberived Tmm scalfoldd723-m, 44132 Rgure 38, ssquences 12
aned 24, pesspactivaly). Expeession of bof ot in ohacos
ressubind in plasSd-docalized YFP uorescencs [Figus 55, sug-
gesting fhal e plaskd-targeling capadily is a general Teature
el erTPs,

The Chromatophore Protecme Dataset

The aimel this study was 1o delesmine the rotsoms of the chm-
rralaphone, 3 unips mdy-stige primay photosmhiete agan-
ale, Based on the coverage of chromalophore-sncoded peo-
s oo MS analysis, we exbapolale thal oo MS data
eovar roughly hal of Be lold dranalagphon polscns fand
rrcm han ene guadarwith BC). Purly of the chamabpheors iso-
hiuwucmﬁmedtyheaﬂmceﬂmﬂ:upﬂeﬂfum
cellosmpanmensandneaaty al of the 100 mes Fighly abundan
mudear-ancoded proline (Tabie 53, gresn saciibn). Because
fe chromakphons Bke U a comsiberable space within P.
chramaiophora calls see Figure S1H), a moderaks enrichment
of a specific prokin in chromaophons comparad 1o whoke
ol ysates (s necated by i - I o 0) was consderad sul-
e b cass Ty & nudear-sncoded protin thal wasidentTiad in
ehrernalophoms @ lroe npol candidate, Using is o,
e icderdified twe classes of chrrmakphore-targeied palbns,
e “sharl™ and *kng " impor] candsdales

Short Import Candidates

Fer the shor import candidaies, no common Sequences fa-
turess ceubd be idardified thal right Tunction as chrormalophons
it sigral. Neverlhebas, B s of prokeins in s goup -
e e b et rancon bul comains iy tvo dasses of shorl
prsng, ke which chremaloptore koo i oplasible
bmed en Biek precicled cdlulbr LineBore (1) there am several

phalosyihesis-ralaed and pholoprolecive prolehs [Psak,
Peal, and 4 HLI profeine), and [2) fie lrges group of shon
impod candidates consists of AMP-ke pralsins. AMPs are of-
fectons of the hnats Fremunity in sularyolss that Kl polansally
harmibul bacieda Fwraugh famaton of Fasmembrans pones,
memibmne mpiire, or sai-iranslocation across bacterial mem-
branes folowed by fe attick of himcelllyr tages [19).
memiters of e amosboma, STl profeing wers found 1o be
discharged inbo phagosomes medialing fie hsis of preybacleria
[P. However, mesmly AMP-Eke profine am noreasingy
recogiized io play a robe in endosym bioss [21]. Thess “symb-
ofc AMPs" have been desoibed Fom phylogenalicaly unne
lated encosymibiclic systems (plants and inseck). In bath
sysiams, ndosymbionts am confined lo spedfic ymbbni-
housing organs. Many symbplic AMPs e sdeclively ex-
pressed h fese symbioBc organs and tangeted 1o Bie endesym-
Bionis, whers they can inhibil cell division, indues mopholbgical
and physidogical Fansfarmatons, or are invelved in confining
the symibibat 1o the symbidic ongan [22-24]. Henos, the AMP-
e shod import candidates might derive from shorl profeine
that wers originally invaved in cell defense or lysis of pey bag-
teria in the phagoirephic P. chramaiophara anoesior [ and
o dved novel Lineiions nvolved in fie caniml o chromalophone
growh, division, physiolbgy, andior matabolite ransport [21].

Long Import Candidates

The idenified long impon candidates provide the sl axped-
menta eddence that, frough the Fmpod of nucbes r-enooded
metbdic  enrynes, dimenc  melabolic  palhways  are
oompleted within fe chromatophonse. The oTP, found in all
HC and most LT kng npon candidates | indicates thal a com-
mon targeding and import meckhaniem i wed by bag profeins
1o enter the chmrmaophore. The 10 LC mpor candidades
without TP might be imporied intothe chromatophos: firough
a efMP-hdepandent palfway or co-purly Wit the dhramato-
phire dus o rofsin/protein ineradions with chromaiophone
oaler rambrans prlans. In plas s, mostouler mvebpe pro-
teire ek c TPs as well [25]. Ako, sorme of the nudbéess r-enonded
probeing thal were idenlified, bl not enfiched, in dhramalo-
phires might speclically iMeract with the chromatophons. One
exarmple is polyubiquitn. In plastds and milloehondia, ubsauis-
nation af outer-mambrane protédns & vadved in the control of
the culer-membrans profeome compaslion [28, 27]. A smiar
function of ubiquilin & conocaivable for the chromaiophorne.

