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Abstract 

A fundamental concept in evolutionary theory is the last universal common ancestor 
(LUCA) from which all living organisms originated. While hypotheses regarding the 
phenotype of LUCA do exist, most are at best based on gene presence or absence. 
However, despite recent attempts to link genes and phenotypic traits in prokaryotes, it is 
still inherently difficult to predict phenotype based on the presence or absence of genes 
alone. Here, we apply a novel approach based on phylogenetically informed ancestral 
character reconstruction with 22 fundamental descriptors of prokaryotic cells to 
reconstruct LUCA’s phenotype. We infer that the last universal common ancestor of all 
living organisms was likely an ovoid cell with a large genome, which probably had a cell 
wall and was actively motile. Potentially obtaining energy from the oxidation of 
inorganic compounds, tolerant of saltwater and thriving at temperatures above 70°C, 
LUCA was probably found living freely in anaerobic conditions in water of neutral pH. 
Our results depict LUCA as likely to be a far more complex cell than has previously been 
proposed, challenging the evolutionary model of increased complexity through time in 
prokaryotes. Given current estimates for the emergence of LUCA we suggest that early 
life very rapidly evolved considerable cellular complexity. 
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Introduction 
The pervasive perception of LUCA as a ‘primitive’ cell is inherently linked to the slow 
and uniform gradualist model of evolution. Within this model it is widely assumed that 
LUCA must have been a very simple cell [1,2] and that life has subsequently increased in 
complexity through time [3,4]. However, while current thought tends towards a general 
increase in complexity through time in most Eukaryotes [5–7], there is increasing 
evidence that bacteria and archaea have undergone considerable genome reduction 
during their evolution [8,9]. It is now largely accepted that LUCA is the common 
ancestor of bacteria and archaea [10,11] with eukaryotes originating from within the 
archaea in the two domains tree of life [12]. This raises the surprising possibility that 
LUCA may have been a complex cell [13,14].  

While the concepts of LUCA and progenote are sometimes used interchangeably in the 
literature, creating some confusion, here we refer to LUCA as the most recent common 
ancestral population of cells that diverged into the two primary domains of life, bacteria 
and archaea.  LUCA itself must have evolved from a population of ancestral proto-
cellular forms of lower complexity and Woese and Fox [15] introduced an ancestral 
organism of bacteria and archaea, the “progenote”, as an organism with a lower level of 
cellular organization than that of a free-living cell [16,17]. 

For over half a century one of the most challenging aspects of evolutionary biology has 
been to infer the ancestral habitat and characteristics of LUCA. While much has been 
learnt about LUCAs habitat from geology and geochemistry [e.g., 18,19], few hypotheses 
exist about its phenotype and physiology [3,4,20], and most were classically considered 
best deduced from comparative genomics and gene content. However, despite recent 
attempts to link genotypes and phenotypes in prokaryotes [21,22], it is still inherently 
difficult to predict phenotypic traits based on presence or absence of genes alone. 
Moreover, the methods used to infer ancestral gene content are limited in their ability to 
accurately identify conserved clusters of orthologous groups (COGs), detect and exclude 
genes that have undergone Horizontal gene transfer (HGT) from the ancestral pool of 
genes that trace back to LUCA [13,23,24]. Most methods are therefore conservative and 
while the latest estimates predict a few hundred genes (~355) that trace back to LUCA 
[4] older studies predicted around 1,000 genes [20]. In both cases these estimates are
similar to either the average gene content of parasitic or symbiotic bacteria and archaea
that lost genes mainly through genetic drift, or free-living prokaryotes that have
undergone genome streamlining [9,25].

A LUCA with a relatively complex genome has been explicitly suggested [14,20], but in 
recent years it has become apparent that many archaeal and bacterial phenotypic traits, as 
well as their the replicative machineries are similar. The latest evidence suggests that 
bacterial and archaeal replication and transcription systems have a common origin and 
that LUCA most likely had complex replication and transcription systems too [26]. 
Similarly, while archaeal and bacterial membranes are composed of different types of 
phospholipids (leading to the idea of “non-cellular” LUCA [4,27]) it now seems that 
LUCA might have possessed a mixed membrane of both bacterial and archaeal 
phospholipids [28,29]. While the possibility of a wall-less LUCA cannot be excluded 
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similar reasoning can be applied due to the presence of an S-layer (archaeal cell wall) in 
some bacteria [30]. A particularly contentious debate centred around LUCA’s habitat and 
physiology is whether it was hyperthermophilic as suggested by Weiss et al. [4,31]. 
While arguments in favour of a hyperthermophilic common ancestor of archaea exist 
[32,33] there is no clear consensus for LUCA and is the subject of ongoing debate 
[4,17,34]. Taken together these studies highlight the conflicting views on the complexity 
of LUCA and suggest that researchers need to identify new ways to approach the study of 
cellular origins.  

Given these discrepancies and the difficulty in predicting phenotype based on the 
presence or absence of genes alone, a new approach focused on phylogenetic ancestral 
state reconstruction of traits could provide new insights and move the discussion 
onwards. Here we present one new potential approach to understanding the evolution of 
cells, by using Bayesian Phylogenetic comparative methods [35,36]. After testing for 
robustness to HGT we infer the phenotypic traits of LUCA using two recently published 
phylogenetic trees [37,38] and the largest phenotypic dataset of 3,128 bacterial and 
archaeal species (https://doi.org/10.6084/m9.figshare.12987509.v1) using 18 discrete and 
10 continuous traits. 
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Results and Discussion 
Using phylogenetic comparative methods [39,40] and the largest compilation to-date of 
bacterial and archaeal phenotypic data (Fig. 1), along with two robust prokaryotic 
phylogenetic trees [37,38] we are able to infer that the last universal common ancestor of 
all living organisms was likely to have been a complex cell with at least 22 reconstructed 
phenotypic traits probably as intricate as those of many modern bacteria and archaea (Fig. 
2 and Table 1). Given current estimates for the time of Earth’s formation and the 
presence of liquid water offering habitable conditions [41] our results suggest that early 
life must have very quickly (perhaps ~ 200 Myr [31], but certainly within 500 Myr [18]) 
evolved considerable cellular complexity. While there are already strong arguments for a 
trend of increasing biological complexity over time [5,6,42] they point to a general 
increase in complexity across the whole tree of life and do not address the rapid 
development of complexity we propose here for the early prokaryotes. 
 
