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Animals are generally capable of synthesizing eleven amino acids, while the
remaining nine—often referred to as essential-must be acquired through diet.
This metabolic trait profoundly shapes animal ecology and evolutionary tra-
jectories, and recent phylogenomic studies indicate that it arose from gene
losses at the root of the animal tree. However, it remains unclear which
selective forces, if any, directed this far-reaching metabolic simplification.
Here, we show that essential amino acids are energetically far more expensive
to synthesize than non-essential ones, particularly under high respiratory
conditions—a hallmark of the animal lifestyle. Using a probabilistic selection
test, we find support for the hypothesis that energy-related selection, coun-
terbalanced by pleiotropic effects, favored the outsourcing of essential amino
acid production under well-oxygenated and nutrient-rich conditions.
Remarkably, we also find that extant animals use expensive amino acids more
frequently than their closest unicellular relatives, suggesting that constraints
on their usage were relaxed once their synthesis was externalized, thereby
enabling animal genes to evolve more freely across protein sequence space. In
this light, we propose that the origin of animals was tightly linked to energy-
related adaptations rather than to unpredictable stochastic events, as recently
suggested.

Published online: 22 January 2026
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Proteins are made of 20 proteinogenic amino acids (AAs). The bio-
synthesis of these AAs is an indispensable biochemical process on
which all life depends. Many organisms, such as plants, fungi, various
bacteria, and many unicellular eukaryotes are capable of synthesizing
all 20 AAs'™*. However, other lineages lost the capability to synthesize
some AAs, which means that they have to harvest these essential amino
acids (EAAs) from their environment*. A prominent example is ani-
mals (Metazoa), which lost the capability to synthesize nine EAAs"*>.
Recent phylogenomic studies showed that this simplification occurred
at the root of the animal tree, after the split from choanoflagellates®’.
This metabolic loss is part of a broader simplification event that pre-
ceded metazoan radiation and included a wide range of metabolic
reductions®®,

However, which selective forces, or random processes, were
driving this simultaneous loss of EAA biosynthetic pathways in
metazoans remains a great mystery’. The biosynthesis of AAs is gen-
erally energetically costly’, but there is also considerable variability
among them in the energy required for their production, with the
cheapest and most expensive AAs differing by almost an order of
magnitude’ ™. On the other hand, free energy is a critical and limited
resource that sustains biological systems, meaning that its harnessing
and efficient usage are under continuous selective pressure™'*. For
instance, energetically expensive AAs sparingly occur in protein
sequences, especially in highly expressed genes’". It has been shown
that this selectively favored bias leads to a net reduction in energy
costs related to AA synthesis in cells™™.
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Inspired by these findings, we reasoned that the massive loss of
EAA biosynthesis capability at the root of the animal tree could also be
connected to energy management. A plausible hypothesis is that the
biosynthesis of EAAs, as a group, incurs higher energy costs than the
biosynthesis of non-essential AAs (NEAAs). By outsourcing the pro-
duction of energetically costly AAs, an animal ancestor could have
freed a part of its energy budget, which could then be reallocated to
other functional needs. We further assumed that the outsourcing of
expensive EAAs would enable animals to use them more freely in their
proteomes—compared to their unicellular holozoan ancestors—as the
energetic constraints on their usage would be reduced. Surprisingly,
these possibilities have never been tested, even though estimates of
AA biosynthesis energy costs have been available for a long time® " and
AA Dbiosynthetic capabilities have been studied from various
perspectives' ", It is also puzzling that no effort has yet been made to
conceptually link AA synthesis costs with their essentiality status, nor
has any study considered the potential role of selection in shaping AA
auxotrophies in animals.

In this work, we identify the potential selective forces and eco-
physiological conditions that led to the essential/non-essential AA
dichotomy. Although alternative explanations cannot be definitively
ruled out, our analyses support the hypothesis that energy manage-
ment and pleiotropic effects exert antagonistic selective pressures that
—together with ecophysiological factors such as respiration mode and
AA availability in the environment—played a significant role in driving
the outsourcing of EAA synthesis in the metazoan lineage. Moreover,
we find that animal proteomes contain a higher proportion of ener-
getically costly AAs than those of their closest unicellular relatives,
indicating that EAAs were more freely integrated into proteomes once
their synthesis was outsourced. Accordingly, we argue that the emer-
gence of animals was driven by energy-management adaptations
rather than stochastic events.

Results

Essential amino acids are expensive

We first retrieved the most recent estimates' on the required number
of energy-bearing metabolites (ATP, NADH, and NADPH) for AA bio-
synthesis (Supplementary Data 1). These most recent estimates cor-
rected some inadvertent errors that had propagated in previous
studies using these values to calculate AA biosynthesis energy costs
(see “Methods”). With these corrected values, we then calculated the
direct cost of AA biosynthesis, representing the number of high-energy
phosphate bonds (-P) required for synthesizing an AA from its meta-
bolic precursor (Supplementary Data 1 and Supplementary Table 1).

It is important to note that direct costs quantify the energy used
for AA production from metabolic precursors without considering
how this metabolic mode impacts the overall energy balance of the
cell. To address this, we also calculated the opportunity cost (see
“Methods”), defined as the total energy that would have been pro-
duced if the precursors had been metabolized, plus the energy lost
during the synthesis of AAs (Supplementary Data 1 and Supplementary
Table 1). This alternative cost measure, which has been extensively
used in previous work® ™8, quantifies the impact of the choice to
synthesize an AA on the overall energy balance of the cell by
accounting for the unrealized energy gain from precursors (lost
opportunity). In essence, it shows how much energy is given up by an
organism when producing AAs'®.

However, actual values of both opportunity costs and direct costs
are directly dependent on the respiratory mode of a cell, which can
differ within the life cycle of an organism as well as between different
species'®"2, Surprisingly, the fundamental importance of respiration
mode for AA energy cost estimation is rarely recognized'®*2. To account
for this effect, we calculated here both direct and opportunity costs for
three respiratory modes: fermentation, low respiration, and high
respiration (see “Methods”, Supplementary Data 1 and Supplementary

Table 1). This range of respiration modes encompasses all major
metabolic states across the tree of life, enabling us to identify the
respiratory conditions that most strongly favor the outsourcing of AAs.