Origin of the crTP and lmport Mechani&m

Bagauss aTPs do nol show sSgnfican ssauence sinlasty 1o
proeh seguences in public datibases o any conserved do-
rmaing, the aigin of the crTP emans dusive, The ol ol e
o TP shows cmsenved seqience moBls edudes the possbility
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Figure 6. P. chromatophora ofTP Tameots Protein to the Chilorcphstin Tobacoo

(4 Widaypa N benthanvana.

B-O)YFPalane (B)ard PeaE (C) aswdl a6 1w TP (O fom acafS5 13- m 48504 Aned 0t ho N teminus o YRP ware Yans ieny eogv asded in N. Sendhanyana for

T2 he. Frofopiaa s weoe (sod@ed and examingd by condocd TL0r a6 0nex

NOmacopy. Shawn are chioropiyl au dlucmacencs (dionphy) inmageta YRR

fucmacance (YFR) n oyan, and an ovet 2y of T two Tuoacercd DI e (MenDd. Siees 000Uk gy &6 on wis Dricamad Tree med ndegendandy i eadh

congriet. One regrecent ve ord qp R4t 10 ach Conganuct |4 shown
Sen akko Fgum 85,

that it evolved fram random stetches of DNA that are tman-
scrbed and rarslated, as has been propased for oter ogganel-
far ransit pepticdes [28. Inerestingly, cTPs and mTPs have
recently bean suggestad 1o derive fran AMPS [29). This propasal
is basad on he facks that AMPs and TPs have structuml simllar-
ites, both have fhe capadaty © nteac with bacterid mem-
branes, and antimicrobid activly has been reported for some
TPs. Acconfing tothis propas s, an inges tad organedie precursor
might have res s ted host AMPs through uptake of e AMPS us-
ing a spadfic transpoder and tharintacelula proteoly fic dega-
daton Re-arangements in the host genome lad then to the

8 Curont Bdogy 27, 1-11, Seplomber 25, 2017

fusion of AMP genes wih oher nudear genes, msulling
gene products that are campetent far impod o e evolving
agameale [23]. The P. clromatophiora oTP doss not show
sequence Similarity to e putative symbiotc AMPs identified in
his stidy. However, AMPs are avesy dverse class of short pro-
Eins thatam definad by their physiobgicalactivity. Thus, expér-
mental work will be requised 1o test whether or ndt crTPs show
anfmicrobid activity.

So far, heinterpetation of the crTP as a dwomabophare-la-
geing sequence is tnsad on cardaton of dranatophom locd-
kaston of nudear-encoded profeire with ocaurmence of the
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eonserved M-lmsminal e TP sequencs Which role fie e TP pliys
for imper! e he hromalephons, whelher 3 s deaved off afle
ptein tmrsbeation, whelher cylossle Biclors, compments of
e endomembrans Sysiem, of mokoulsr chapeones witkin e
chramalaphon ae nveloed in he rpor process, i currenly
unbnown Akso, Tie nature of the Iranspor complex Thal presum-
ably enabliss Tansboation acoss Ba dromalaphons mvebops
rrerrbranes momang o be delerined, Naverfadess, alhaugh
peetein localiaon slues in helemlogous syskms Fave 1o ba
inerproted with caution [10], ®ie finding S N-terminal o TPs
ke L irporl o TP YTP const s v obas oo chlomplats
comasarales aur inlerpretation of s Sequence 85 3 dhmmain-
phore Fansil peplide and sugiests common camponents &g,
e use of camman companents in the protein Iranslooons 1hal
derive Fom corserved cyanobacleisl prokie, such s fa
TICH arfolsg ideniified in fie chmmabphors genome [14]) or
pinciphes feg, menbrane comad Brough Be benalion of
arrphiphibe helbees i the iransil paptides [T -27] in chomaio-
preee and chkroplesl polen mpor patieays. Howsver,
because i P, chromatophora ne orfelg of fie opanbacte
rurr-dedved plasid culer-membrane Tanslooon pore TOCTS
was idenBlied and oTPs ae nolizeably disthal in kngh and
sequence fealures fram oTPs, i ks nol enlimly dear wheter
te dserved chkroplasilageling capadly of B oTP i
indead a maull of TICTOC-medsted o [14] oran atemative
il gmifway, £g. hvohing Be ssemiory pathway [35].
Furtiar s perirrerial werk will be reguired 1o undsrstind the mo-
lecular besis for erTP-madaled protin tirgelng ml chbkro-
phasts, The largeling medhanisn ke shod mper] canddats,
such i Psal, o Bie chromalophons seems b be afer ol
fure Bonal in plarda or distirbed by The fision of e much Erger
¥FP i ihe C lesrinus of Psak.