Analyses with the two trees showed little qualitative difference and we present median 
and 95% probability intervals (95% PI) for the highest posterior probabilities (PP) in each 
analysis based on the larger of the two trees [37], with all estimates of uncertainty 
available in the SI. Where the two trees differed, this is noted. However, while the 
median and PI give some indication of the error associated with a given trait 
reconstruction it is more informative to examine the PP histograms given in the SI as 
these show the distribution and relationship between all trait value reconstructions, not 
just the most likely. These distributions often reveal a long tail in the probability 
distribution of a trait value, indicating a large error bound, but also a clear and narrow 
distribution of trait values close to a probability of zero for the other possible values. 
 
Our probabilistic Bayesian phylogenetic models show clear phylogenetic signal in all 22 
phenotypic traits we investigate (Table 1, Table S3 and Table S6). Where this is easily 
quantified (five continuous traits – see Methods), there is a minimum value of λ of 0.95 
across the two trees (Tables 1 and Table S3). This signal indicates vertical inheritance of 
complex microbial traits and supports previous findings that trait (as opposed to gene) 
conservatism is widespread in bacteria and archaea [43,44]. Genetically complex traits, 
such as motility, shape, and the cell envelope are controlled by multiple genes [45–48]  
and while unlikely to be HGT free, the extent of this mechanism in the traits we study 
does not appear strong enough to blur their phylogenetic signal (see below and Methods).  
 
Our analyses suggest that LUCA was likely actively motile (PP 0.98, 95%PI 0.85-0.99) 
with a cell wall (PP 1.00, 1.00-1.00) and a single cell membrane (monodermic cell plan 
(PP 1.00, 1.00-1.00, Figs. 2 & 3). Our reconstruction of LUCA with a cell wall is 
supported by the recent suggestion that it had genes associated with cell wall synthesis 
[4]. While the presence and nature of a cell membrane in LUCA has been debated 
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[27,49,50], recent evidence points towards a mixed membrane of archaeal- and bacterial-
like lipids [28,29,51]. Our results suggest that LUCA was halotolerant (PP 0.75, 0.64-
0.81) with a preferred salinity range (2.31% - 2.76%) below that of modern seawater 
(3.1–3.8 %), hyperthermophilic (existing at temperatures above 70 °C, PP 0.92, 0.52-
0.97) and probably living freely in an aquatic environment of neutral pH (6.93-7.05, PP 
0.62, 0.17-0.76, next best PP acidophile: 0.24, 0.08-0.76) compared to modern seawater 
of pH 7.5 to 8.4 (Fig. 2, Tables 1, S1-S3). However, while we provide support for 
hyperthermophilia there is still debate over the presence or absence of reverse gyrase (a 
hyperthermophile-specific enzyme) in LUCA [4,34] and indeed whether LUCA was a 
thermophile [4,13]. There is however, evidence for thermostable ancestral enzymes 
reaching back between ~1.4 and ~4 Billion years [52,53].  We also note that an 
hyperthermophilic LUCA does not exclude a mesophile or ‘hot cross’ origin for life itself 
[18]. Most likely a chemolithotroph (chemotroph, PP 1.00, 1.00-1.00; lithotroph, PP 1.00, 
0.99-1.00), using inorganic molecules to drive its metabolism, LUCA was probably 
adapted to anaerobic conditions (PP 1.00, 0.99-1.00).  
 
Many of these reconstructed traits are indicative of the environment around hydrothermal 
vents, a habitat suggested for both the origins of life and the emergence of LUCA [4,54]. 
While modern vent systems are not generally of neutral pH [55], recent estimates for the 
early ocean suggest slightly acidic to neutral pH conditions [56] at the time of LUCA (~ 
4.0 Ga) [19,57] with values similar to our estimates (Table 1). Although an anaerobe, our 
reconstructions show that LUCA likely possessed both catalase (PP 0.93, 0.89-1.00) and 
oxidase (PP 0.84, 0.77-0.90) enzymes, suggesting an ability to resist oxidative stress. The 
presence of these enzymes might seem surprising given current evidence for free oxygen 
on early earth at concentrations less than 0.001% of those today [58], but is supported by 
genomic studies of Cytochrome oxidase genes [59], but see [60]. It has been 
hypothesized that LUCA might have possessed pathways to remove reactive oxygen 
species (ROS) [61] which is supported by our results, in particular, the presence of 
catalase [62]. While genes involved in resistance to oxidative stress might have arisen 
and been horizontally transferred between many ancestors after LUCA, recently Weiss et 
al. [4] identified eight of their 355 inferred LUCA proteins as enzymes involved in 
oxygen-dependent reactions. 
 
Although bacteria and archaea exhibit a variety of morphologies, shape is usually well 
conserved within species [63]. Based on categorical data (‘rod-like’, ‘ovoid’ or ‘coccoid’) 
we provide evidence that LUCA was probably an ovoid cell (Fig. 2, PP 0.87, 0.08-0.95, 
Tables 1 & S1), implying that it had a complex cell cycle including an elongation phase 
(sensu [64]). Our estimates of cell dimensions also support an elongated cell with a 
length of 1.72 µm and width of 0.53 µm (95% PI 1.24-2.38 µm and 0.43-0.65 µm, Table 
1). We were unable to draw a clear picture of pleomorphism in LUCA (PP < 0.6), but 
aggregation of individuals into clusters was likely not frequent (Fig. 2, PP 0.68, 0.55-
0.85, Tables S1 & S2). The ability to form spores, while hypothesized as ancestral [65], 
was unclear (PP 0.01, 0.00-0.01 for the larger tree and PP 0.86, 0.13-0.99 for the smaller 
tree), likely owing to the uncertainty in the deep phylogenetic branching order of the two 
trees [37,38] (Tables S1 & S2, Fig. S3-S4). While some evidence exists for HGT of 
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sporulation-related genes within the firmicutes [66], these transfers occurred locally and 
did not remove the global phylogenetic signal we recover from our data (Table S6).  
 
