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Abstract
Urea cycle (UC) was �rst discovered in vertebrates and functioned to remove excess ammonia. To better
understand the origination and evolutionary history of UC, we performed a comprehensive investigation
on UC genes distribution among various lineages. We found that complete UC genes are widely
distributed from prokaryotes to eukaryotes. These genes underwent purifying selection during evolution.
The �rst enzyme carbamoyl phosphate synthase (CPS) fused and duplicated in the common ancestor of
metazoans and SAR, formed pyrimidine speci�c and arginine/urea speci�c CPS. Prokaryotes and green
plants retain one generalized CPS composed of separated small and large subunits. A rather unusual
�nding was that ARG in plants has closer relationship with agmatinase (AGM) than non-plant ARG. in
silico expression analysis shows that UC genes in Arabidopsis are up-regulated in seedlings and stress
conditions. ARG in Arabidopsis exhibited coordinately expression with arginine decarboxylase, the �rst
enzyme to produce putrescine. Taken together, UC has increased in importance in vertebrates and SAR
supergroup through duplication of the �rst enzyme. ARG in plants more resemble the paralogous AGM of
prokaryotes. In plant species lacking ornithine decarboxylase, ARG were predicted to work as AGM, which
participate in polyamine biosynthesis with urea as a byproduct.

Introduction
Urea cycle (UC) was �rst discovered in terrestrial vertebrates in 1932 by Hans Krebs (Haines et al. 2011).
The most signi�cant function of UC is to remove excess nitrogen, which is produced in most living cells
through amino acids oxidation (Blair et al. 2015). In marine elasmobranchs, excreted urea to body �uids
is utilized to maintain osmotic balance (Nawata et al. 2015). Five enzymes are directly involved in the
cycle. The enzyme carbamoyl phosphate synthase (CPS) drives the �rst step in which
carbamoylphosphate is formed from CO2, ATP and ammonia or glutamine (Cima et al. 2015). Strictly
speaking, CPS is not a committed UC member. It catalyzes the common step in pyrimidine synthesis,
arginine or urea synthesis (Guo et al. 2015). One generalized or two speci�c CPS enzymes may exist in
different organisms (Lawson et al. 1996). The enzyme consists of one small subunit and one large
subunit, corresponding to the amidotransferase domain and synthase domain respectively. In different
organisms, the enzymes can be heterodimeric, monomeric, or form a multifunctional protein with other
domains, all of which re�ects the complex evolutionary history (Holden et al. 1999). The remaining four
enzymes of UC include ornithine transcarbamoylase (OTC), argininosuccinate synthetase (ASS),
argininosuccinate lyase (ASL) and arginase (ARG). Among them, ASS plays as the rate—limiting step in
the conversion of citrulline to argininosuccinate, the immediate precursor of arginine (Haines et al. 2011).
ASL are highly conserved from prokaryotes to eukaryotes, which splits argininosuccinate to release
fumarate and arginine (Cao et al. 2011). The last enzyme ARG, which catalyzes arginine into ornithine
and urea, plays a signi�cant role in nitrogen metabolism as well as in defense responses (Labudda et al.
2016).

Although there are earlier reports showing that UC have originated in metazoans (Anderson 1980;
Mommsen and Walsh 1989), accumulating researches suggested an ancient occurrence. Arginine
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catabolism in the unicellular cyanobacterium Synechocystis involves the UC and arginase pathway,
evidenced by the sequential presence of 14C labeled amino acids production in the UC process. Strangely,
proteins responsible for the arginase activity were arginase—related enzymes rather than true arginase
(Quintero et al. 2000). One genome sequenced Archaea Haloarcula marismortui breaks down arginine via
the UC pathway to produce ornithine and urea. Ornithine may be converted into arginine or glutamate,
accompanied with the conversion of aspartate to fumarate. This energy consuming pathway might aim
to convert excess organic nitrogen absorbed from environments into functional intermediates (Baliga et
al. 2004). Since genome sequence of marine diatoms Thalassiosira pseudonana was uncovered,
researchers found the unanticipated integration of UC enzymes in diatom, suggesting UC also exists in
eukaryotic photoautotroph, even much earlier than metazoans (Armbrust et al. 2004; Allen et al. 2011;
Prihoda et al. 2012). Diatom, together with other members in SAR supergroup are believed to be evolved
from secondary endosymbiosis events, in which a non—photosynthetic organism engulfed a
photosynthetic organism (Archibald 2015). Molecular phylogenetic data support that their genome
contains red algae derived genes as well as endosymbiotic host genes, and increasing green algal derived
genes are also discovered (Chan and Bhattacharya 2013). Study on the CPS gene evolutionary history
inferred that the UC in Stramenopile and haptophyte evolved in the exosymbiont before plastid
acquisition and the pathway was absent in Archaeplastida (Allen et al. 2011). The authors also
conducted critical experiments to investigate how diatoms utilized the UC pathway. They proved that
through UC Phaeodactylum tricornutum can fully utilize replete nitrogen source under the episodic
nutrient—rich conditions in upwelling event. Moreover, many intermediates in UC are important precursor
metabolites in TCA cycles and cell wall formation, all of which are essential for diatom growth and
prosperity. Besides, proteomics of T. pseudonana also revealed that only under iron—replete condition the
algae cell can express a complete UC enzymes, and when iron—limited, the last enzyme ARG was not
detected, suggesting that urea performed as a N storage molecule under favorable conditions (Brook
2013). In addition to diatoms, haptophyte Emiliania huxleyi also uses the ornithine—urea cycle as an
e�cient metabolic budgeting to rapidly turn over cellular nitrogen (Rokitta et al. 2014). Genes of UC are
also present in dino�agellates, which can perform rampant cell division in high nitrogen concentration
(Dagenais-Bellefeuille and Morse 2013). Recently, Horák et al. (2020) proved that metazoan and
stramenopiles share the common origins of the OUC enzymes. Taken together, these suggested that UC
may be a general adaptation mechanism imposed on SAR species to nutrient scarce environments.