For comparative purposes, we first sorted the 20 AAs in increasing
order based on the opportunity cost calculated for high respiratory
conditions, which correspond to the metabolic lifestyle of Metazoans
(Fig. 1a). To illustrate how the dispensability status of AAs in animals is
distributed in this representation, we marked the nine EAAs and eleven
NEAAs'** in different colors (Fig. 1a). Remarkably, the AAs are arranged
almost perfectly into two groups: (1) energetically cheaper NEAAs and
(2) energetically more expensive EAAs (Fig. 1a).

The only exceptions are cysteine (C) and tyrosine (Y), which have
relatively high energy costs and are usually considered NEAAs. How-
ever, in animals they are synthesized directly from other EAAs, which
are secured from the environment; i.e., cysteine (C) from methionine
(M) and tyrosine (Y) from phenylalanine (F)*. This suggests that
cysteine (C) and tyrosine (Y) should be considered partially essential,
as most of their synthesis costs are externally covered. In this context,
it is evident that nearly all energy costs related to the top 55% (11 out of
20) most expensive AAs are outsourced (Fig. 1a). The analyses of
opportunity costs under low respiration and fermentation conditions
revealed very similar patterns, although overall values were lower and
the difference between the cheapest and most expensive AAs was
reduced (Supplementary Figs. 1 and 2).

While opportunity cost has been the prevailing energy cost
measure in previous studies’'®, we also considered direct cost here.
In contrast to opportunity costs, which account for the alternative
option of respiring AA precursors, direct costs strictly reflect the
expenses of AA synthesis. This measure is therefore particularly useful
in situations where cells have a surplus of energy, making alternative
metabolic options less relevant. A simple visual inspection of the direct
cost chart (Fig. 1b) revealed that the direct costs of NEAAs are typically
lower than those of EAAs; however, the difference between the two
groups, although evident, is not as clear-cut as it is for opportunity
costs (Fig. 1b and Supplementary Figs. 1b and 2b). Thus, to assess these
differences more quantitatively, we statistically compared average
direct costs as well as opportunity costs between NEAAs and EAAs
using a non-parametric test (Fig. 2; Supplementary Figs. 3 and 4). We
considered AA dispensability in two versions; in the first classical one,
we grouped standard 9 EAAs (Fig. 2a, ¢), whereas in the second one, we
extended this set to 11 members by treating cysteine (C) and tyrosine
(Y) as EAAs (Fig. 2b, d).

Regardless of which cost measure is considered, under high
respiration conditions the average energy costs of EAAs are sig-
nificantly higher than the average energy costs of NEAAs with mostly
large effect sizes (r > 0.5) (Fig. 2). Interestingly, although average EAA
costs are always higher than average NEAA costs, this difference
becomes less apparent and significant under low respiration, and even
less so under a fermentation lifestyle (Supplementary Figs. 3 and 4). To
better present this trend, we plotted the sum of AA opportunity costs
as well as direct costs across three respiratory conditions (Fig. 3). This
chart revealed a clear pattern in which the differences in total AA
synthesis costs between NEAAs and EAAs are the lowest under fer-
mentation, increase under low respiration, and are the highest under
high respiration (Fig. 3). This trend is obvious for both direct and
opportunity costs but is much stronger for opportunity costs, showing
that more efficient respiration disproportionally increases the energy
costs of EAAs in contrast to NEAAs. If we assume that energy con-
sumption related to AA synthesis influences fitness, the observed dif-
ferences between NEAAs and EAAs should be most strongly exposed to
selection under high respiration. Subsequently, this selective pressure
could lead to the eventual loss of EAA biosynthesis pathways, as
observed at the root of Metazoa.

To further evaluate the hypothesis that selective forces related to
energy management contributed to the outsourcing of EAAs under
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Fig. 1| Comparison of amino acid synthesis costs under high respiration.
a Opportunity cost (OC) and b direct cost (DC) are shown as the number of high-
energy phosphate bonds (-P) required for synthesis. Amino acids are sorted in

ascending order according to their biosynthesis costs. Essential amino acids (EAAs)
in animals are shown in red; non-essential amino acids (NEAAs) in blue. Source data
are provided as a Source data file.

high-respiration conditions, we developed the combinatorial pheno-
type selection (CPS) test, which probabilistically assesses whether a
quantitative factor (e.g., biosynthetic cost) exerts directional selection
on a combinatorial phenotypic trait (e.g., the auxotrophic/proto-
trophic status of amino acids), using neutral evolution as the null
hypothesis (see “Methods”). We first generated all possible permuta-
tions of AA dispensability status under the assumption that 9 (or 11)
out of 20 AAs are essential and then calculated the average opportu-
nity (direct) cost of EAAs for every permutation. Based on the obtained
distribution of average opportunity (direct) costs of EAAs, we calcu-
lated the matching empirical probability mass function (PMF) which
was then used to retrieve the probability that the real-life set of EAAs in
animals appeared randomly (Fig. 4). A low p-value would indicate that
selection related to the AA synthesis costs shaped the observed set of
EAAs in animals more strongly than random processes.

All performed CPS tests showed that the mean cost of the
observed EAAs in animals falls at the right tail of the empirical dis-
tribution (Fig. 4 and Supplementary Data 2). In fact, in some analyses,
the observed EAA combination in animals has the highest average
opportunity cost in comparison to 167,960 possible permutations
(Fig. 4b). This suggests that the observed EAA combination is highly
unlikely to have arisen by chance alone and that our results are con-
sistent with the hypothesis that AA production costs shaped the evo-
lution of the EAA set in animals. Although animal lifestyle is universally
linked to high respiration, it is interesting to test if selection could
shape the EAA set observed in animals under low respiration and fer-
mentation conditions. Similar to high respiration data, the CPS test of
low respiration and fermentation data returned quite low p-values,
which suggests that even in these metabolic situations, it is unlikely
that random processes were a major force in shaping the EAA set.
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essential amino acids methionine (M) and phenylalanine (F), respectively. The
differences in energy costs under high respiration between the two groups were
shown using boxplots and the significance of these differences was tested by the
two-sided Mann-Whitney U test with continuity correction. The corresponding W-
value, p-value, effect size (r), and the 95% non-parametric confidence intervals are
displayed. X symbols indicate means, bars represent medians, lower and upper
hinges correspond to the first and third quartiles, and whiskers extend from the
hinges to the largest or smallest values within 1.5 times the interquartile range.
Individual AAs are represented by one-letter symbols. Source data are provided as a
Source data file.