The complex phenotypic picture we draw of LUCA implies to us that it must also have 
possessed a complex genome. We estimated LUCA’s ancestral genome size at 2.48 Mbp 
(95%PI 2.13-2.90 Mbp, Table 1), larger than the phylogenetically corrected average 
genome size in modern prokaryotes from our dataset (~1.94 Mbp). Models allowing both 
gene losses (genome reduction) and gains (HGT) suggest that high levels of HGT lead to 
ancestral genome size estimates far smaller than modern genomes, while with limited 
HGT ancestral genome sizes become unrealistically large [67]. Unlike eukaryotes, 
prokaryotes show a consistent relationship between genome size and gene number [68]. 
Our estimate of the number of genes (PP 2624, 2261-3047) in LUCA (Table 1), assuming 
an average gene length for prokaryotes of 1024 bp and 13% of non-coding DNA in 
prokaryotic genomes [69], implies a genome size of around 2.34 Mbp, compared to our 
independent reconstruction of 2.48 Mbp (Methods).  
 
We note that our approach differs fundamentally from gene-based studies in that the 
inherent complexity of the traits we examine acts to isolate them from the effects of 
HGT. The involvement of multiple genes and gene-clusters in determining the 
phenotypic values of many traits reduces the likelihood that they have been subject to 
HGT [70–72] and the close correspondence between the data and the trees (indicated by 
high λ, Table 1) gives us confidence that comparative phylogenetic methods can be used 
to understand the evolution of prokaryotic phenotypes and reliably estimate ancestral 
states as we have previously shown [40]. While HGT could have disrupted any 
phylogenetic signal in the trees we use, the majority of taxonomic groups are seen to be 
supported by both trees. Deep branching in the two trees does differ, but our approach of 
accounting for phylogenetic uncertainty (Methods) gives us confidence that these 
differences are unlikely to be due to HGT. 
 
Irrespective of any network structure due to HGT, we recover a strong phylogenetic 
signal in all traits from both trees, implying that HGT does not rapidly act to change 
whole phenotypes or that it occurs mostly between very closely related lineages. While a 
positive correlation between the frequency of HGTs in distant lineages and genome size 
has been suggested [73], some studies indicate that HGT in prokaryotes also depends on 
both physical and genetic proximity [74–76]. Moreover, there is accumulating evidence 
to suggest that some of the traits that we present such as motility, cell envelope and 
sporulation, were subject to few or rare HGT events during their evolutionary history in a 
number of prokaryotic lineages [45,46,48,66,76]. 
 
As a further check we also performed simulations of HGT for each trait (See Methods, 
Fig. S2, SI) showing that our method is robust to HGT biases when estimating ancestral 
states. We were able to reconstruct ancestral nodes even in the presence of unrealistically 
high [77] rates of HGT. Thus, the strong phylogenetic signal that we and others 
[43,44,72,78] find for prokaryote phenotypic traits (rather than genes) demonstrates that 
the underlying phylogenetic relationships, even into deep time, are often conserved and 
that HGT does not always act to erase the phylogenetic signal for many complex traits. 
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Based on all of the above, we suggest that LUCA, the cenancestor, was more than a 
“half-alive” progenote [16,17], as advocated by Weiss et al. [4], and propose that it be 
considered a complex “prokaryotic” cell resembling modern archaea and bacteria. The 
complex phenotypic picture we depict of LUCA implies a complex genome, which is 
supported by our estimates of genome size and gene numbers. Indeed, establishment of 
biochemical pathways and complex enzymes over 3.5 Billion years ago has already been 
suggested [79,80]. Combined, these results seem to challenge the common assumption of 
increasing complexity through time, suggesting instead that cellular complexity arose 
near the very beginning of life and was retained or even lost through the evolution of the 
prokaryote lineage.  
 
LUCA itself gave rise to two diverse and important domains of life, bacteria and archaea, 
whose ancestral phenotypic characteristics we also reconstructed. Our results suggest that 
both the last bacterial common ancestor (LBCA) and the last common ancestor of 
archaea (LACA) were similar to LUCA, in being free-living, motile organisms with a cell 
wall (LBCA free-living PP 0.82, 0.81-93, motile PP 0.97, 0.86-0.99, cell wall PP 0.93, 
0.93-0.93; LACA free-living PP 0.98, 0.97-99, motile PP 0.90, 0.69-0.96, cell wall PP 
1.00, 1.00-1.00). We were unable to draw a clear picture of pleomorphism or determine 
the pH conditions under which LBCA and LACA lived (PP <0.6, Tables 1 & S1) but as 
with LUCA neither were likely to be able to form aggregates (LBCA PP < 0.6, LACA PP 
0.65, 0.55-0.80, Fig. 2, Tables S3 & S4). While LACA was likely non-spore forming (PP 
0.99, 0.98-1.00) it is unclear whether LBCA was able to do so (large tree non-spore 
forming PP 0.95, 0.90-0.97, small tree spore forming PP 0.98, 0.96-0.99), likely owing to 
the uncertainty in deep phylogenetic branching of bacterial phyla between the two trees, 
(Tables S1-S2). As for LUCA, while there is some evidence for HGT of sporulation-
related genes within the firmicutes, these transfers occurred locally and did not remove 
the global phylogenetic signal we recover from our data (Table S6).  
 
