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Abstract 19 

A number of recent papers have brought suggestive evidence for an active role of 20 

Chlamydiales in the establishment of the plastid. Chlamydiales define a very ancient 21 

group of obligate intracellular bacterial pathogens that multiply in vesicles within 22 

eukaryotic phagotrophic host cells such as animals, amoebae or other protists, possibly 23 

including the hypothetical phagotroph that internalized the cyanobacterial ancestor of 24 

the plastid over a billion years ago. We briefly survey the case for an active role of these 25 

ancient pathogens in plastid endosymbiosis. We argue that a good understanding of the 26 

Chlamydiales infection cycle and diversity may help to shed light on the process of 27 

metabolic integration of the evolving plastid.  28 

Keywords: Chlamydiales, plastid, endosymbiosis, glycogen, ménage à trois hypothesis29 
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The growing phylogenomic case for the involvement of Chlamydiales in plastid 30 

endosymbiosis 31 

Chlamydiales define very ancient obligate intracellular pathogens of phagotrophic eukaryotes 32 

including animals and amoebae, already intracellular more than 1 billion years ago [1]. An 33 

unexpected phylogenomic signal uniting these pathogens to plants was discovered in the late 34 

nineties, when the first Chlamydiales genomes became accessible [2]. At that time, it was 35 

noticed that 35 out of a total of 894 genes within the human pathogen Chlamydia trachomatis 36 

genome shared a common ancestry with eukaryotes [2]. Surprisingly most of these were more 37 

closely related to plants than to animals, despite that the latter defined their natural hosts (an 38 

observation herein referred to as “the plant-chlamydia paradox”). This result was unexpected 39 

as plant chlamydial infections have yet to be reported. This absence of chlamydial plant 40 

pathogens can be understood by the presence of a thick and continuous cell wall, precluding 41 

as in fungi, the initial attachment of the chlamydial elementary bodies to an exposed 42 

membrane [1]. A number of subsequent studies have confirmed the initial report, and 43 

extended it to the diversity of the Chlamydiales order [3, 4, 5, 6, 7, 8, 9]. Furthermore, the 44 

subsequent genome sequencing of red algae and glaucophytes revealed the presence of genes 45 

that also shared a common ancestry with Chlamydiales and the green plants [4, 5, 6, 7, 8, 9] . 46 

Both red algae and glaucophytes define the eukaryotic photosynthetic sister lineages of the 47 

green algae and land plants. Together with the latter, they are called the Archaeplastida, as all 48 

of these lineages result from a single plastid endosymbiosis event that happened over a billion 49 

years ago [10, 11, 12]. The most recent analysis presently estimates at 24 the number of genes 50 

which are shared with Chlamydiales by at least two of the Archaeplastida lineages [9]. Quite 51 

significantly, the majority of these genes concern products which today are found within 52 

plastids or on plastidial membranes [5,6, 7, 8]. In addition to these 24 LGTs (lateral gene 53 

transfers), an equal number of lineage specific LGTs are also evidenced [5, 6, 7, 8, 9]. The 54 
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shared presence of a substantial portion of LGTs in several of the Archaeplastida lineages, 55 

strongly suggests that these gene transfers happened in their common ancestor. This 56 

observation dates these LGTs back to over a billion years, possibly back to the time of plastid 57 

endosymbiosis [12]. The ancient nature of these LGTs also solves the plant-chlamydia 58 

paradox, as most scientists agree on the phagotrophic nature of the ancient protist that 59 

internalized the future plastid [13]. Such an amoeba-like organism was indeed likely to have 60 

harbored exposed membranes in at least part of its life cycle, and was therefore likely to have 61 

been susceptible to infection by a chlamydial ancestor. However this does not explain the 62 

presence of a two-fold fold higher number of total candidate LGTs in Archaeplastida when 63 

compared to the animals, despite these being far better sampled in the databases [8]. Indeed, 64 

animals have been susceptible to chlamydial infection ever since they evolved from single cell 65 

phagotrophs, while Archaeplatida evolved autotrophy, and as a result lost phagotrophy early 66 

on. As a consequence, they gained diverse thick and continuous cell wall structures 67 

precluding entry of Chlamydiales. To explain their comparatively higher frequency of 68 

chlamydial LGTs, it was proposed first by Gogarten [4] and then by others [5,6] that the 69 

pathogens were initially persistent in the Archaeplastida ancestors and that this persistence 70 

suggested an active early and essential role in metabolic integration of the protoplastid.  71 

One of the major weaknesses of the phylogenomic approaches summarized above 72 

resides in problems inherent to very ancient phylogenetic signals taken as evidence for LGTs 73 