However, these p-values are less significant compared to those
obtained for cost measures under high respiration (Supplementary
Figs. 5 and 6), which highlights that the selective loss of EAAs is most
probable under high-respiration conditions.

Selective trade-off between AA energetics and pleiotropy
If one assumes that AA energy management is an important selective
force driving the loss of EAA production, the question arises why only

half of the most energetically expensive AAs were outsourced in ani-
mals. Theoretically, if AA energetics exert strong selective pressure, all
AAs could potentially be outsourced. A likely explanation is that AA
pleiotropy counteracts AA energetics, leading to a set of EAAs shaped
by a selective trade-off between these two factors. For example, the
biosynthesis of arginine is part of the urea cycle, which is essential for
the excretion of excess nitrogen in ureotelic animals (primarily
amphibians and mammals)®. Despite its relatively high energetic cost,
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Fig. 3 | Dependence of amino acid biosynthesis costs on respiratory conditions.
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Figs. 1 and 2. We performed the calculations by considering 9 EAAs (a, c), and 11
EAAs (b, d). In the extended AA dispensability analyses (b, d), we considered
cysteine (C) and tyrosine (Y) as conditionally essential amino acids given that their
synthesis depends on the essential amino acids methionine (M) and phenylalanine
(F), respectively. Source data are provided as a Source data file.

an animal lacking an alternative means of nitrogen excretion cannot
afford to lose the ability to synthesize arginine.

To test the role of pleiotropy, we applied the same battery of tests
used in the analyses of AA energy costs. To visually inspect the data, we
first mapped the number of KEGG pathways and biochemical reactions
on individual AAs distributed according to their increasing opportu-
nity costs (Fig. 5a). It can be seen that most of the cheapest AAs, and
especially glutamate, take part in a large number of reactions and
pathways. However, two conditionally essential AAs (cysteine and
tyrosine) and half of the essential AAs also display relatively high
involvement in various cellular processes (Fig. 5a).

The comparison using non-parametric tests showed that EAAs
have on average lower pleiotropy than NEAAs, however with border-
line significance (Supplementary Fig. 7). To test if these differences
could be governed by selection as opposed to random processes, we
again applied CPS test where the tested factor, instead of energy costs,
was pleiotropy measured by the number of KEGG pathways and bio-
chemical reactions in which AAs participate. This test showed that the
observed EAA pleiotropies fall within the left tails of the empirical PMF,
with p-values fluctuating around the 0.05 threshold (Fig. Sb-e). These
results indicate that pleiotropy may have imposed selective pressure
to maintain the biosynthetic capabilities of certain amino acids. In turn,
this implies that pleiotropy counteracts energy-related selection to

some extent, although it appears to be the weaker force in this
interaction.

AA dispensability in animals

Nine AAs are canonically considered essential in animals, although
there may be exceptions to this rule, often related to further losses in
biosynthetic capabilities®*?*. However, the information on the AA
dispensability status in animals and their allies is rather cursory and
scattered over methodologically disparate studies®**, To get a
coherent overview of AAs dispensability in animals and their closest
relatives (non-animal holozoans), we explored the completeness score
(CS) of AA synthesis pathways on a large holozoan tree comprising 167
species using reciprocal best hit as well as clustering approaches at
different significance cutoffs (see Methods). We also note that the
completeness score of AA synthesis pathways is only a proxy of AA
dispensability because it is possible that some taxa evolved or co-
opted alternative pathways. Nevertheless, regardless of the approach
and parameters used, we obtained highly consistent results (Fig. 6,
Supplementary Figs. 8-13).

Most notably, we recovered an almost universal trend of reduc-
tion of pathways involved in the biosynthesis of the 9 canonically
essential AAs in animals. This trend is not apparent in the non-animal
holozoans where pathway completeness does not follow a clear
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function (PMF). The value in red denotes the average value of the EAA sets actually
observed in animals. The p-value was calculated in a one-sided fashion by summing
the proportions of average values equal to, or more extreme than, the observed
average. Low p-values support the hypothesis that selection pressures related to AA
energy management drove the loss of essential amino acid biosynthetic capabilities
in animals (see CPS test section in “Methods”). Source data are provided as a Source
data file.

pattern (Fig. 6, Supplementary Figs 8-13). Since the choanoflagellate
group Acanthoecida has in our analysis high completeness of bio-
chemical pathways, and the same is true for Teretosporea and Cap-
saspora, we conclude that the ability to synthesize all 20 AAs is likely a
plesiomorphic feature of holozoans, which agrees with previous work®.
To statistically evaluate whether non-animal holozoans are sig-
nificantly more prototrophic than animals, we applied a non-
parametric test to compare the average AA auxotrophy index (A/,,g)
calculated for each species”. Briefly, the Al e quantifies the overall
extent of incompleteness in AA biosynthesis pathways in a given spe-
cies, with values ranging from O (fully prototrophic) to 1 (fully auxo-
trophic) (see “Methods”). Indeed, regardless of the method used to
detect the presence of AA biosynthesis enzymes, animals consistently
appear significantly more auxotrophic than other holozoans (Fig. 6,
Supplementary Figs. 8-13).

In our analysis, we detected a few additional AA biosynthesis
pathways with low completeness in animals, beyond the canonical
nine. The most notable example is the arginine pathway, which is
partially complete in many non-vertebrate taxa (Fig. 6, Supplementary
Figs. 8-13). This result aligns well with previous studies that report
arginine auxotrophy in some insects and tunicates®*°. This volatility in

auxotrophic/prototrophic status within animals is intriguing, given
that arginine is the most expensive NEAA; that is, it lies at the boundary
between NEAAs and EEAs when ranked by opportunity costs (Fig. 1a).
Its dispensability status in animals is most likely dependent on the
sensitive interplay between taxon-dependent differences in its envir-
onmental availability, the energy burden it poses on the metabolism
and its pleiotropic effects™*.