It seems probable that LBCA was halotolerant (PP 0.75, 0.6-0.84), but evidence for this 
trait in LACA is very much weaker (Large tree PP <0.6; small tree PP 0.78, 0.00-1.00). 
Like LUCA, these progenitors of the bacterial and archaeal domains were probably 
chemolithotrophic, anaerobes with an ability to resist oxidative stress as suggested by the 
presence of catalase and oxidase (all PP > 0.8, all lower 95% PI >0.62, Table S1 and Fig. 
2). In agreement with previous work [81–83] our results suggest that LBCA was a rod-
like cell (PP ‘rod’ 0.79, 0.34-1.00 and length vs width in Table 1), implying that it had a 
complex life cycle with an elongation phase [83]. Our results also support the suggestion 
[82] that LBCA was gram positive, with a monodermic cell plan (PP 0.97, 0.38-1.00, Fig. 
2, Table S1). More recently, and using different methods, LBCA has been reported as an 
anaerobic, rod-shaped cell utilising glucogenesis [84], and as rod shaped (with a diderm 
outer membrane), and motile [85], both studies depicting the bacterial ancestor in a very 
similar way to our own results. 
 
In contrast to LBCA, LACA was potentially a slightly elongated ovoid cell (PP 0.61, 
0.20-0.81 and length vs width in Table 1, Figs. 2c & 3), living in extremely hot aquatic 
environments (PP hyperthermophile 0.98, 0.90-0.99 ), as has been previously suggested 
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[32,33,86] with optimal temperatures between 73 and 74 °C (95% PI 67-80 and 68.2-
80.3, Fig. 2, Table 1). Very similar temperatures (~73-76 °C) have been recently 
estimated for LACA based on a different approach [86]. Moreover, the absence of known 
RNA viruses that infect archaea may- indirectly support the idea of an ancestral 
hyperthermophilic archaeon [14,87]. As with LUCA, the complex phenotypic characters 
of both LBCA and LACA suggest to us that they too had large genomes, supported (as 
before) by our estimates of genome size (LBCA PP 2.76 Mb, 2.25-3.37; LACA PP 2.42 
Mb, 2.05-2.85) and gene numbers (LBCA PP 2717, 2244-3290; LACA PP 2585, 2225-
3003, Tables 1 and S3). However, Williams et al. [86] using different methods, estimated 
a genome half the size (~1090 to 1328 genes) of our estimates for LACA, with a dataset 
of 62 archaeal genomes compared to 205 archaeal species in our study.  
 
Conclusion 
While LACA, a descendant of LUCA, has been suggested to be a relatively complex 
organism based on gene number [86,88], our results have the potential to push cellular 
complexity back to the very beginnings of life. Barring the unlikelihood of panspermia 
[89], these results imply that complex phenotypic traits arose far earlier in the history of 
life than previously thought. Accumulating lines of evidence suggest that LUCA 
appeared very quickly during Earth’s history, perhaps as early as four billion years ago 
[19,57] during the Hadean or early Archaean eons. Evidence for black shales and banded 
iron formation in Greenland at ~3.7 Ga is also suggestive of anoxygenic photosynthesis 
within 500 Million years of Earth becoming habitable [18]. Given that Earth formed 
around 4.5 Billion years ago [90], life probably arose in less than 500 million years 
(perhaps even within 200 million years [18,31]). This indicates that early life may have 
very quickly evolved considerable cellular complexity. We thus reveal LUCA as a 
potentially complex cell possessing a genetic code perhaps more intricate than many 
modern bacteria and archaea. 
 
 
Materials and Methods 
 
Experimental Design 
 
1. Data collection 
1.1. Phenotypic data 
To reconstruct the ancestral states for LUCA, we collected all the relevant phenotypic 
data in the species description section from the Bergey’s Manual of Systematic 
Bacteriology that were consistently reported for many phyla and genera. The phenotypic 
traits (dataset: doi.org/10.6084/m9.figshare.12987509.v1) that were consistently reported 
for all the species included shape, cell size, pleomorphism, cell aggregation, motility, 
habitat, cell wall and spore formation, as well as catalase and oxidase activity, oxygen, 
temperature, pH and NaCl requirements and nutritional mode for 3,128 prokaryotic 
species from the phylogenies of Chai et al. [37] (large tree) and Segata et al. [38] (small 
tree). A breakdown of the number of species scored for each of the 28 traits for each 
phylogeny is given in table S7 (SI). These two trees were chosen to account for 
phylogenetic uncertainties as they were reconstructed from two different data sets and 
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have different deep branching orders and different positions of the root. The main phyla 
in the two trees are monophyletic but the branching of these phyla differs between them. 
These differences can be explained by the different datasets used (~400 different proteins 
for each, see Methods) as well as differences in the parameters used for phylogenetic 
reconstruction. The larger tree shows the Tenericutes and Proteobacteria as the deep 
branching phyla while the smaller tree indicates that the deepest branches are for the 
Thermotogae and Firmicutes. It is because of these differences that we use two different 
trees as this allows us to account for conflicting signals, especially for deep branching 
taxa. Despite the conflicting branching our results differ qualitatively only for sporulation 
and some LBCA – LACA comparisons (Tables S1 and S2). There is strong branch 
support in the large tree apart from those separating bacteria and archaea, while for the 
small tree the branch separating archaea from bacteria is supported by 100bp. 
 
A representation of the large tree and the phylogenetic distribution of phenotypic data on 
it (where all traits were present for a species) are shown in Fig. 1. Data for most species 
was collated from the five volumes of Bergey’s Manual of Systematic Bacteriology [91–
95], but for species described after their publication data it was collected from the 
primary literature based on the List of Prokaryotic Names with Standing in Nomenclature 
(LPSN, Supplementary Text) [96]. Data for outlier strains (potentially misclassified 
species), were not included in the analysis (for example, Clostridium difficile strain P28 
did not cluster with members of the same species). Bacterial and archaeal that have been 
delineated based on genomic data but have not been described phenotypically (not 
cultured, e.g., bacterial candidate phyla radiation (CPR) or Asgard archaea) were not 
included in the present study as no phenotypic data was available.  
 