Functional UC has also been reported in many plant species. The tracing experiment of 14CO2 produced

from 14C labeled arginine in soybean cotyledons indicated that arginine was catabolized by the ARG,
giving rise to ornithine and urea, the later was then hydrolyzed by urease (Micallef and Shelp 1989).
Afterwards, it was evaluated that approximately 20% of provided exogenous arginine was converted to
urea and ornithine in soybean (Goldraij and Polacco 1999). Besides, Arginine degradation by ARG was
observed along with the rapid increase in urea in urease—de�cient soybean seedlings (Palmieri et al.
2006). ARG gene expression was enhanced in Arabidopsis following fungal infection (Brauc et al. 2012).
In addition, increased ARG expression was also observed in seedling germination of loblolly pine (Todd et
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al. 2001). The multiple roles of ARG in development and defense response were largely determined by its
key substrate arginine, which is a precursor for polyamines and proline synthesis (Caldwell et al. 2015).

Taken together, ornithine—urea cycle should play multiple roles in organisms. Its intermediates and
derivatives have participated in kinds of biochemical pathways. Triggered by the breakthrough in diatom
genome, we hope to better understand the origination and evolutionary history of UC. With the advantage
of genome sequencing, we can comprehensively explore the UC enzymes in whole genome level. In the
present study, through mining the whole genome—wide protein sequences of various kingdoms, including
bacteria, Archaea, metazoan, SAR and Archaeplastida, we identi�ed the various enzymes involved in UC
and branching pathways. We try to depict the origination and functional differentiation of UC network in
the course of organism evolution. Our work would give new insight into the evolutionary story of urea
production.

Materials And Methods

Sequence source
Whole genome—wide protein sequences of representative bacteria, Archaea, metozoan, red algae, and
SAR were downloaded from NCBI https://www.ncbi.nlm.nih.gov/. Green algae and plants’ genome protein
and CDS sequence were obtained from Phytozome V11.0 https://phytozome.jgi.doe.gov/pz/portal.html.
Besides, we use the transcriptome sequence of Ulva linza as one representative of macro green algae
(Zhang et al. 2012). The detailed species information was listed in Table S1.

UC genes Identi�cation
The �ve UC enzymes CPS, OTC, ASS, ASL, ARG were downloaded from NCBI’s non—redundant protein
database. Using them as queries, we performed local BLAST analysis against each organism’s proteome,
with an E—value cutoff 1*10—1. For every BLAST result, we submit the sequence to online BLAST in NCBI
website to verify the protein identity. Meanwhile, to further verify the presence and number of each
enzyme, we downloaded the HMM pro�le of the enzymes from the Pfam website: http://pfam.xfam.org/
(CPS: PF02787, OTC: PF00185, PF02729, ASL:PF14698, ASS: PF00764, ARG and AGM: PF00491).
HMMER3.3.2 software (http://hmmer.org/) with the default parameters was used to search for HMM
domain in the proteomes of each species. The results of enzyme number for each species was listed in
Table S1. In addition, UC—related enzymes were also identi�ed in each organism, including ADC: arginine
decarboxylase (PF17944, PF17810); AIH: agmatine iminohydrolase (PF04371); NCPAH: N—
carbamoylputrescine amidohydrolase (PF00795); OCD: ornithine cyclodeaminase (PF02423); ODC:
ornithine decarboxylase (PF00278, PF02784); OAT: ornithine aminotransferase (PF00202); P5CR:
pyrroline—5—carboxylate reductase (PF14748).

Phylogenetic analysis
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To explore the evolutionary history of UC enzymes, phylogenetic trees were constructed using the full—
length protein sequences of each enzyme. Three methods were applied. Firstly, proteins were aligned
using the Clustal W implemented in MEGA7 (Kuma et al. 2016) using the default parameters, that is,
Gonnet protein weight matrix, pairwise gap opening/extension penalties of 10/0.1, and multiple
alignment gap opening/extension penalties of 10/0.2/. Phylogenetic relationships within each enzyme
were reconstructed using the maximum likelihood (ML) procedure performed in MEGA 7 under the best
models found by MEGA with 1000 replicates of bootstraps to obtain the con�dence support. The partial
deletion method with 10% cut off was chosen to remove the gaps with less than 10% coverage. Second,
the proteins sequences were aligned using the MAFFT in Phylosuite (Zhang et al. 2020), then the
alignment were trimmed under “gappyout” mode. The model�nder in Phylosuite was performed to search
the model used in IQtree and MrBayes respectively based on the trimmed alignment. Then the models
were imported into IQtree with 1000 standard bootstrap. The MrBayes tree was constructed using the
model chosen by model�nder, with four different chains and more than 100000 generations until they
converged, that is, the average standard deviation of split frequencies was lower than 0.01, and the
effective sample size of model parameters reached 200. Posterior probabilities represent statistical
support.