The analysis of AA pathway completeness allowed us to estimate
AA auxotrophies for each metazoan species individually (Supplemen-
tary Data 4). Based on the completeness score estimates (Fig. 6), we
assigned auxotrophy status to any AA whose biosynthesis pathway was
incomplete. This enabled us to compare the opportunity costs between
the EAA and NEAA sets and perform the CPS test in each metazoan
species independently (Supplementary Data 2 and 4). We found that,
across species, EAAs consistently exhibited higher opportunity costs
than NEAAs, supporting the hypothesis that AA outsourcing was driven
by energy-related selection (Supplementary Data 2 and 4).

Although the significance of these patterns gradually declines at
higher levels of auxotrophy, it remains statistically significant in all
species, with only two showing p-values slightly above 0.05. However,
even in those two cases (Choloepus hoffmanni and Mnemiopsis leidyi),
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essentiality status to all possible combinations of 9 or 11 AAs (167,960 permuta- energy management (see CPS test section in “Methods”). Source data are provided
tions). For each AA group in each permutation, the average number of reactions (b,  as a Source data file.

c) and pathways (d, e) were calculated and the proportions of these averages are
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uncommon-only a little over 6% of species in our metazoan dataset
exhibit more than 11 auxotrophies (Supplementary Data 2 and 4).

the trend of EAAs being more energetically costly than NEAAs is still
evident (Supplementary Data 2 and 4). This is an expected effect, as the

canonical (and most prevalent) EAA set (Fig. 1) represents one of the

The metabolic simplifications through the loss of EAA synthesis cap-

Animal proteomes are expensive

most energetically costly combinations. Adding more auxotrophic AAs
to this canonical set naturally lowers the average EAA opportunity cost.

abilities were only possible under the condition that the last common

However, such extensions of the canonical EAA set are relatively
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Fig. 6 | Overview of AA dispensability in Metazoa. a We used a reference database
of 167 holozoans (Supplementary Data 4)’ to obtain a comprehensive overview of
AA dispensability in this group. All enzymes involved in AA biosynthesis were
retrieved from the KEGG and MetaCyc databases. We searched for their homologs
within our reference database using the reciprocal best hit method implemented in
MMSeqs2 with an e-value cutoff of 107° (see “Methods”). For each AA, we calcu-
lated a completeness score (CS) representing the percentage of enzymes within a
pathway that returned significant sequence similarity matches to our collection of
AA biosynthesis enzymes. For AAs with multiple alternative pathways, only the
most complete pathway is shown. Fully resolved trees and MMSeqs2 analyses using
reciprocal best hits and clustering methods at different e-value thresholds are
provided in Supplementary Figs. 8-13. b Comparison of average AA auxotrophy

index (A/,,) between animals and non-animal holozoans. For each species (27 non-
animal holozoans, 140 metazoans), the auxotrophy index for each AA was calcu-
lated as 1-CS. These values were averaged to obtain Al,,,,, representing the average
proportion of missing AA biosynthesis pathways per species (0 = fully proto-
trophic; 1= fully auxotrophic). Differences between groups are shown as boxplots,
with statistical significance assessed using the two-sided Mann-Whitney U test with
continuity correction. The corresponding W-value, p-value, effect size (r), and the
95% non-parametric confidence intervals are displayed. X symbols indicate means,
bars represent medians, lower and upper hinges correspond to the first and third
quartiles, and whiskers extend from the hinges to the largest or smallest values
within 1.5 times the interquartile range. Source data are provided as a Source
data file.

ancestor of animals (animal LCA) was able to secure these costly EAAs
in surplus from the environment. If we assume that the unicellular
ancestor of animals was a prototroph for AAs® (Fig. 6), then an
important shift in feeding ecology occurred in the animal LCA that
allowed this massive metabolic outsourcing. This might be a switch
from a predominantly bacteria-eating lifestyle, as seen in present-day
choanoflagellates®*, to more efficient multicellular-style suspension/
filter feeding, or possibly to some sort of grazing behavior or macro-
phagous predation®?*,

Irrespective of which of these feeding adaptations occurred, it
should have allowed animals to use EAAs more freely in their pro-
teomes, since the energy for their production was largely outsourced.
Previous studies have consistently shown that AA synthesis cost tends
to negatively correlate with the AA frequency in the proteome'",
Consistent with these findings, we observed the same trend in our data
(Supplementary Data 3). However, no study has compared the AA
frequencies between the proteomes of prototrophic and auxotrophic
organisms. To test this, we compared the usage of EEAs between non-
animal holozoans and Metazoa (Fig. 7, Supplementary Figs. 14 and 15).
This comparison showed that animals use on average more EAAs in
their proteins than non-animal holozoans (Fig. 7a, b; Supplementary
Figs. 14 and 15). Similarly, we found that the energetic cost of an
average AA in the proteome (OC,.preome aNd DCproreome; SEE
Egs. 1 and 2) is higher in metazoans than in non-animal holozoans
(Fig. 7c, d).

However, when all genes within a genome are considered, these
observed trends could depend on the internal evolutionary dynamics
of a particular lineage. To account for this, we reduced the dataset to
include only the conserved genes shared between animals and non-
animal holozoans (see “Methods”). The patterns obtained for these
conserved genes are congruent with those obtained using all genes
within a genome (Supplementary Fig. 14), suggesting that, in animals,
the restriction on the usage of expensive AAs is also relaxed for con-
served genes. Together, these patterns indicate that the usage of
expensive AAs in animal proteomes generally increases once their
production is outsourced. All these results are consistent with our
prediction that the reduction of selective constraints on energetically
expensive AAs allowed animals to more freely explore protein

sequence space® .

Discussion

Several studies examined the genes involved in the AA biosynthesis
pathways and found that many of them are missing in animals*”"*, It
was suggested that these reductions are caused by animal hetero-
trophy that relaxed selective pressures on maintaining AA biosynthetic
capabilities'*. While improved heterotrophic feeding strategies likely
played a role in the outsourcing of EAAs in animals, this is just one
factor in the presumably more complex scenario that resulted in this
metabolic simplification. For instance, it has not been investigated
which evolutionary forces primarily drove the loss of AA synthesis
capabilities after purifying selection for their maintenance was

reduced due to improved dietary access to amino acids. Some studies
vaguely suggest that random processes contributed to the loss of
dispensable amino acid synthesis pathways'’; however, the possibility
of selectively driven EAA loss has not been considered. To address this,
we propose an amino acid outsourcing model based on the findings of
this study (Fig. 8).