In Slico Prediction of the Chromat ophore Protecme
Through deveeping i sloo predicBons of chromalaqphom-tar-
geled polsing, we generaled a comprehensbe map of
paivey chresrslopose bodined  prokins, Predced and
experimentally determined mporl cnddaks conibae o
chrarmataphendomlzed prosemes, such @ bty ribess of
arrine adgds, co-Beles and nudeelices, genels nkeration
pocessing, delaBicaon, and prvlesBon againel reaclive suy-
gen spesies. The finding el a krge group of Frpod candda s
encndes proking anolaed s Farsciplion Tasioes suggests
fal, sirilar o T Staon i milodhondiia and plastics,
ruchear-snsoded plensevehed o fac ks abls o axed Fan-
sripliona aenrel sver dreralaphong Furtbefrore, -
dear Taciers, such a8 the enElied TICI2 odhdeg, might b
ivelvadin Bie cord of profeinimperting the dhramataphon.
However, identity, composiion, and way of funclioning of a pu-
ffve chomabphon proeh rasbemn wil fave b be
deterrrined. The dear over-repmseialion of plastic-ges oot ed
S0 terrrs i the dhramalephom-largeled profeins undednes
tie stmagy monvergen! evelilion behyesn phistids and fae
oAl

The Chromatophore Proteome Re- amangement
Process

Inemstingly, ooy fw of Bl imped candida s deriifedwers of
EGT adgin, mare were of HET arigin, bulmost seemedio derve

o Fie anc ssiral host ool [3-11], Thus, the re-tirgeBng of EGT-
dherfvad profens appears i pliy only a rinos mleal the onsetal
ehrnerEloghane g Bon, and i i iy iy e mpoe of
bl gredens ol replaces nclions ksl fom Be drarmalo
phere gename or adds new lncBons, The Tnding of HGT-
chervad, chmeraphore-trge e el S sppoels 3 preiosly
praposed soermr i owhich, dudng a rikoropiie avehtiman
slale, fie mduion of the edosyrmbion genoms deives fia T
aion of horizontally acquised compenssiory genes fan prey
s teria [ 3],

We feund several hstances where bof a rudear and a chne-
e gene sneode e same ensymalie LineSon, Wit bl
gene produsls beng boaized 1o he chomabghore This
configuraBon woud alow one copy of the gene Lo acduire dee
terieus rruts Bons andeveriumily be erased and Fas been posi-
Lo a% gene Farsle nksmedals [38]. The nuckmsr-snooded
ey anebacierial Cysk prolsing in P, clromatashon, wilh one o
forrm sasying a eTP and Fie ofers Beking o TPs (Fius 5, B
imtes bl Fanelerred geoes nolalyayvs aflan e lagetng infos
rrafon necessary o be rdocaled ble the organede rekad,
gene Fanslers or genamEc re-arangements can
emial acquislion of ot lineSoral dommains,

Elemants of Parallel Bvolution in Ot her Endosymbiotic
Associations

Interestingly, chromaiophore inbegration pamBaie, i many -
pects, infegraton of dverss non-pholosynihefic bacedal sndo-
syribionts hial ane found invakous sukaryets [37-39). Ahough
exensie EGT did net acour in the sy siems amalyzed, many en-
dosyfnbionls uderwen] promnounced retudlive genoine avol-
tien, someimes 1o Bvelk clse o mitechadra and plstos
B0. Sl o he saton in P clromalaphom, genes lost
from thess andosymbion] genoimes seam B be finclionaly
companated for by prEns axpres Sed Fom he host genomes
&.g., 41, 2] Some of thess nuckar genes sppamsily daive
from bacleria ofher fan the endosymbiond via HET jeg.,
B3, 4] An hifal MS-based shidy suggesied s, at Bast in
the: Buetnerafaphid symbiosis, large-scle profein mpon o
Buehnera cells does not ocour [15). Howsver, mosnt shidies
found s pedfic shod host encoded profkeing 1o localize o bacte-
rial eniosy mibion's [23, 24, 48], inchuding a 21-kDa proten il i
impoded inte Bucinera cells in aphids and most Bely derives
Fom a bactedum via HET [47] Extent of peotsin Fmpert—in
particular the abity 10 mport Brger enzymes —as well 25 pia-
i & RN FrPOr] roules rerrin urBnown. Naveri e | (Fese
findings, in combinaBon with oiF resulls, Suggest that the func-
fional mplacerment of symbiont-encoded proleing Firaigh Fie
impon of hosi-encoded peoteins o dvem e phylogensatic origine
rragid b a phendamenon miudh mons wides read fan curmently
recognized and it nal necessadly tied 1o the cocurmenos of EGT.
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