Selection pressure analysis
To evaluate the selection pressure in the �ve lineages, i.e., Stramenopiles, red algae, green algae,
Streptophyta and metazoan, respectively, rates of evolution and selection pressure were evaluated by
calculating the ω (dn/ds ratio, dn, non—synonymous substitution rates, ds, synonymous substitution
rates). Firstly, the protein sequences were aligned using clustalW with default parameters. Then the
codon sequence were aligned accordingly using pal2nal with the choice that remove gaps, inframe stop
codons and mismatches (http://www.bork.embl.de/pal2nal/). PAML format of the aligned CDS
sequences was generated for further selection analysis by the PAML v4.8 package (Yang 2007). One—
ratio model (model=0) in Codeml program was used to calculate the ω within each group. To compare
the ω distribution of the �ve enzymes within Stramenopiles, the pairwise dn/ds, dn and ds were
calculated by the yn00 program. To determine whether positive selection had affected speci�c amino
acid sites in each enzyme, site model in the PAML package were performed under M7 and M8 model.

In Silico Expression analysis of model plant Arabidopsis
thaliana
To evaluate the UC function in plants, we investigated the gene expression pro�le data of the model plant
Arabidopsis. The expression data of different tissues, including root, seedlings, young leaves, old leaves,
stems, �owers, vegetative shoot meristem, in�orescence shoot meristem, whole in�orescences and fruits
in Arabidopsis were downloaded from public database (http://jsp.weigelworld.org) (Laubinger et al.
2008) and they were log2 transformed. Microarray expression data of the abiotic, biotic stress, hormonal
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treatments and light treatments were obtained from an earlier study of Ma and Bohnert (2007). Heat map
of expression level was constructed in the statistical computing language R using the heatmap.2
function in the gplots package.

Protein—protein interaction (PPI) prediction
To further analyze the possible function involved in the downstream UC, the last critical enzyme ARG
sequences from model diatom T. pseudonana, model plant Arabidopsis thaliana and model animal Mus
musculus L. were submitted to uniprotKB website (http://www.uniprot.org/help/uniprotkb) to get the
interaction networks under STRING 10 section.

Results

UC genes identi�cation and Taxonomic Distribution
Analysis
To systematically examine the phylogenetic distribution of UC genes in kinds of kingdom, we performed
the local BLAST and HMM search using proteome sequences of 50 genomes, combined with the online
search veri�cation. The detailed taxonomic distribution was listed in Figure. 1 and Table S1. UC genes
appear to have an ancient origin as evidenced by their presence in Prokaryotes, including Archaea and
bacteria. Among the 50 species investigated, completed UC genes are present in most SAR species
(except Alveolata species, Plasmodium falciparum and Babesia bovis, Oomycetes Phytophthora
infestans), vertebrates, Streptophyta, fungi, two of Archaea (Natrinema pellirubrum and Haloterrigena
tukmenica), three of bacteria (Deinococcus maricopensis, Marinithermus hydrothermalis and Bacillus
subtilis), but absent in invertebrates, green and red algae, cyanobacteria, two of Archaea (Hyperthermus
butylicus and Sulfolobus solfataricus), three of bacteria (Treponema brennaborense, Mycobacterium
tuberculosis, and Escherichia coli).

CPS catalyzes the �rst step for both pyrimidine and arginine/urea biosynthesis. During the BLAST search,
we found that two CPS copies exist in SAR, vertebrates, red algae and fungi. Both the fused protein and
the separated large and small subunits were obtained. SAR and vertebrates have two copies of fused
CPS genes uCPS and pCPS while red algae and fungi have one separated and one fused genes. The
small amidotransferase subunit (carA, 1—376 amino acid residues in Ectocarpus siliculosus uCPS) and
the large synthase subunit (carB, 392—1445 residues in E. siliculosus uCPS) fused into one gene.
Likewise, the two subunits of pCPS fused together in SAR and metazoan. For metazoan, fungi and red
algae, the pCPS also fused with PyrB domain, which encodes the catalytic chain of aspartate
carbamoyltransferase involved in pyrimidine biosynthesis. Invertebrate species have only one fused CPS.
Only one copy of CPS occurred in green plants, Archaea and Bacteria, excepted one gram positive
bacterium Bacillus, which has two CPS. Notably, CPS in plants and prokaryotes are all composed of
separated large and small subunit, represented the ancient state of CPS genes.
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The other three UC members, OTC, ASS, and ASL generally appeared as single copy in all species, except
several protists and lower metazoan lacking them. OTC is absent in the invertebrates surveyed. Alveolata
species P. falciparum and B. bovis lack all the three inter—enzymes. The issue on last critical enzyme ARG
seems to be complicated. Firstly, ARG are completely absent in all red algae and green algae investigated.
SAR, except the Alveolata species, have one ARG. The number of ARG in Prokaryotes ranged from 0 to 2.
Duplicated ARG are also found in metazoan, fungi, and higher plants. In addition to the �ve enzymes in
UC, we also retrieved other UC related enzymes, including arginine decarboxylase (ADC), agmatine
iminohydrolase (AIH, also known as agmatine deininase), N—carbamoylputrescine amidohydrolase
(NCPAH) and agmatinase (AGM), all of which initiate the alternate pathway in urea production using
arginine as substrate. Ornithine cyclodeaminase (OCD) and ornithine decarboxylase (ODC) are two
enzymes catalyzing the formation of proline and polyamine from ornithine. ADC is only found in green
plants and bacteria. AGM exist in SAR, cyanobacteria, Archaea, fungi, vertebrates, and some
proteobacteria. OCD are only found in brown algae, diatoms, and Archaea, while absent in other groups.
ODC exist in most organisms, but absent in Arabidopsis, Zostera marina and Spirodela polyrhiza. Despite
that we performed comprehensive BLAST and HMM search, we cannot rule out the possibility that the
genes were missed during the genome assembly.