We did not include eukaryotes in our dataset the archaea as their origin within in the two-
domain model means that they are somewhat secondary to our main question. The 
discovery of Asgard archaea, with genomes enriched in proteins previously considered 
specific to eukaryotes [97] and which branch closer to eukaryotes than other archaea in 
phylogenomic studies, imposes new constraints on eukaryogenesis and tree of life in 
general. Furthermore, the underlying complexity of the evolution of eukaryotes as a 
symbiotic union presents a number of very challenging obstacles to including them in any 
phylogenetic study of this type. 
 
1.2. Genomic data 
Genome size and gene number data were collected for completely sequenced bacterial 
and archaeal genomes from the GOLD database [98, accessed March 2018]. Average 
genome size and average gene number per species were calculated from all the available 
strains of a given species. To independently estimate LUCA’s genome size we multiplied 
our estimated number of genes for LUCA (2629) by the estimated average gene length 
for prokaryotes from our data (1024 bp). Average gene length was estimated by 
regressing the genome size (Mbp) on the number of genes using Phylogenetic generalized 
least-squares (PGLS) implemented in the CAPER package to account for species non-
independence due to shared ancestry [99]. Estimated genome size (gene number × gene 
length = 2.69 Mbp) was multiplied by the average ratio of coding versus non-coding 
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sequences in prokaryotic genomes (0.87) based on Xu [69] to correct for non-coding 
sequences in the genome. 
 
We note that our estimates do not include CPR, known for their small genome size [100], 
as no phenotypically described species existed for this group at the time of data 
collection. However, the position of the CPR in the bacteria tree of life) [101] suggests 
that they are mostly symbiotic and are derived (in particular in reference to their small 
genome) and therefore unlikely to influence the results of our reconstructions.  
 
2. Phenotypic characterization 
2.1. Cell morphology 
Shape characterization in the species description sections from Bergey’s Manual of 
Systematic Bacteriology and the primary literature is qualitative, often subjective, and is 
not geometrically precise. A more reliable description would ideally be based on size 
measurements from individual cells. However, generally only cell length and width 
(diameter for coccoid cells) are available in the literature. These dimensions do however 
allow calculation of cell aspect ratio (AR) as length divided by width (Supplementary 
Text). While AR can be used to distinguish between coccoid and non-coccoid species, it 
cannot be used to distinguish categories within elongated, cylindrical cells (e.g. rod 
versus ovoid). Based on qualitative descriptions of cell morphology, we defined three 
broad shape categories for individual cells – rod, ovoid and coccoid (see Supplementary 
Text for a detailed description). For all the species with one shape category for which AR 
was available (2005 species) the delineation between coccoid and non-coccoid species 
based on qualitative descriptions was largely congruent with the AR data (Fig. S1, 
Supplementary Information).  
 
2.2. Pleomorphism 
Pleomorphism describes the ability of some prokaryotes to alter their shape or size in 
response to environmental conditions [102]. To investigate the extent and evolution of 
pleomorphism we classified bacteria and archaea as either monomorphic or non-
monomorphic.  
 
2.3. Motility 
Motility was defined for the purpose of this study as the ability to move. Species were 
classified as motile or non-motile regardless of motility type (i.e. swarming, swimming, 
gliding or twitching motility).  
 
2.4. Cell aggregation 
We classified species as either aggregating or non-aggregating, with cell aggregation 
defined as the ability to form an association between two or more cells. Species with cells 
occurring in pairs, tetrads, chains, sarcina, clusters or V-form, Y-form, T-form and 
Palisade groups or species able to form multicellular structures (e.g. fruiting bodies) were 
considered as aggregating. Species occurring only as single cells were coded as non-
aggregating, while those occurring as single cells but with the ability to associate were 
coded as aggregating. 
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2.5. Habitat 
Due to limited availability of information on microenvironments we used three broad 
categorizations [40] of habitat types based on macro-environmental descriptions (i.e. the 
different locations where the organism naturally lives and grows and from which it could 
be recovered and isolated). Where habitat was not known, the first isolation site was used 
(e.g., human tissue, soil, shallow water, etc.). The first categorization set (habitat a) was a 
simple division into free-living (i.e., living independently in the environment) and non-
free-living species (i.e., those associated with a host, manufactured products or isolated 
from industrial environments). Both free and non-free living species were further 
classified as Terrestrial or Aquatic (habitat b). For instance, species living in soil, fields 
or isolated from terrestrial sediments, were coded as Terrestrial, while an aquatic habitat 
was defined by living in marine or freshwater environments. Finally, we used a third 
habitat classification (habitat c) that included three categories: Terrestrial, Freshwater or 
Marine (see Supplementary Text for further details). 
 
2.6. Cell envelope 
To test whether ancestral forms had a cell wall we classified species based on cell 
envelope type. Species with a description of a cell wall ultrastructure and/or described as 
Gram positive or Gram negative were all coded as having a cell wall. However, wall-less 
species (e.g., Mycoplasma bovis, see Supplementary Text) were considered as lacking a 
cell wall regardless of Gram stain. To investigate the ancestral state of cell plan 
organization, we further classified bacteria and archaea based on two cell types: 
monoderm (single membrane) and diderm (inner and outer membranes) based on 
information on cell envelope type and Gram reaction. Under this classification scheme 
species described as Gram positive or Gram negative were coded as having monodermic 
and didermic cell plans respectively, while those described as having a variable Gram 
reaction or staining negative but having a positive cell wall structure were coded as 
monoderms. Wall-less species were coded as monoderm as they possess a cell 
membrane. Species displaying a variable Gram reaction and without information on cell 
wall structure were not included in the analysis (see Supplementary Text for further 
details).  
 