(lateral gene transfers). The problems consist of signal erosion (hence of low bootstrap values 74 

and of tree topology problems) and most of the time cannot be solved by phylogenetic tools 75 

[14]. One attempt has been recently made to use alternative models of gene evolution to 76 

master single phylogenies and recover more “accurate” phylogenetic trees [15]. However 77 

these attempts generally successful for multigene phylogenies have, not surprisingly, failed to 78 

resolve the single gene histories where signal erosion is evidenced. This has led those that 79 
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refuse to resolve uncertainties in tree building with biochemical arguments, to reject the 80 

proposed role of Chlamydiales in plastid establishment [16]. However we believe that the 81 

biochemical arguments made for critical single gene histories are sufficiently solid and sound 82 

to refuse this rejection [8,16]. In addition, the fact that Chlamydiales remain in all these 83 

phylogenies the closest taxa to the root of the Archaeplastida, despite the ever growing 84 

databases, gives us confidence that the uncertainties in most cases result from incorrect 85 

outgroup rooting of the important sections of the trees. One can easily obviate such problems 86 

by producing unrooted trees and propose sound rooting through biochemical arguments. The 87 

reader is referred to Domman et al. (2014) [15] and Ball et al. (2015) [16], for further 88 

documentation on the ongoing controversy. The picture that we get from these “problematic 89 

trees” is indeed partly blurred. In a fashion analogous to the analysis of a crime scene with a 90 

defective surveillance camera, the result remains a collection of blurred pictures, which yet 91 

still carry enough information to solve the crime. We believe that in this respect the most 92 

productive attitude is not to discard all of this useful information but to accept the trees at face 93 

value, but with caution, in order to build testable hypotheses (see conclusions)  94 

The ménage à trois (MAT) hypothesis 95 

Independently of the rising phylogenetic controversy, biochemical observations have 96 

accumulated that strengthens the case of the involvement of Chlamydiales in plastid 97 

endosymbiosis. A reconstruction of what could have been storage polysaccharide metabolism 98 

in the common ancestor of the Archaeplastida was recently proposed [17, 18]. This 99 

speculative reconstruction was initially made by comparing the extant biochemical pathways 100 

of storage polysaccharide metabolism in red and green algae [17, 18]. This speculative 101 

scenario was thereafter considerably strengthened by the subsequent observation of the extant 102 

glaucophyte pathways that displays all of its predicted basic properties [19]. The biochemical 103 

flux that was evidenced displays many unusual and attractive features that qualify it as a very 104 
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serious candidate for defining the original flux that established plastid endosymbiosis. All but 105 

two components of this flux could be built from the likely preexisting enzymes of host and 106 

cyanobiont glycogen metabolism [17, 18]. This would have been required if, as we believe, 107 

the symbiotic flux defined the onset of endosymbiosis. Nevertheless the two key proteins that 108 

established the first biochemical connection between the two unrelated enzyme networks did 109 

not define obvious preexisting components. These key proteins defined a nucleotide-sugar 110 

translocator (NST) on the cyanobiont inner membrane extracting the bacterial specific 111 

metabolite ADP-Glc to the cytosol and a bacterial glucan synthase able to polymerize this 112 

substrate, unrecognized by the host, in the cytosol’s glycogen pools [16, 17]. Weber and 113 

Bhattacharya had previously proven that all plastidial carbon translocators from extant red 114 

and green algae, which export carbon from plastids to the cytosol, display a common 115 

phylogenetic origin [20]. Furthermore they showed that this unique ancestral protein was 116 

sister to host encoded NSTs of the endomembrane system [20]. Later Colleoni et al. (2010) 117 

[21] demonstrated that these NSTs defined very efficient ADP-Glc translocators in liposome 118 

transport assays. Hence a convincing case supports the recruitment of a host derived 119 

endomembrane NST to achieve carbon export from the cyanobacterium. This leaves the ADP-120 

glucose utilizing glucan synthase as the only “foreign” protein, whose presence in the cytosol 121 

at the time of plastid endosymbiosis, must be explained. The gene encoding this enzyme can 122 

be considered at the center of the host-cyanobiont biochemical symbiosis [18]. Phylogenetic 123 

analysis suggests that the gene was transferred from Chlamydiales to the Archaeplastida 124 

ancestor following plastid endosymbiosis [3,6,8]. However at the very onset of the event, 125 

there was no reason for a eukaryotic phagotroph to encode a bacterial glycogen synthase as it 126 

uses a substrate that it does not produce. Nevertheless this paradox could be solved if one 127 

hypothesizes the presence of a chlamydial intracellular pathogen encoding such an enzyme 128 

and actively secreting the protein in the host cytosol as a virulence effector. This hypothesis 129 
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was verified by two distinct groups [8,22]. Glycogen metabolism enzymes in Chlamydiales, 130 

previously thought as house-keeping activities, are now accepted as important effectors that 131 

highjack the host carbon storage machinery. These results entail that the three genomes 132 

became united in a tripartite symbiosis through the shared coding of a common photosynthetic 133 

carbon assimilation pathway [8]. This is now defined as the MAT hypothesis (ménage à trois) 134 