Phylogenetic events of the �ve enzymes
To further understand the evolutionary events that gave rise to the UC pathway, we constructed the
phylogenetic trees using the protein sequences of the �ve enzymes in 50 species ranging from
prokaryotes to eukaryotes. The topology of all the trees was generally consistent with the results reported
by Horák et al. (2020). Of the �ve UC genes, the most intricate evolution events were seen in CPS enzyme.
As this enzyme composed of two subunits and undergone fusion or division in different species, in order
to make accurate comparison, we performed sequences splice and concatenation before tree
construction. Then the trees were constructed using complete CPS sequences, just the small subunit, and
just the large subunit, respectively. Trees constructed using only small subunit did not give well resolution,
while the trees with complete sequences and large subunits sequences have the same topology and
complete sequences tree showed higher bootstrap support (Figure. 2A, Figure. S1 and S2). The tree was
divided into two large clades, one comprising green plant, red algae and prokaryotes, while the other clade
comprising archaea, fungi, red algae, SAR and metazoa. Green plant, together with prokaryotes were
positioned at a primary place, suggested the ancestral heterodimeric CPS enzymes. The gene duplication
event occurred in the common ancestor of SAR and metazoa. The duplicated gene passed through gene
fusion and sub—functionalization, formed pyrimidine speci�c and arginine/urea speci�c enzymes. Gene
loss has frequently occurred in the species absent of UC, such as invertebrates, in which only one
pyrimidine speci�c CPS was retained.

The phylogenetic tree of the three enzymes OTC, ASS and ASL were shown in Figure. 2B, C, and D and
Figure. S3, S4 and S5. Generally, prokaryotes in these trees are located at more primary place, suggesting
an ancient origination. Interestingly, many of the enzymes, as well as CPS of Stramenopiles species are
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animal—like, that is, they have closer relationship with metazoans but not green plant or red algae,
indicating they are possibly derived from the heterotrophic secondary host. The similar conclusion was
drawn by Horák et al. (2020) which found that the stramenopiles—metazoan/opisthokont grouped
together.

The tree of the last enzyme, ARG, exhibited an unanticipated picture (Figure. 3A). Genes from SAR, fungi
and matazoan clustered together, then grouped with prokaryotes. While ARG from green plants distantly
related to them. When added the AGM into the tree, ARG of green plants robustly form a clade with AGM
of prokaryotes. When taken the sequence identity into account, the identity within ARG clade, AGM clade
ranged from 23.81%—90.32% and 25.64%—90.84%, respectively, while the identity between them ranged
from 20.37%—63.88%, suggesting ARG and AGM are two different enzymes or duplicated paralogs and
the ARG of green plants are more homologous with AGM. Consistently, when we explored the ADC, which
cooperates with AGM to complete the catabolism of arginine, they were only found in green plants (no
green algae) and bacteria (Figure. 3B), further indicating that green plants use the ancient ADC and AGM
route to perform arginine metabolism. 

Selection pressure results
We evaluated the selection pressure of the �ve enzymes in the above mentioned species through
calculating ω (dn/ds). We found that the ω values of all the organisms were far less than 1
(0.0027<ω<0.0355), suggesting that these enzymes have undergone purifying selection during evolution
(Figure. 4). Furthermore, the ω value in Stramenoplies is generally higher than other organisms, indicating
the relatively relax pressure. Considering that the ratio averaged over all lineages is almost never >1, since
positive selection is unlikely to affect all sites over prolonged time, we further performed the site model to
detect the positive selection sites. Most enzymes in Stramenoplies have several positive selection sites,
suggesting the episodic positive selection might occur during the evolution of UC enzymes in
Stramenoplies. To further compare among the �ve enzymes, we calculated the pairwise dn/ds, dn, and ds
values within Stramenoplies. Dn/ds and dn values of ARG are signi�cantly higher than other enzymes,
suggesting this enzyme is under more relaxed pressure during evolution. The ds value is much higher
than that of dn, and is similar among different genes, therefore ds was suggested to be used as a
molecular clock for evaluating the evolutionary time. When comparing the ds values, we found that both
pCPS and uCPS are larger than the other four enzymes, indicating CPS is a more ancient enzyme.

Expression of UC—related enzymes in model
plant Arabidopsis
To further understand the potential role of OUC in green plants, we investigated the expression of UC
members and related enzymes in different tissues and stress conditions of the plant model Arabidopsis
(Figure. 5). Generally, the enzymes were differentially expressed in ten tissues, whereas some enzymes
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showed tissue—speci�c expression patterns. ASL was only highly expressed in seedling, and ARGAH1 are
just up—regulated in old leaf and �ower. ARGAH2 was up—regulated in many tissues but down—regulated
in root and stem. On the other hand, the completed UC genes are highly expressed in seedlings, indicating
the active arginine and urea metabolism in seedling plants. As for the expression pro�le in stressed
conditions, we found that the �rst four UC genes are not stress responsive in most conditions, except
ASS, which is up—regulated under light and hormone stimuli. However, ARG was obviously in�uenced by
biotic or abiotic stresses, since it was up—regulated under salt, drought, wounding, hormone, pathogen
infection or light stimuli, suggesting arginine or ornithine as a precursor for polyamine play important
roles in defense response. Notably, as one important arginine catabolism pathway, ADCs are up—
regulated in seedlings and most stress conditions, but AIH and NCPAH not. On the contrary, ADC exhibited
similar expression pro�les with ARG. Taken together, ARG and ADC enzymes play signi�cant roles in both
seedling development and stresses response. 