2.7. Spore formation 
We classified bacterial species as spore-forming or non-spore-forming based on clear 
statements in the species description and/or with a description of the spore type (e.g. 
“coccoid spores are formed centrally”). Archaea were classified as non-spore forming, 
and those species without information on spore-formation were not included in the 
analysis (see Supplementary Text for further details).  
 
2.8. Catalase, oxidase and oxygen requirements 
We classified bacteria and archaea based on their ability to produce catalase and oxidase 
enzymes. Species described as having variable catalase or oxidase activities (i.e. positive 
or negative catalase or oxidase tests, 14 species in total) and those for which catalase 
activity was described as ‘weakly positive’ were excluded from the analysis. Species 
described as not usually producing an enzyme were recorded as not producing it rather 
than excluded from the analysis. 
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Species were recorded according to their ability to use oxygen for metabolic processes as 
aerobic, anaerobic, or both. Facultative aerobes or anaerobes were coded as both aerobic 
and anaerobic. Microaerophylic species (requiring oxygen to metabolize energy sources 
but not able to tolerate high concentrations) and microaerotolerant (tolerant of oxygen but 
unable to use it for growth) were not considered as a distinct category and were excluded 
from the analyses (42 species). 
 
2.9. Metabolism 
The source of energy and electron donor that bacterial and archaeal species exploit was 
used to classify their metabolism. Data were extracted from species descriptions in the 
form of, for example, ‘chemoorganotroph’, ‘chemolithotroph’ or ‘phototroph’. Use of the 
photo- or chemo- prefix classified species phototrophs or chemotrophs respectively. For 
analysis of ancestral electron donor sources species described with words such as litho- 
or organo- were classified as lithotrophs or organotrophs respectively. 
 
3. Physicochemical parameters 
For all species data on optimal temperature, pH and NaCl ranges were collected (lower 
and upper values) and used to estimate ancestral values based on a variable rate model 
(see Continuous traits). To assess whether these estimates were reliable we used a 
different approach based on categorical data (see Categorical traits) employing four key 
categories for temperature, pH and NaCl defined using optimal ranges (See dataset: 
doi.org/10.6084/m9.figshare.12987509.v1). 
 
Species growing optimally in a temperature range of 5-20 ºC were classified as 
psychrotolerant, and those at temperatures between 20 to 45 ºC as mesophilic. 
Thermophilic species were defined as growing optimally at temperatures between 45 to 
70 ºC, while hyperthermophiles were those with optimal growth temperatures above 70 
ºC (see Supplementary Text). Optimal pH ranges were used to define neutrophiles (pH 
5.5-7.5), acidophiles (pH 3-5.5), hyperacidophiles (pH 0-3) and alkaliphiles (pH 7.5-13). 
Optimal NaCl range was used to define non-halophiles (0-1% w/v), halotolerant (1-5% 
w/v), halophiles (5-20% w/v) and extreme-halophiles (20-32% w/v). Results from both 
approaches were compared to assess whether optimal lower and upper estimated 
ancestral values for temperature, pH and NaCl fell within the corresponding ancestrally 
reconstructed category (e.g., if the estimated lower and upper optimal temperature values 
were 72 ºC and 73 ºC, the ancestral reconstructed temperature category was 
hyperthermophile). 
 
Statistical Analysis 
 
Summary 
Each phenotypic trait was analysed separately on each of the two independent trees, and 
these trees were pruned for each analysis to include only those species for which we had 
data for a specific trait. Bayesian methods using MCMC were used to estimate the 
parameters of evolutionary models that describe the evolution of a given trait along the 
branches of the phylogenetic tree. From this we derived a posterior distribution of 
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ancestral states (sampled in proportion to their probability) that incorporates uncertainty 
in both the tree and the data. We were thus able to capture the error associated with the 
estimated ancestral state. We note that the MCMC models allow some relaxation of 
assumptions about trait evolution and do not necessarily assume evolution is gradual (see 
below).  
 
1. Ancestral state reconstruction 
1.2. Categorical traits 
To allow us to account for model and parameter uncertainty a Bayesian rjMCMC [35] 
approach was used to reconstruct LUCAs ancestral states for all categorical traits (Table 
S1) using the Multistate method in the multicore version of BayesTraits V3.0.1 [103].  
For the categorical data, species exhibiting more than one state of the same character 
were coded as having two states or more in BayesTraits (e.g. if a species exhibited both 
rod ‘R’ and coccoid ‘C’ forms it was coded as RC, see Cell morphology and dataset: 
doi.org/10.6084/m9.figshare.12987509.v1). For all the categorical data species with 
missing information (NAs, dataset) were excluded from the analyses.  
 
The ‘AddMRCA’ command was used to estimate the ancestral states of the LBCA and 
LACA. All rjMCMC analyses were run using both the large [37] and small [38] 
Maximum Likelihood trees, reconstructed using 400 conserved proteins among 14,727 
and 3,737 prokaryotic genomes respectively. All rjMCMC analyses were run in 
BayesTraits using the same parameters with all priors set to an exponential with a mean 
of 10. rjMCMC chains were run for 5,000,000 iterations with the first 10% as burn-in and 
sampling every 1,000 iterations after convergence. The exception was the analysis for 
pH, which was run for 20 million iterations with the first two million iterations as burn-in 
and a sampling interval of 2,000 to ensure chain convergence. MCMC chains were run 
three times per tree and chain mixing and convergence were assessed using Tracer v1.7 
[104]. For all the analyses we report the mean and median posterior probability for the 
root (LUCA), LBCA and LACA, as well as the lower and upper HPD and 95% PI for the 
probability of the character state. 
 
1.2. Continuous traits 
Ancestral values for cell size, genome size, and gene number, as well as optimal pH, 
NaCl and temperature were estimated for LUCA, LBCA and LACA using a variable 
rates model [105], implemented in BayesTraits, that detects heterogeneous rates of 
evolutionary changes along the tree within a Bayesian framework. This method can be 
used to detect evolutionary trends and has been shown to estimate ancestral states more 
accurately than other methods [106]. 
 