According to our model, the availability of environmental amino
acids and an organism’s respiration mode are primary ecophysiologi-
cal determinants that set the stage for the outsourcing of AAs (Fig. 8). A
surplus of amino acids in the environment reduces selective pressures
on in-house AA production (Fig. 8) by lowering the net energy costs
associated with this production. However, the extent of these savings
largely depends on the respiration physiology of an organism that
resides in an AA-rich environment (Fig. 8). The total costs of AA pro-
duction substantially increase with the shift from fermentation to high
respiration (Fig. 3 and Supplementary Table 1). This increase applies to
both direct costs and opportunity costs, with the totals for all 20 AAs
rising by 2.6-fold and 6.9-fold, respectively, as the respiration mode
shifts from fermentation to high respiration (Fig. 3, Supplementary
Table 1). This dramatic increase supports the hypothesis that selective
pressures related to AA production costs are considerably greater in
organisms—such as animals—with high-respiration lifestyles. Addi-
tionally, the metabolic shift from fermentation to high respiration
widens the differences between the cheapest and most expensive AAs
(Figs. 3 and 8).

Although both average opportunity costs (Fig. 2a, b) and direct
costs (Fig. 2¢, d) follow the same trend—with EAAs consistently
showing significantly higher values than NEAAs—this pattern is more
pronounced for opportunity costs (Fig. 3). This difference likely arises
because opportunity costs more accurately reflect the biological
phenotype under selection, accounting not only for the direct energy
required for synthesis but also for the energetic trade-offs involved in
diverting metabolic precursors toward AA production. While direct
costs may be informative when cells have a continuous surplus of
energy—making alternative metabolic options less relevant—this sce-
nario is likely unrealistic in natural ecosystems. Therefore, we suggest
that opportunity costs generally provide a better measure for testing
ecologically relevant scenarios than direct costs.

It is possible that the environmental abundance of AAs is an
additional driver of AA auxotrophy evolution. Testing this, however,
would require data on the relative concentrations of individual AAs in
the ancient environment and the assumption that these proportions
remained stable over evolutionary timescales. To our knowledge, such
exact paleoenvironmental data are not available, and we therefore
could not directly test this factor as a selective pressure in our analysis.
However, if one assumes that AA availability at the origin of metazoans
mirrored their present-day genomic frequencies, one might expect
cheaper AAs to have been outsourced due to their presumed envir-
onmental surplus, and expensive AAs to have been retained due to
their environmental scarcity. Instead, we observe the opposite:
expensive AAs are outsourced. This suggests that, while environmental
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Fig. 7 | Comparison of EAA usage and the energy costs of an average AA
between non-animal Holoza and Metazoa. a The cumulative frequency of nine
AAs which are generally considered to be essential in Metazoans (Thr, Val, Leu, Lys,
Ile, Met, His, Phe, Trp). b The cumulative frequency of eleven EAAs. This extended
dataset contains two AAs, which could be considered conditionally essential (Cys,
Tyr). ¢, d The opportunity cost (0Cpeeome) and the direct cost (DCproreome) OF an
average AA in a proteome (see Supplementary Table 1). This value represents a
weighted mean of AA biosynthesis energy costs where the frequencies of twenty
AAs in a proteome act as weights. The differences in energy costs between the two

Taxonomic group

groups were shown using boxplots and the significance of these differences was
tested by the two-sided Mann-Whitney U test with continuity correction. The cor-
responding W-value, p-value, effect size (r), and the 95% non-parametric confidence
intervals are displayed. X symbols indicate means, bars represent medians, lower
and upper hinges correspond to the first and third quartiles, and whiskers extend
from the hinges to the largest or smallest values within 1.5 times the interquartile
range. The list of non-animal holozoans (27) and metazoans (140) whose proteomes
are included in calculations is available in Supplementary Data 4’. Source data are
provided as a Source data file.

amino acid availability may have been a necessary precondition for
outsourcing, energy-related selection was likely an important factor
shaping the pattern of amino acid auxotrophies in animals.

All of this suggests that the strongest energy-related selective
pressures will act on organisms thriving in oxygenated environments
where AAs are readily available and whose ecophysiology relies on

high respiration. Beyond animals, at least two other examples of con-
vergence in eukaryotic lineages further support this model. The soil-
dwelling ameba Dictyostelium discoideum (11 EAAs) and the eugle-
nozoan Leishmania major (also 11 EAAs) demonstrate a striking simi-
larity to metazoans regarding amino acid dispensability, with only
serine and arginine being additionally essential’. Both organisms thrive
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Fig. 8 | Amino acid outsourcing model. Six charts depict the interplay between
the four key predictors of AA auxotrophy: AA biosynthesis costs, pleiotropy, the
availability of AAs in the environment, and respiration mode. On each chart, AAs are
ordered by increasing opportunity costs (OC), which are depicted by the purple
line. The area below the purple line depicts the total AA opportunity costs. The
degree of change between the lowest and highest OC values is designated as

“narrow,” “moderate,” and “high range”. The dashed line depicts the pleiotropic
effects of AAs, with higher values indicating more reactions and pathways in which
the AA takes part. Shaded backgrounds indicate ecophysiological conditions that
favor the loss of AA prototrophy. All graphs are simplified drawings of data pre-
sented in this study.
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in oxygen-rich environments®?’, and their feeding ecologies—L. major

as a parasite and D. discoideum as a generalist predator'*—resemble
those of certain animal lineages.

Another example of convergence with animals was recently
reported in prokaryotes”*. Bacteria from the phylum Bdellovi-
brionota resemble animals in their obligate predatory and aerobic
lifestyles. These ecophysiological similarities created conditions for
the convergent evolution of a similar set of AA auxotrophies and for
the increased use of energetically expensive AAs in the proteomes of
both Bdellovibrionota® and animals. Furthermore, an experimental
study has shown that bacterial strains auxotrophic for various AAs gain
a fitness advantage over their prototrophic counterparts in AA-rich
cultures’, indicating that selective pressure on energy management
may universally underlie AA auxotrophies. On the other hand, fully AA-
prototrophic E. coli strains utilize an “overflow” mechanism to
genetically switch from aerobic to anaerobic metabolism™. This
approach enables cheaper AA production during periods of high cell
proliferation and protein synthesis, when demand is high. This high-
lights that, while an aerobic lifestyle generally allows for more efficient
energy production, it also incurs the cost of more expensive AA
synthesis.