Protein interaction network associated with UC enzymes
To further evaluate the UC function in different organisms, we predicted the PPI networks associated with
the ARG enzymes. Among the organisms examined, we obtained the networks of diatoms T. pseudonana,
plant model Arabidopsis, and animal model Mus musculus (Figure. 6 and Figure. S6). In the network of T.
pseudonana, ARG was associated with ten proteins, two of which (OTC, ASL) are members of UC. Other
proteins are involved in UC derived pathways, such as URE, which degraded urea. ODC, OCD, and
Spermine synthase are also connected, which participate in polyamine and proline synthesis. Arabidopsis
ARGAH1 and ARGAH2 genes show different networks. For ARGAH1, two UC members are involved in,
such as OTC and ASL. URE is also directly connected with ARG. Besides, ADC1 and ADC2, which
synthesize agmnine from arginine, are involved in. Compared with ARGAH1, ARGAH2 interacted with
diverse proteins that participated in wider range of biological processes, such as spermidine synthesis,
xylem speci�cation, lysine synthesis, as well as transcription factors interaction. This indicated that
diverged paralogs of ARG in Arabidopsis has undergone neo—functionalization and developed into
various functions. On the other hand, ARG in M. musculus interacted with several NO synthase apart from
the UC—related enzymes. Despite it is connected with ADC, we noted that ADC in animal actually act as
an antizyme inhibitor and prevents degradation of ODC. More detailed description about the interacted
proteins was included in Table S2.

Discussion

UC as an ancient metabolism distributed widely from
Prokaryotes to Eukaryotes
The ornithine—urea cycle is an enzyme catalyzing system and long known for its signi�cant role of
ammonia detoxication in vertebrates, but little is known about its evolution and taxonomic distribution
patterns. To elucidate these questions we performed genome—wide exploration of UC genes in various



Page 10/26

organisms ranging from prokaryotes to eukaryotes and performed phylogenetic analysis. Distinct
distribution patterns are found among different classi�cation lineages. Especially, both prokaryotic and
eukaryotic microorganisms have the completed UC genes. Actually, completed UC genes have been
reported in the genome of an Archaea, Haloarcula marismortui (Baliga et al. 2004). Attention should also
be paid that although completed UC genes was not found in the three invertebrate species surveyed, the
complete set of UC genes does exist in invertebrates, such as sea urchin (Goel and Mushegian 2006).

CPS catalyzes the formation of carbamoylphosphate from ATP, bicarbonate, and either ammonia or
glutamine for both pyrimidine and arginine/urea synthesis (Cima et al. 2015). The evolutionary history of
CPS gene gives one way to evaluate nitrogen metabolism along with organism evolution. Despite the
presence of CPS across all the 50 species surveyed, varied patterns of gene losses were also observed.
For the Apicomplexan species, Symbiodinium kawagutii lost one carA subunit, while P. falciparum and B.
bovis lost one entire copy of CPS. Earlier study showed that the CPS duplication occurred after the
divergence of Apicomplexan as they are located at the primary branch of the eukaryotic tree (Lawson et
al. 1996). Actually, Apicomplexan, together with other members of SAR, formed a robust branch of pCPS,
indicating the later loss in Apicomplexan. The phylogenetic tree supported that the duplication event
happened before the differentiation between metazoan and SAR, which was similarly concluded in
diatom UC evolution (Allen et al. 2011). In addition, duplication likely occurred after the branching off of
the plants and before the separation of fungi from other eukaryotes as all the plants studied contain only
one CPS while fungi contain two. Gene duplication is a key source to generate new genes with sub/neo—
functionalization (Acharya and Ghosh 2015). Since the CPS enzyme can participate in two competing
metabolic pathways, it would be an advantage for the metazoan and SAR organisms having two CPS
enzymes. Hence, the UC has increasing signi�cance during the evolution of their common ancestor. On
the other hand, plants have only one generalized CPS. Red algae Porphyridium purpureum lost carA
subunit while Pyropia yezoensis lost both the carA and carB subunits. In prokaryotes, T. brennaborense
have only one carA but no carB was detected. All of these suggested their degenerated UC in the course
of evolution. In our study, we did not observe completed loss of CPS across 50 species. However, it does
occur in some prokaryotes. Symbionts such as Haemophylus in�uenza, and intracellular parasites such
as Chlamydiae have lost CPS. Besides, CPS was also absent in some Archaea such as Pyrococcus
horikoshi (Cammarano et al. 2002).

In those lineages lacking complete UC genes, especially the last critical enzyme ARG, we wonder how the
arginine can be utilized. In fact, the �rst four UC enzymes catalyze the biosynthesis of arginine whereas
ARG is usually absent in some lineages. Two cyanobacteria, Synechocystis sp. and Pleurocapsa minor
only have AGM instead of ARG. Consistently, they have one or two ADC, which cooperates with AGM, to
complete the catabolism of arginine. Interestingly, it was reported that Synechocystis sp. could ful�ll the
urea cycle and ARG pathway, whereas no ARG homolog was identi�ed (Quintero et al. 2000). In addition,
green and red algae are absent of ARG, as well as AGM and ADC, therefore both the ARG pathway and
AGM pathway is not operating. It was documented that arginine catabolism in Chlamydomonas was
conducted through the bacterial—type deiminase pathway (Vallon and Spalding 2009), which produce
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citrulline and NH3. In our study, we con�rmed that green and red algae possess arginine deiminase (AD),
by which arginine was degraded to produce re—utilizable nitrogen.