Following the methodology in Baker et al. [106] we ran the variable-rates model for each 
continuous trait (the MCMC chain was run for 1 billion iterations, sampling every 
500,000 iterations after a burn-in period of 500 million iterations). This approach detects 
branches or clades of the tree that have undergone especially fast or slow rates of change, 
it stretches (increased rate) or compresses (decreased rate) branch lengths by an amount 
reflecting the inferred rate of evolution in that branch. Specifically, the method relaxes 
the BM model assumptions of gradual evolution [105]. 
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We summed all the rate-scaled branches along the phylogenetic path of each species from 
the root of the tree to the terminal branch (root-to-tip rate) – we use the median rate from 
the posterior distribution to rate-scale the branches. To test for a trend, we regressed the 
value of the continuous trait under investigation with root-to-tip rate using a Bayesian 
MCMC phylogenetic generalized least squares (GLS) regression [99,107] (the MCMC 
chain was run for 1 billion iterations with a burn-in of 500 million iterations and a 
sampling interval of 500,000 iterations). We used the proportion of time (Px) the 
regression coefficient determined the crossed zero to determine significance where Px < 
0.05 we declared a significant trend.  
 
We estimate the ancestral values for LUCA, LACA and LBCA for all continuous traits 
using the phylogenetic prediction method originally described in Organ et al. [108], 
where we find a significant trend we account for that as in Baker et al. [106]. Each of our 
MCMC analyses was repeated three times to ensure convergence was achieved – we 
report the results from one randomly chosen chain for each analysis. 
 
As recommended in Venditti et al. [105], we randomly removed all except one species in 
a clade where the continuous data were identical. We do this, as from a statistical 
modelling point of view, the best fit to such a group of species with exactly the same size 
would be to infer that no evolutionary change occurred in that group. This is an 
unrealistic scenario. Using this reduced set of species, we also repeated our Categorical 
analyses for pH, temperature and NaCl, finding concordant results (Tables S4-S5). 
Continuous data were log10 transformed prior to analysis, except NaCl which were cube-
root transformed owing to the presence of zeros, and pH where the original values were 
used as the scale is logarithmic. 
 
In contrast to rod or ovoid shape species, coccoids are evolutionarily constrained and thus 
can only divide and not elongate [64]. We therefore excluded data from coccoid species 
with an Aspect Ratio (AR) = 1 (see Cell morphology and Supplementary Text) prior to 
estimation of ancestral cell dimensions for LUCA, LACA and LBCA. 
 
Phylogenetic signal 
Phylogenetic signal is a measure of the statistical dependence between trait values as a 
result of phylogenetic relationships between species. To evaluate the extent of the 
phylogenetic signal in our data for continuous traits the phylogenetic signal was 
estimated using Maximum likelihood and the variable rates model and λ values [99] were 
selected from the best of two competing models - one with λ set to zero and one for 
which λ was estimated. Estimation of λ gives a transformation of a phylogeny that offers 
the best fit of the trait data to a Brownian Motion (BM) model of evolution. Thus, if λ = 0 
we infer no phylogenetic signal in the trait data, if λ = 1 this corresponds to a BM model, 
with intermediate values possible. 
 
For discrete traits we reconstructed the ancestral states for each trait using a Markov 
transition model in a MCMC Bayesian context [109] (Table S6). This model estimates 
instantaneous transition rates and so allows traits to change at any point on the branches 
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of the phylogeny. We then compared the posterior probabilities with a randomized data 
set from each of the two trees. We concluded that there is phylogenetic signal if we were 
able to discriminate between the states of a given trait (e.g. P(0) = 0.99 and P(1) = 0.01) 
in our data while simultaneously obtaining equal posterior probabilities for these states of 
the same trait from the randomized data set (Table S6). 
 
2. Horizontal trait transfer simulations 
While HGT plays a role in prokaryotic evolution, often seen as obscuring the assumption 
of vertical descent with modification, the traits under investigation in our study are multi-
gene entities and as such our ancestral reconstructions are less likely to be influenced by 
HGT [70–72]. Furthermore, a number of studies show that HGT occurs predominantly 
among near phylogenetic relatives and closely interacting species [110–112] and is far 
less common between distantly related organisms (but see [73,113]).  To test the 
accuracy of our reconstruction methods to cases of horizontal trait transfer (HTT) we 
conduct two sets of simulations. We call our simulation process HTT rather than HGT as 
we simulate the extreme case where the trait itself is transferred between phylogenetic 
branches – this represents a suite of functional genes associated with a particular trait 
transferred and instantly fixed in the population. HTT is thus a much more severe test of 
HGT than a gradual replacement model as it implies the transfer of an entire operon or 
the entire set of genes coding for the trait. We note that similar conclusions have been 
drawn for both continuous and discrete traits in human language [114,115]. 
 