Taken together, there are at least three solutions to this persistent
trade-off between the overall energy budget and AA production under
aerobic conditions. One strategy is to outsource the production of
energetically expensive AAs, as seen in all animals, D. discoideum, L.
major, and Bdellovibrionota. Another solution is the “overflow”
mechanism based on gene regulation, as observed in E. coli. A third
approach is a shift to a predominantly fermentative lifestyle with
occasional aerobic episodes featuring reduced respiration, as seen in
some yeasts”*,

In line with this, our CPS tests—which probabilistically assess
whether a quantitative factor influences an observed phenotype—
support the hypothesis that selective pressures related to energy cost
optimization drove the loss of EAA biosynthetic capability (Figs. 4
and 8). However, additional CPS analyses suggest that this energy-
driven selection was partially counteracted by pleiotropy—another
likely selective force—that helped to maintain the biosynthetic cap-
abilities of NEAAs with important pleiotropic functions (Fig. 5, Fig. 8).
For instance, glutamate (E), the most pleiotropic amino acid, serves as
a major metabolic hub, playing a critical role in nitrogen assimilation,
nucleoside and amino acid biosynthesis®. Related glutamine (Q),
which is synthesized by glutamine synthetase from glutamate and
ammonia, also has diverse metabolic functions, including nitrogen
metabolism, nucleotide synthesis, non-EAA synthesis, and the regula-
tion of epigenetic changes**. Interestingly, glutamine synthetase is one
of the oldest known functional genes, present in the last universal
common ancestor, suggesting its fundamental role in cellular
metabolism*. Comparably to glutamate (E) and glutamine (Q), other
NEAAs are also known to perform a variety of important metabolic
functions besides protein synthesis®**¢**,

It must be emphasized that, although an obligate predatory life-
style, efficient respiration, heightened environmental AA availability,
the energetic costs of AAs, and their pleiotropy were crucial in the
evolution of AA auxotrophy in animals, it is unlikely that they were the
only factors driving this complex evolutionary simplification. Other,
yet untested, factors may also have contributed to the outsourcing of
EAAs. Most notably, while multiple cases of convergence support our
model of selection-driven metabolic reduction, stochastic events may
have created the necessary preconditions for energy-related selection
to act®. For example, although increased AA availability was necessary
for metabolic outsourcing to occur, the underlying cause of this
increased availability remains unclear. A specific constellation of evo-
lutionary preconditions must evidently be met before energy-related
selection on AA auxotrophies becomes operational, as evidenced by
the fact that many organisms remain prototrophic. However, even with

these conditions met, we cannot exclude the influence of additional
selective forces unrelated to AA biosynthetic costs, as well as neutral
processes, in shaping animal AA metabolism and proteome
composition.

It should also be emphasized that animals still utilize all AAs.
However, energetically expensive ones (EAAs) are sourced externally,
allowing animals to conserve the energy that would be required for
their production. We previously introduced the term “functional out-
sourcing” to describe this phenomenon, as simplified organisms still
rely on the lost biosynthetic pathways, which are now outsourced to
the environment’. This phenomenon is modeled by the Black Queen
Hypothesis, which explains the evolution of ecological dependencies
arising from gene loss. According to this hypothesis, some free-living
organisms can lose a costly function if it is continuously provided by
other organisms in the accessible environment**",

Following this argumentation line, we think that the terms
“essential” and “non-essential” AAs, which were coined within the
context of animal dietary science, are quite misleading. All twenty
proteinogenic amino acids are indispensable for every cellular organ-
ism on earth, and therefore essential. In fact, most of the non-essential
AAs have to be supplemented to some extent by feeding®. In some
cases, non-essential AA supplementation is necessary to ensure opti-
mal health and fitness, leading some researchers in nutritional science
to question the validity of the terms “essential” and “non-essential” >,
Therefore, the only relevant question is whether they are internally or
externally synthesized, or in other words, built in-house or
outsourced’. We thus advocate that the terms auxotrophic amino
acids (AAAs) and prototrophic amino acids (PAAs) should be adopted
when the dispensability of AAs is discussed, regardless of which
organism on the tree of life is in focus.

In summary, we have shown that the biosynthesis of nutrition-
ally essential AAs is far more expensive than that of non-essential
ones, regardless of the cost measures applied. We also found evi-
dence consistent with the idea that the loss of EAA biosynthesis
capability is an important synapomorphy of animals, driven by nat-
ural selection related to energy-saving requirements. Around 575
million years ago, Earth’s ecosystems were fundamentally impacted
by the oxygenation of the oceans® and by new ecological interac-
tions that emerged alongside the rise of animals and their hetero-
trophic lifestyle”. Although alternative possibilities cannot be
definitively excluded, we propose that the selective trade-off
between energy economy and pleiotropy favored the loss of costly
AA biosynthesis until an equilibrium between functional outsourcing
and functional autonomy was reached, resulting in the so-called
essential and non-essential AA sets.

We further propose that this important metabolic outsourcing
enabled animals to use energetically expensive AAs more freely in
both existing and newly arisen genes”*>>. Whether this opportunity
also enabled animals to evolve functionally more optimized proteins
remains to be explored. We also suspect that the first animals, by
outsourcing the production of expensive amino acids, opened a
window of opportunity which allowed them to relocate a substantial
part of their energy budget from costly metabolic synthesis to more
animal-specific and energy-demanding functions, such as muscle
movements, electric signaling, and increased protein glycosylation®.
In this context, we believe that the recent suggestion that the origin
of animals was a stochasticity-guided black swan event® is likely
premature.