SAR possess comprehensive UC branching pathways
The UC of vertebrates evolved following the ammonia detoxication demand (Blair et al. 2015). The roles
of UC in adaptation mechanisms of N stress for diatoms, dino�agellates and Emiliania huxleyi have been
revealed (Allen et al. 2011; Bender et al. 2011; Brook 2013; Dagenais-Bellefeuille and Morse 2013; Rokitta
et al. 2014). Besides, the signi�cant roles of UC could be expanded by several offshoots, which should
come from the complex evolutionary history. Arginine is an important precursor for polyamine and proline
synthesis. We found that SAR species, at least for diatom and brown algae, have the most
comprehensive branching pathways for both polyamine and proline biosynthesis (Figure. 7). Proline is an
essential component of proteins and has important roles in adaptation to osmotic stress (Fichman et al.
2015). In all the eukaryotes investigated, proline was synthesized by the action of ornithine
aminotransferase (OAT) and pyrroline—5—carboxylate reductase (P5CR). While diatom and brown algae
have additional pathway, in which ornithine was converted directly to proline by OCD, which was likely
acquired by lateral transfer from Archaea. On the other hand, SAR have three routes to synthesize
putrescine, namely ODC, AGM and AIH—NCPAH pathway. Of these, ODC exist in most Eukaryote but
absent in some plants. AGM exist in metazoan, but absent in plants. AIH—NCPAH is absent in metazoan.
Despite the various routes in SAR, gene loss did occur in some species. For example, AIH—NCPAH is
absent in T. pseudonana and oomycetes. We think that the diverse metabolic pathways present in SAR
should be largely attributed to its distinctive evolutionary footprint. Secondary endosymbiosis theory
believes that the ancestor of SAR engulfed (or was invaded by) a red alga, which formed the primary
plastid (Archibald 2015; Ku et al. 2015). Moreover, green algae genes were also discovered in SAR nuclear
genome (Burki et al. 2012; Deschamps and Moreira 2012). All of these endosymbionts, together with
exosymbiont constructed the mosaic genomes of SAR. In addition, frequently horizontal gene transfer
was considered as an important source of genetic novelty in SAR (Nosenko and Bhattacharya 2007). It
was reported that ODC in diatoms was red algal origin whereas OCD and AGM were bacterial origin
(Prihoda et al. 2012). The complex evolutionary history may largely contribute to the diversi�cation and
prosperity of SAR.

Diversi�ed Functionalization of UC in model
plant Arabidopsis
Both SAR and metazoan have evolved out UC specialized CPS and have enhanced UC, which seemed to
be a futile urea cycle in higher plants. It seems to be paradoxical for plants possessing UC pathway as it
is normally employed to excrete excess ammonia in vertebrates, while urea or ammonia is important
nitrogen source for plant growth. Nonetheless, UC metabolism was often mentioned in plant species
(Micallef and Shelp 1989; Goldraij and Polacco 1999; Palmieri et al. 2006). To better under the UC roles in
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plants, we compared the gene expression level in different tissues as well as diverse stress conditions.
The up—regulation of UC genes in seedling and stress conditions was consistent with earlier result in
soybean or tomato (Micallef and Shelp 1989; Goldraij and Polacco 1999; Chen et al. 2004). Arginine is a
nitrogen—rich amino acid and represents a major component of nitrogen pool in seed (Cortés-Giraldo et
al. 2016). During seedling growth, arginine was actively broken down to urea and ornithine, which
provides amino acids for protein synthesis (Goldraij and Polacco 1999). More importantly, ARG is a key
control point linking UC to polyamine synthesis. ARG expression under stress conditions for both animals
and plants is largely involved in the production of polyamines, which are required for diverse functions in
all eukaryotes, such as cell proliferation, xylem differentiation and normal cellular physiology (Chen et al.
2004; Alessandra Tisi 2011; Liu et al. 2015). Arabidopsis and Solanum have two ARG, respectively,
namely ARGAH and LeARG according to literature (Chen et al. 2004; Brown�eld et al. 2008). Expression of
ARGAH1 and ARGAH2 in Arabidopsis were reported to be tissue—speci�c and methyl jasmonate induced,
respectively (Brauc et al. 2012). When infected with necrotrophic pathogen Botrytis cinerea, the putrescine
level in Arabidopsis increased rather than decreased in the transgenic lines overexpressing ARGAH2, and
the overexpressing lines confers increased tolerance (Brauc et al. 2012). ARGAH1 in root is diminished
whereas ARGAH2 is enhanced in shoots of Arabidopsis when infected with Heterodera schachtii
(Labudda et al. 2016). Moreover, LeARG2 in tomato was induced by wounding and jasmonate (Chen et al.
2004). The up—regulation of UC genes, particularly for ARG under both abiotic and biotic stress
conditions in our results is consistent with previous studies and suggests the diversi�ed functions of this
route. Nonetheless, the mechanisms underlying these functions remain elusive.