[8,16]. As noted above, sequencing of the first glaucophyte genome confirmed that the 135 

predicted glycogen synthase was indeed found in the cytosol of Cyanophora paradoxa [19]. 136 

However proteomic analysis of the glaucophyte plastid (the muroplast) yielded only 12 137 

candidate membrane bound transporters, 3 of which are suspected to define chlamydial LGTs 138 

[23]. Most importantly, the major transporter that exports photosynthetic carbon from the 139 

muroplast was proven biochemically to be UhpC, the chlamydial glucose-6-P/Pi exchanger, 140 

which defines the major carbon transporter in Chlamydiales [23,24]. To accommodate the 141 

presence of both the host derived NST and the chlamydial UhpC, it was proposed that the 142 

cyanobacterium and the pathogen entered the host simultaneously in the same inclusion 143 

vesicle [25]. This allowed conjugative transfer of the genes encoding the critical chlamydial 144 

transporters [26,27] and facilitated their correct localization at the onset of plastid 145 

endosymbiosis. It is known that extant Chlamydiaceae drive glycogen synthesis not only in 146 

the elementary bodies or the host cytosol but also predominantly in the inclusion vesicle [28]. 147 

Hence the same suite of chlamydial glycogen metabolism enzymes would ensure 148 

polysaccharide synthesis from photosynthetic carbon within the inclusion vesicle to the 149 

pathogen’s major benefit. The host in this modified MAT model would only get the overflow 150 

of ADP-glucose through the inclusion vesicle NST of host origin. However the nature of the 151 

symbiotic link in the host cytosol would be the same as that described above. The modified 152 

MAT displays an immense advantage over the classical MAT hypothesis, as it offers a 153 

straightforward mechanism explaining how the free living cyanobacterium escaped the host 154 
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defense mechanism (autophagy, vacuole acidification) and became primed for intracellular 155 

life. It nevertheless requires a subsequent early escape of the cyanobiont from the inclusion in 156 

order to evolve the required common plastidial protein targeting machinery. 157 

Conclusions 158 

 Hypotheses display true scientific value when they are sufficiently detailed as to lead 159 

to testable predictions. The MAT hypothesis typically offers this level of detail as it enables to 160 

build predictions amenable to experimental validation in several experimental systems. For 161 

instance the reconstruction of glycogen metabolism that was performed on the basis of the 162 

comparisons of the red and green algae extant biochemical networks was strengthened by 163 

studies performed in glaucophytes. The predicted chlamydial starch synthase was indeed 164 

found in the glaucophyte cytosol and used ADP-glucose as predicted (19). The MAT 165 

predicted that this enzyme must have defined an important chlamydial effector which was 166 

thereafter experimentally validated (8, 22). The “modified” MAT (25) predicts the existence 167 

of important host derived NSTs importing nucleotide sugars and present on the chlamydial 168 

inclusion vesicle membrane which can be further tested. The NST ancestor of extant plastidial 169 

carbon translocator was inferred in both MAT models to be an efficient ADP-Glc translocator 170 

which was proven on the suspected eukaryote ancestors by import experiments performed on 171 

yeast liposomes (21). Massive carbon export from the cyanobacterium predicts the latter must 172 

have suffered immediately from ATP depletion in darkness which is amenable to 173 

experimental testing in extant cyanobacteria thereby explaining the presence of the 174 

chlamydial ATP import protein on the inner plastid membrane. Both MAT models (8, 25) are 175 

indeed rich in predictions amenable to experimental testing. We agree that none of these 176 

experimental validations on their own are sufficient to “prove” the model but together they 177 

considerably strengthen the case as these findings must be considered as entirely coincidental 178 

if the MAT hypothesis is incorrect. The probability that this is untrue indeed diminishes with 179 



9 
 

each validated prediction. Finally perhaps an even more convincing approach would consist in 180 

repeating some aspects of the MAT in an experimental endosymbiosis system. We believe 181 

that the Waddlia chondrophila or Estrella lausanensis – Dictyostelium discoideum 182 

pathosystems offer a unique opportunity to establish endosymbiosis experimentally.This 183 

would in turn pave the way for important synthetic biology developments since such an 184 

experimental system could help establish free living bacteria together with their metabolic 185 

capabilities in the eukaryote cytosol. 186 
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