Methods

AA cost estimates and pleiotropy

We retrieved data on the number of ATP and NAD(P)H used in the
biosynthesis of AAs from Kaleta et al.”. Previous studies primarily
relied on estimates from Craig and Weber®, which contain some
inaccuracies. For instance, ATP values for asparagine and serine were
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erroneously transcribed from the original source”. Additionally, minor
updates were made to the ATP and NAD(P)H values for arginine,
cysteine, histidine, methionine, and tryptophan based on the most
recent biochemical findings'>. We also retrieved the number of ATP
and NAD(P)H utilized in the metabolism of AA precursors®®. To
approximate ATP generation under different respiratory conditions,
we converted the reducing equivalents to ATP as follows: (i) “high
respiration,” representing fully functional oxidative phosphorylation: 1
NAD(P)H =2 FADH2 =2 ATP"; (ii) “low respiration,” representing oxi-
dative phosphorylation without proton pumping at complex I: 1
NAD(P)H =2 FADH2 =1 ATP, which corresponds, for instance, to the
metabolism of S. cerevisiae and some E. coli strains™; (iii) “fermen-
tation,” representing anaerobic conditions without conversion of
reducing equivalents to ATP.

We calculated the costs of AA production in two ways: direct cost
and opportunity cost. The direct cost was calculated by summing ATP
and ATP equivalents of energy-bearing metabolites (NADH and
NADPH) used in the production of an AA, starting from the precursor
molecules (Supplementary Table 1 and Supplementary Data 1). The
opportunity cost was calculated by summing the energy lost in the
synthesis of AAs (direct cost) and the energy that would have been
produced if a cell catabolized precursors instead of making AAs
(Supplementary Table 1 and Supplementary Data 1). The energy gained
from the catabolism of precursors was calculated by summing pro-
duced ATP and ATP equivalents of energy-bearing metabolites (NADH,
NADPH, and FADH2) (Supplementary Table 1 and Supplementary
Data 1). The opportunity cost measure, which has been extensively
used in previous work® 8, quantifies how a decision to synthesize an
AA impacts the overall energetic balance of a cell by taking into
account an unrealized energy gain from precursors (lost opportunity).
In essence, opportunity cost shows how much energy is given up by an
organism when producing AAs', and is analogous to the “opportunity
cost” concept in economics®.

Data on pleiotropy were collected from the KEGG database* and
are represented by two metrics: (i) the number of KEGG reactions, and
(ii) the number of KEGG pathways in which each amino acid (AA) is
involved.

Combinatorial phenotype selection (CPS) test

We define the CPS test as a statistical method used to evaluate whether
a quantitative factor (e.g., synthesis cost or pleiotropy) exerts direc-
tional selection on a combinatorial phenotypic trait (e.g., the auxo-
trophic/prototrophic status of amino acids), using neutral evolution as
the null hypothesis. The CPS test estimates the probability (p-value)
that an observed combinatorial phenotypic state arose by chance with
respect to the tested factor, based on an empirically derived PMF
obtained through permutations. In other words, the permutations
represent all possible alternative phenotypes that could have arisen
during the evolution of the trait, allowing us to compare these
potential outcomes with the phenotype observed in nature. In this
way, we explored the entire combinatorial space of possible pheno-
typic states.

A similar statistical approach was previously used to assess the
positional evolutionary bias of enzymes on the endoplasmic reticulum
membrane®®. The ability to synthesize AAs is a unique combinatorial
phenotype because 20 biogenic AAs make a relatively large set of
biochemically similar molecules that all forms of life use as building
blocks for proteins. A binary state of prototrophy/auxotrophy can be
easily assigned to the AA set, allowing for the straightforward
exploration of all possible combinations through permutations.
Although the CPS test could theoretically be applied to other similar
data, it was specifically designed for this particular phenotype.

The CPS tests (Figs. 4 and 5; Supplementary Figs. 5 and 6) were
performed by calculating the average value of each factor (direct cost,
opportunity cost, number of pathways, number of reactions) across all

possible permutations for a given number of EAAs. For instance, in the
case of nine or eleven EAAs, there are 167,960 possible permutations.
Because the number of distinct average values is finite, we grouped
them into bins containing identical values. This produced a distribu-
tion of averages for each factor, conditional on the EAA group size. We
then calculated the proportion of permutations falling into each bin by
dividing the number of elements in the bin by the total number of
permutations. The resulting distribution forms an empirical PMF for a
given factor and EAA group size, which was used to estimate the
probability that the observed EAA set could have arisen randomly.
These probabilities (p-values) were calculated by summing the pro-
portions of permutations from the observed real-world value to the
most extreme value at the nearest tail of the distribution.

The central idea of the CPS test is to estimate the likelihood that a
combinatorial phenotypic state (e.g., the EAA set) could have arisen by
chance with respect to a given quantitative factor. If the factor had no
influence on the composition of the observed group, the group’s
average value would be expected to fall near the center of the dis-
tribution—yielding a high p-value. Conversely, if the tested factor
contributed to shaping the group’s composition, the average value
would likely fall near one of the distribution’s tails, resulting in a low p-
value. Importantly, a low p-value for one factor does not exclude the
possibility that other factors, acting in concert, also exerted selective
pressure on the group’s composition. The code used to perform the
CPS test is available in a GitHub repository (see “Code availability”).

Analyses of AA frequencies in proteomes

The proteomes of non-animal holozoans (27 species) and metazoans
(140 species) were taken from our previous study (Supplementary
Data 4)’. Using this dataset, we calculated the frequency of each of the
20 AAs in each proteome. By summing frequencies, we calculated the
cumulative frequency of nine AAs, which are generally considered to
be essential in Metazoa (Thr, Val, Leu, Lys, lle, Met, His, Phe, Trp). We
repeated this analysis by adding two additional AAs that could be
considered conditionally essential (Cys, Tyr) (Fig. 7a, b; Supplemen-
tary Fig. 15).

Using AA frequencies, we also calculated the opportunity cost and
the direct cost of an average AA in a proteome (OC,eome and
DCproteome) (Fig. 7c, d). This value represents a weighted mean of AA
biosynthesis costs where the frequencies of twenty AAs in a proteome
are acting as weights (Supplementary Data 4), using the following
equations®®*:

2(1:20 OC: x N n=20

OCproteome = W = Z OC; x F; @)
i=1 i i=1
2(1:20 DC. x N, n=20

DCproteome = IITQIN’ = Z DC; x F; )
i=1 i i=1

In these equations, OC; represents the opportunity cost of amino
acid i, DC; represents the direct cost of amino acid i, N; denotes the
total number of occurrences of this AA in the entire proteome, and F;
represents the frequency of the AA in the proteome.