ARG in Arabidopsis possibly functions as AGM and
participates in polyamine biosynthesis
ARG is actually a small gene family, which includes arginase, agmatinase, formiminoglutamase, and
proclavaminate amidino hydrolase (Chen et al. 2004). In our study, plants ARG sequences are
unexpectedly closer to bacterial AGM (c. 30% sequence identity) than to non—plant ARG from SAR,
vertebrates, fungi, and bacteria (c. 24% sequence identity). However, studies on tomato ARG suggested
that LeARG show higher a�nity with l—arginine compared to agmatine (Chen et al. 2004) and they
concluded that LeARGs are authentic ARG. In Arabidopsis, ARGAH1 was identi�ed by complementing
yeast ARG de�cient (car1) mutant, and ARGAH2 was later identi�ed by sequence homology, whereas no
direct enzymatic data supports ARGAHs’ substrates speci�city (Brown�eld et al. 2008). In the present
study, we inferred that the mechanisms underlying ARGAHs’ response may not be the same as LeARG.
Ornithine produced by ARG was catalyzed by ODC to form putrescine (Dalton et al. 2016). Notably, it
should be emphasized that the ODC gene has been lost from Arabidopsis, Z. marina and S. polyrhiza. It
has been proved that plants possess an additional route for putrescine synthesis from arginine. The
pathway from arginine to putrescine is comprised of ADC, AIH and NCPAH (Janowitz et al. 2003; Fuell et
al. 2010). Therefore, Arabidopsis was thought to have this only way to produce putrescine (Hanfrey et al.
2001; Liu et al. 2015). However, we investigated the expression of these genes in different tissues and



Page 13/26

various stress conditions. Surprisingly, expression patterns of ADC, AIH and NCPAH were not coordinately
regulated. In detail, when ADC is up—regulated in seedlings, AIH and NCPAH are not. Furthermore, ADC
was up—regulated under various stress conditions, whereas no obvious change was observed in the other
two enzymes. By contrast, ARG showed unexpectedly similar patterns with ADC. Particularly, we observed
a perfect match between ARG and ADC1 expression under different light regimens, whereas no AIH or
NCPAH was in�uenced. Here, we proposed that ARG in Arabidopsis likely acted as AGM, combined with
ADC to enhance the polyamine production, which is necessary for plants to response to kinds of stimuli.
Although ARG in tomato has been proved having higher a�nity with l—arginine compared to agmatine,
caution will be required when extrapolating results obtained from tomato to plants lacking ODC.
Compared with the plants possessing ODC, the absence of ODC in Arabidopsis, Z. marina and S.
polyrhiza means that ADC is possibly the sole route for putrescine synthesis. ARGAHs in Arabidopsis,
particularly for ARGAH2 could retain the AGM speci�city, which formed the additional route for putrescine
synthesis. In this context, we discussed the relative contribution of the AGM pathway compared with AIH
—NCPAH pathway. ARGAHs knockout lines exhibited much higher expression levels of AIH and NCPAH,
as well as ADC1 and ADC2. Polyamines are still accumulated and Arabidopsis enhanced abiotic stress
tolerance (Shi and Chan 2013). In our results, ARG was up—regulated accompanied with enhanced ADC
expression under many stress conditions, whereas AIH and NCPAH expression almost showed no
variation. This observation enabled us to predict such possibility for polyamine biosynthesis in
Arabidopsis. Normally, putrescine is synthesized by the routine pathway through ADC—AIH—NCPAH. Once
confront with higher demand for polyamine, as an anaplerotic pathway, ARG in Arabidopsis was up—
regulated and could utilize agmatine as substrate to form putrescine. Our prediction is also supported by
the fact that ADC and AGM are the primary pathway of polyamine synthesis from arginine in prokaryotes,
such as Synechocystis sp. and E. coli (Iyer et al. 2002; Schriek et al. 2007), in which ARG, AIH and NCPAH
are absent. Corresponding to this, both the ADC and ARG in plants are clustered with those of prokaryotes
in phylogenetic trees, suggesting plants have acquired this pathway through lateral gene transfer. Future
experiment will be needed for con�rmation.

Conclusion
In summary, UC genes distributed widely from prokaryote to eukaryotes, except for green and red algae, in
which ARG was not found. UC genes underwent purifying selection during evolution. Fusion and
duplication of the �rst enzyme CPS occurred in the common ancestor of metazoan and SAR to form
pyrimidine and arginine/urea speci�c enzyme, respectively. On the other hand, plants have only one
generalized CPS and retained the primary state of heterodimeric, which is composed of separated small
and large subunits. The other enzymes also have ancient origin from Archaea or eubacteria. The
functions of urea cycle have undergone quite a few changes during evolution. SAR acquired multiple
offshoots of UC involved in proline and polyamine synthesis. In plants, UC downstream reactions play
important roles in seedling development and stress responses. Besides, ARG from plants more closely
resemble AGM than currently known ARG, suggesting their potential roles in polyamine synthesis from
ADC pathway.
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Figure 1

Taxonomic distribution of urea cycle related enzymes in 50 species. Gene number is represented by
different color. For the �rst enzyme carbamoyl phosphate synthases (CPS), when there is only one copy, it
is counted as pCPS. The number of splice isoforms is not included, i.e. each count represents all the
proteins produced by a single, protein-coding gene. Abbreviations, CPS: carbamoyl phosphate synthase;
pCPS: pyrimidine speci�c CPS; uCPS: urea speci�c CPS; OTC: ornithine transcarbamoylase; ASS:
argininosuccinate synthetase; ASL: argininosuccinate lyase; ARG: arginase; ADC: arginine decarboxylase;
AGM: agmatinase; AIH: agmatine iminohydrolase; NCPAH: N-carbamoylputrescine amidohydrolase; OCD:
ornithine cyclodeaminase; ODC: ornithine decarboxylase; OAT: ornithine aminotransferase; P5CR:
pyrroline-5-carboxylate reductase.
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Figure 2