Using the Chai et al. [37] (i.e., larger) phylogenetic tree we randomly identified between 
0 and 1000 (in 200 increments, see Fig. S2) points along the branches. We simulated a 
trait via Brownian motion (variance = 1) along the branches. When the simulation 
reached one of the randomly chosen points, an HTT event occurred from the ‘donor’ (red 
points in Fig. S2 a and b) to one of the potential ‘recipients’ (yellow squares in Fig. S2 a 
and b). We ran simulations for two types of HTT events. Firstly, a Local version, where 
HTT occurred between near phylogenetic relatives (Fig. S2a) – here, at the HTT point 
(and example is provided as a red point in Fig. S2) we selected the recipient branch from 
the clade defined by the most recent common ancestor (i.e., one phylogenetic node back) 
of the HTT event (in our example the potential recipient branches are shown with a 
yellow squares). Where there is more than one recipient branch (as in Fig. S2a) we 
randomly select one to receive the horizontally transferred trait. At the point of transfer 
the recipient branch and the donor have the same trait value – following this the 
Brownian motion process continues. We also simulate a very severe Global process 
which is identical to the Local simulation apart from the fact that at the HTT point the 
potential recipient points can be chosen from all branches at that time point (i.e. from the 
root of the tree rather than the most recent common ancestor), this is illustrated in Fig. 
S2b. Through the simulation process we record the trait value at each node of the tree – 
these are the ‘known’ ancestral states. Following the simulation process, we used the data 
at the terminal branches (the end point of the simulation at tips of the tree) to infer the 
ancestral states at each node in the phylogeny. We compare these with the known 
ancestral states for each simulation condition. We repeat the process 1000 times for each 
condition for both the global and the local set – a total of 12000 simulations. 
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We use linear regression to compare the known to inferred ancestral state values. We 
expect, where the reconstructions are perfectly accurate, to see a slope (regression 
coefficient) equal to one, an intercept equal to zero, and a coefficient of determination 
near one. We also recorded the estimated Brownian motion variance from the inference 
stage – the simulated variance was one. The results show that Local HTT does not 
significantly influence our ability to accurately infer ancestral states even up to a point 
where there are 1000 such events in the tree (Fig. S2c-f). As expected, the accuracy of the 
unrealistically severe Global simulations reduces with the number of HTT events – 
specifically the variance in the intercept increases and the variance and magnitude of the 
Brownian motion variance increases. 
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Figures and Tables.  
 
Fig. 1. Distribution of phenotypic traits on the larger of the two phylogenetic trees 
used in the study. To aid clarity only species with complete data for all traits are 
included (n = 674). Tips on the tree are colour coded according to cell shape, while the 
inner to outer rings are coded according to motility status (inner), habitat (second), 
oxygen requirement (third), spore formation (fourth) and cell wall type (outer). The 
outer bars are proportional to genome size in Mbp. Red polygons at the base of the tree 
indicate the positions of LUCA (star), LACA (square) and LBCA (hexagon). 
 

 
 
  

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 10, 2021. ; https://doi.org/10.1101/2020.08.20.260398doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.20.260398
http://creativecommons.org/licenses/by-nc/4.0/


 27 

Fig. 2. Bayesian estimates of the ancestral state for categorical traits. Mean and 
median posterior probabilities (PP) for each character state for LUCA, LBCA and LACA 
with colour intensity proportional to the value of the PP. On the right side the character 
state with the highest PP for each character is shown (e.g., Motility: Motile). When the 
ancestral character state differs between LUCA, LBCA or LACA, alternative character 
states are shown within thick boxes (i.e., shape, temperature and pH). Values are from the 
large tree, and only consistent results for ancestral character states between the large and 
the small trees are reported. Supplementary Table 1 contains the full results for all 
characters. Abbreviations: LUCA - last universal common ancestor; LBCA - last 
bacterial common ancestor; LACA - last archaeal common ancestor; PP – posterior 
probability. 
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Fig. 3. Phenotypic reconstructions of ancestral cells. (A) LUCA, (B) LBCA, (C) 
LACA. Flagella-like appendages indicate motility, green outer layer a cell wall and red 
inner layer a cell membrane. Where available, grey shading on habitat categories 
represents continuous data estimation while black rectangles bracket the categorical 
estimates. Histograms give posterior probability distributions for the discrete trait values. 
PI = 95% Probability Intervals. 

 
  

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 10, 2021. ; https://doi.org/10.1101/2020.08.20.260398doi: bioRxiv preprint 

https://doi.org/10.1101/2020.08.20.260398
http://creativecommons.org/licenses/by-nc/4.0/


29 

Table 1. Bayesian values estimates for continuous traits for LUCA, LBCA and LACA from the large tree. Ancestral state 
estimates for cell and genome sizes, optimum temperature, NaCl and pH from the best of two competing models - the random walk 
and the directional models. Phylogenetic signal (λ) is estimated for each trait. Abbreviations: LUCA: last universal common ancestor, 
LBCA: last bacterial common ancestor, LACA: last archaeal common ancestor. HPD - Highest Posterior Density; 95% PI - 95% 
Probability Interval. 

Number of 
species λ 

λ 
HPD 

range 

λ 
95% PI 
range 

LUCA 
PP 

LUCA 95% 
PI range 

LBCA 
PP 

LBCA 
95% PI 
range 

LACA 
PP 

LACA 95% 
PI range 

Cell size (µm) 

Average width 1705 1.00 0.99-1.00 0.99-1.00 0.53 0.43-0.65 0.49 0.39-0.62 0.54 0.44-0.67 
Average length 1656 0.99 0.98-0.99 0.98-0.99 1.72 1.24-2.38 1.87 1.39-2.51 1.73 1.2-2.49 
Genome 

Average genome size (Mb) 2978 1.00 1.00 1.00 2.48 2.13-2.90 2.76 2.25-3.37 2.42 2.05-2.85 

Average gene number 2965 1.00 1.00 1.00 2624 2261-3047 2717 2244-3290 2585 2225-3003 
Temperature (°C) 
Optimum lower 1448 1.00 1.00 1.00 72 66.1-78.5 51.1 44.6-58.4 73.1 67.0-80.0 
Optimum upper 1432 1.00 1.00 1.00 73.2 67.5-79.4 43.3 38.6-48.5 74 68.2-80.3 
pH 
Optimum lower 896 0.97 0.97 0.97 6.9 6.6-7.2 7.0 6.7-7.4 6.9 6.6-7.2 
Optimum upper 879 0.96 0.96 0.96 7.1 6.8-7.3 7.2 6.9-7.4 7.0 6.8-7.3 
NaCl (% w/v) 
Optimum lower 470 0.99 0.99 0.99 2.22 1.72-2.81 2.30 1.69-3.04 2.2 1.68-2.82 
Optimum upper 479 0.98 0.98 0.98 2.74 1.94-3.73 2.85 1.92-4.04 2.71 1.91-3.71 
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