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A diverse array of plant aromatic compounds contributes to the
tremendous chemical diversity in the plant kingdom that cannot be
seen in microbes or animals. Such chemodiversity of aromatic natural
products has emerged, occasionally in a lineage-specific manner, to adopt
to challenging environmental niches, as various aromatic specialized
metabolites play indispensable roles in plant development and stress
responses (e.g. lignin, phytohormones, pigments and defence compounds).
These aromatic natural products are synthesized from aromatic amino
acids (AAAs), L-tyrosine, L-phenylalanine and r-tryptophan. While amino
acid metabolism is generally assumed to be conserved between animals,
microbes and plants, recent phylogenomic, biochemical and metabolomic
studies have revealed the diversity of the AAA metabolism that supports
efficient carbon allocation to downstream biosynthetic pathways of
AAA-derived metabolites in plants. This review showcases the intra- and
inter-kingdom diversification and origin of committed enzymes involved
in plant AAA biosynthesis and catabolism and their potential application
as genetic tools for plant metabolic engineering. I also discuss evolutionary
trends in the diversification of plant AAA metabolism that expands the
chemical diversity of AAA-derived aromatic natural products in plants.

This article is part of the theme issue ‘The evolution of plant
metabolism’.

1. Introduction

Plants are able to synthesize tremendously diverse natural products,
displaying the remarkable diversity of phytochemicals with a wide range of
chemical structures and biological activities. It is widely accepted that such
chemical diversity in the plant kingdom has emerged as an evolutionary
consequence of the adaptation to challenging environmental conditions on
land [1-3]. Among these compounds, aromatic natural products stand out
for their remarkable structural diversity and functional versatility. Because
of the unique physical and chemical properties of the aromatic ring(s)
in their chemical structure, such as UV-absorbance, hydrophobicity and
reactivity, aromatic natural products play critical roles in various aspects
of plant biology, such as pigmentation, defence against pathogens, pollina-
tor attraction, regulation of growth and development and adaptation to
environmental stresses. Some of these plant-derived aromatic compounds
have been used by human beings as nutraceuticals, pharmaceuticals and
biomaterials [4]. Owing to the paramount and broad importance of these
aromatic plant natural products in both plants and humans, the biosynthe-
sis of aromatic natural products has been a promising target of metabolic
engineering, aiming to increase their accumulation in plants. Unlike microbial
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chemical production, which requires an external carbohydrate supply, plants are anticipated to be a more sustainable platform [ 2 |
that produces high-value aromatics than microbes, as plants can use CO; as a sole carbon source for chemical production
[5-8]. For example, the production and accumulation of suberin, an aromatic polymer with its chemically recalcitrant nature,
have been intensively investigated for plant-based carbon capturing and sequestration [9]. However, plant chemical engineering
often faces several challenges, including slow growth, limited capacity for genetic modification and too tight integration
between plant growth and primary metabolism. To overcome them, an understanding of plant metabolism evolution—how
plants have evolved to produce large amounts of diverse natural products—may help us harness their natural metabolic
innovations for sustainable plant-based chemical production [8].

Aromatic amino acids (AAAs)— r-tyrosine, L-phenylalanine and rL-tryptophan (Tyr, Phe and Trp, respectively) are not only
three of the 20 proteogenic amino acids but also serve as precursors for many aromatic specialized metabolites in plants.
Because of the lack of AAA biosynthetic capability, animals obtain AAAs through their diet [10]. In microbes and plants, AAA
biosynthesis is initiated in the shikimate pathway, into which an abundance of carbon precursors are directed from central
carbon metabolic pathways—pentose phosphate pathway (Calvin—Benson cycle in photosynthetic organisms) and glycolysis.
The shikimate pathway is composed of seven enzymatic reactions to generate chorismate at the final step, where the pathway
is branched into Tyr/Phe and Trp biosynthesis, respectively (figure 1). Unlike cytoplasmic localization of the shikimate pathway
in microbes, plant shikimate and AAA biosynthetic pathways are mainly localized in plastids [4,11]. Besides using AAAs
for protein synthesis, AAAs are further metabolized into AAA-derived aromatic natural products at the interface of primary
and specialized metabolic pathways [4,12,13]. Tyr is converted into various pigment chemicals, including plastoquinones for
electron careers, betalains for red pigments and tocopherols (vitamin E) for antioxidants [14-16]. Myriads of Phe-derived
natural products have played a crucial role in the aquatic-to-terrestrial colonization and subsequent thriving of land plants to
cope with various harsh environmental stresses on land, such as gravity and UV. In particular, land plants have developed
the complex biosynthetic pathway of phenylpropanoids, the largest class of plant natural products, next to terpenoids, that
include flavonoids, anthocyanin pigments, tannins and the principal cell wall component lignin [11,17-20]. Trp plays a crucial
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as precursors of bioactive compounds, including phytohormone auxins, plant defence compounds indole glucosinolates and
camalexin and stress management phytochemicals serotonin and melatonin as well as pharmatucials, such as cancer drugs
glucobrassicin and vincristine produced in Brassicaceae and Catharanthus roseus [21-25]. Major plant aromatic natural products
are shown in figure 1.