Schematized phylogenetic trees of the four UC enzymes. (A) carbamoyl phosphate synthase (CPS), (B)
ornithine transcarbamoylase (OTC), (C) argininosuccinate synthetase (ASS) and (D) argininosuccinate
lyase (ASL). The tree was constructed using MrBayes and IQtree method in Phylosuite. Taxonomically
homogenous clades with absolute support are collapsed. The numbers in brackets correspond to the
number of taxa in the collapsed clade. Different lineages are highlighted in different color. The number on
the node was the posterior probabilities and the bootstrap support in MrBayes and IQtree, respectively. the
CPS tree is based on the alignment of 896 amino acids from 71 sequences. The model was LG+R7 for
IQTree, rtREV+F+I+G4 for MrBayes. The organization of the CPS genes was shown schematically on the
right, with the carA and carB subunit shown as gray and white boxes, respectively. Striped boxes denote
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PyrB domain which is involved in pyrimidine synthesis. The OTC tree is based on the alignment of 286
amino acids from 43 taxa. The model was WAG+I+G4 for MrBayes, LG+I+G4 for IQTree. The ASS tree is
based on the alignment of 387 amino acids from 42 taxa, the model was rtREV+F+I+G4 for MrBayes,
LG+I+G4 for IQTree. the ASL tree is based on the alignment of 451 amino acids from 43 sequences, the
model was rtREV+F+I+G4 for MrBayes, LG+F+I+G4 for IQTree.

Figure 3

ML trees of arginase (ARG)/agmatinase (AGM) and arginine decarboxylase (ADC). The bootstrap values
at each node are shown with 1000 replicates. (A) Phylogenetic relationship of ARG and AGM. The tree
was divided into two robust groups. ARG from green plants clustered with AGM from non-plant
organisms. The protein sequence identity was calculated by pairwise comparison using local BLASTp (B)
Phylogenetic tree of ADC. Of 50 species, ADC was only found in green plants (no green algae) and
bacteria, indicating the endosymbiotic lateral gene transfer, form the ancestor of plastid.
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Figure 4

Selection analysis of urea cycle genes. (A) dn/ds values of the �ve lineages, including Stramenoplies, red
algae, green algae, green plants and metazoan. The values were calculated by codeml program in PAML
4.8 package, under branch model (model=0). The number in parentheses was positive selection sites
calculated by site model (M7, M8). (B) dn/ds, dn and ds values in Stramenoplies. They were calculated by
yn00 program in PAML 4.8 package. ‘*’ means the difference was signi�cant (p<0.05) using student t-
test.
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Figure 5

Heat maps of urea cycle-related genes expression in Arabidopsis. (A) Tissue-speci�c expression. Red
represents high expression, blue represents low expression. (B) Expression under different conditions. Red
indicates fold changes (treatment/control) >1, and gene was up-regulated under treatment. Blue indicates
fold changes (treatment/control) <1, and gene was down-regulated under treatment. Veg.apex -
vegetative shoot meristem; inf.apex - in�orescence shoot meristem; whole inf. - whole in�orescences.
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Hormone treatments include abscisic acid, 1-aminocyclopropane-1-carboxylic acid and methyl
jasmonate. Elicitors include CaCl2, glutathione S-transferase, hairpin z, GST-necrosis-inducing
phytophtora protein 1, �agellin, and lipopolysaccharide. Bacterial stresses include Pseudomonas
syringae pv. tomato DC3000, Pseudomonas syringae pv. tomato avrRPM1, Pseudomonas syringae pv.
tomato DC3000 hrcC, Pseudomonas syringae pv. phaseolicola, Botrytis cinerea, Erysiphe orontii, and
Phytophthora infestans. Light treatments include UV-A light, blue light, far-red light, red light, UV-A/B light,
white light.

Figure 6

The protein-protein interaction network associated with ARGAH1 (left) and ARGAH2 (right) in Arabidopsis.
Each node represents a protein. The red node is the target protein. The colors of lines represent the types
of evidence supporting each interaction. The node with �gure in it indicates 3D structure is known or
predicted. Table S2 proviedes detailed description of each node.
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Figure 7

Schematic chart illustrating the occurrence of urea cycle and offshoots in SAR, Archaeplastida and
metazoan species used in this study. The black thin arrow represents the pathway exist in all organisms
included. Five colorful lines were used to represent each lineage. Dotted lines represent that pathway
does not cover all the organisms examined in the lineage. In detail, green dotted lines means AGM
pathway but not ODC pathway is present in Arabidopsis, Zostera marina and Spirodela polyrhiza. Purple
dotted lines means OCD pathway and AIH-NCPAH pathway are only present in several members of SAR,
such as brown algae and diatom. Abbreviations, CPS: carbamoyl phosphate synthase; uCPS: urea
speci�c CPS; OTC: ornithine transcarbamoylase; ASS: argininosuccinate synthetase; ASL:
argininosuccinate lyase; ARG: arginase; ADC: arginine decarboxylase; AGM: agmatinase; AIH: agmatine
iminohydrolase; NCPAH: N-carbamoylputrescine amidohydrolase; OCD: ornithine cyclodeaminase; ODC:
ornithine decarboxylase; OAT: ornithine aminotransferase; AD: arginine deiminase; Car_putr: N-carbamoyl
putrescine.
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