To control for the presence of lineage-specific genes, we repeated
this procedure using only genes conserved between animals and non-
animal holozoans (Supplementary Figs. 14 and 15). We first clustered all
167 proteomes using the following MMSeqs2 (version 14-7e284)
parameters: -e 0.001 -c 0.8 --max-seqs 400 --cluster-mode 1--cov-mode
0. By using a cutoff of c=0.8, we obtained clusters of proteins with
highly similar architectures’. We then extracted only clusters that
contained both metazoan and non-metazoan holozoan proteins and
repeated the frequency and energy cost analyses. The initial dataset
contained 3,514,971 proteins, while the dataset with only conserved
genes contained 1,460,551 proteins (42%).
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To examine correlations between AA costs and AA frequencies
(Supplementary Data 3), we calculated average AA frequencies and
compared them with AA opportunity costs. We calculated correlations
between AA costs and AA frequencies for each species individually
(Supplementary Data 3) using the Pearson correlation coefficient.

AA biosynthesis pathway completeness

To construct the heatmaps depicting the completeness of AA bio-
synthetic pathways (Fig. 6, Supplementary Figs. 8-13), we first
assembled a list of all enzymes involved in these pathways from the
MetaCyc® and KEGG* databases. For AAs that can be synthesized via
multiple alternative pathways, we treated each pathway separately,
even when they shared some enzymes. Using this collection of enzyme
codes associated with AA biosynthesis, we retrieved protein sequences
from the KEGG database for 1200 available eukaryotic organisms
resulting in a total of 645363 protein sequences (Supplemen-
tary Data 4).

We used this collection of AA biosynthesis enzyme sequences as a
query to perform a reciprocal best hit search, as implemented in
MMSeqs2, against our database of 167 holozoan proteomes’. The
search was conducted using the “mmseqs easy-rbh” option with
default parameters. To test the robustness of our results, we con-
sidered the reciprocal best hit results at three e-value cutoffs: 107°,
107%°, and 107*° (Supplementary Figs. 8-10). In line with earlier study,
which has shown that functional orthologs always have e-values lower
than 107°°°, we presented in the main text the results at this e-value
cutoff (Fig. 6).

To further verify results obtained by reciprocal best hit search,
we performed MMSeqs2 clustering for each species separately. For
every species, we created an MMSeqs2 database consisting of a
proteome of that single species and our collection of AA biosynthesis
enzyme sequences. In the next step we preformed MMSeqs2 clus-
tering using the following parameters: cluster -c 0.8, --cov-mode O,
--cluster-reassign (Supplementary Figs. 11-13). By using the -¢ 0.8
parameter, we generated clusters of proteins with highly similar
architectures with at least 80% shared alignment length’**, Similar
to reciprocal best hit search, to test the robustness of our findings,
we repeated clustering at three e-value cutoffs: 107°, 10°, and 10™*°
(Supplementary Figs. 11-13).

Finally, for each AA and species, we divided the number of
detected enzymes in an AA synthesis pathway i (DE;) by the expected
total number of enzymes present in that pathway (E;), resulting in the
completeness score of the AA synthesis pathway i (CS;) ranging from O
to 1. If alternative AA biosynthetic pathways were present in a species,
we selected the most complete one. The CS; was calculated using the
following equation:

CSi=—+' 3)

For all considered holozoan species (27 non-animal holozoans,
140 metazoans), we computed the average auxotrophy index (Al,,,) as
described in Kasalo et al.*>*. For each species, we first calculated the
AA auxotrophy index of each amino acid i (Al;), where i denotes one of
20 AAs, by subtracting the completeness score (CS;) from 1. We then
averaged Al; values across all amino acids in a given species to obtain
Al,,,, a measure of the species’ overall auxotrophy for AA biosynthesis
pathways. In theory, Al,,,, values range from O (fully prototrophic) to 1
(fully auxotrophic) and are calculated using the following equation:

i=20 i=20
(=20 4. =201 _ ¢S
Al = > 21 i 2ui=1 5 i )

We calculated Al,,, values for all six versions of our AA bio-
synthesis completeness search and used the Mann-Whitney U test to

determine if there is a statistically significant difference in A/, values
between metazoans and non-animal holozoans (Fig. 6, Supplementary
Figs. 8-13). The code used to detect AA biosynthesis pathway com-
pleteness is available in a GitHub repository (see “Code availability').

AA auxotrophy in individual metazoan species

Building on the pathway completeness analysis, we next examined AA
auxotrophy in each metazoan species individually. For every species,
we classified an AA as auxotrophic (i.e., part of the EAA set) if its
completeness score was below 1, as determined by the reciprocal best
hit protocol with an e-value cutoff of 1076° (Fig. 6 and Supplementary
Fig. 8). Using these species-specific EAA sets, we compared the
opportunity costs of EAAs and NEAAs with the Mann-Whitney U test.
We also estimated the probability that energy-related selection was
implicated in amino acid outsourcing using the CPS test (Supple-
mentary Data 2 and 4).

Statistical analyses and tools

The significance of differences in the energy costs between EAAs and
NEAAs, differences in the frequency of EAA usage, differences in the
energy cost of an average AA, and differences in the number of reac-
tions and pathways was tested by the two-tailed Mann-Whitney U with
continuity correction. For each plot, we report the Mann-Whitney
statistic (W), the p-value, the effect size (r), and the 95% non-parametric
confidence intervals. The Mann-Whitney U tests were conducted in the
R environment using the package rcompanion (version 2.4.36).

To calculate Pearson correlations, we used the cor.test() function
in the R stats package (version 3.6.2). Permutations were calculated
using the RcppAlgos package (version 2.9.3). Phylogeny mapping was
performed using the ggtree package (version 3.10.1)%.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated in this study are available in the supplementary
materials and Figshare®* at: 10.6084/m9.figshare.30861554. Genome
accession codes are available in the Supplementary Data 4 file. Source
data are provided as a Source Data file. Source data are provided with
this paper.

Code availability

The code used to perform the combinatorial phenotype selection test
and auxotrophy detection is available in a GitHub repository®’: https://
github.com/nkasalo/MassiveOutsourcing.
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