Unlike the highly diversified specialized metabolism of AAA-derived natural products in plants, primary metabolism,
including amino acid metabolism, is assumed to be conserved across the kingdoms. Whereas AAA metabolism mostly shares
common enzymes across life forms, the regulation, location and integration with other metabolic pathways in plants have
evolved distinctly owing to their sessile nature. In most cases, this diversification has emerged to support the high capacity
of the downstream specialized metabolism via the optimization of their precursor availability. This trend highlights the
importance of fine-tuning AAA metabolism in the diversification of plant aromatic natural products. Among the more than
20 enzymes involved in AAA biosynthesis and catabolism, I focus in particular on several enzymes that mediate key steps in
the regulation of AAA metabolism and display remarkable diversification of their enzyme functions (e.g. negative feedback
inhibition). This review aims to highlight general trends in the diversification of AAA metabolism and its evolutionary role in
the remarkable chemical diversity of aromatic natural products in the plant kingdom.

2. Mosaic origin of aromatic amino acid biosynthesis in plants

The genomes of plants (Archaeplastida) have at least three origins. Through endosymbiosis with an a-proteobacterial ancestor,
a eukaryotic host gained mitochondria. This was followed by subsequent endosymbiosis with a cyanobacterial ancestor, which
resulted in the formation of plastids [26]. Since all three lineages possess their primary metabolic pathways, ancestral plants
have acquired multiple metabolic genes from different origins via horizontal gene transfer (HGT) from the three major origins
through an endosymbiotic event (endosymbiotic gene transfer, EGT) or occasionally from the other lineages and selectively
lost some of them during plant evolution. As a result, genes and enzymes in plant primary metabolism have different origins
[1]. Such mosaic origin can be seen in various plant primary metabolic pathways, including the Calvin—Benson cycle, plastidic
2-C-methyl-p-erythritol 4-phosphate pathway and galactolipid biosynthetic pathway [1,27-30]. Similarly, many of the enzymes
in the plant shikimate and AAA biosynthetic pathways are, although mainly localized in plastids, not fully derived from a
cyanobacterial ancestor but of mosaic origin [31]. For example, plant 3-deoxy-p-arabino-heptulosonate 7-phosphate synthase
(DAHP synthase or DHS) enzymes belong to the type II group that includes DHS enzymes of several bacteria (e.g. Mycobac-
terium tuberculosis and some a-proteobacteria) but is phylogenetically distinct from the type I group containing Escherichia
coli, yeast and cyanobacteria DHS enzymes. This phylogenetic information indicates that plant DHS genes are derived from
bacteria having type II DHS genes, rather than EGT from cyanobacteria [31,32]. Plant shikimate kinase and chorismate synthase
enzymes are evolutionarily close to cyanobacterial orthologs, while plant chorismate mutase (CM) is probably of eukaryotic
origin [31,33]. The plant prephenate aminotransferase (PPA-AT) gene was probably transferred from a Chlorobi/Bacteroidetes
ancestor [34]. The other enzymes in the shikimate and Tyr/Phe pathways, such as 3-dehydroquinate synthase, 5-enolpyruvylshi-
kimate 3-phosphate synthase, and arogenate dehydratase/dehydrogenase (ADT/ADH), are probably obtained via HGT from
other prokaryotes rather than EGT. In Trp biosynthesis, the first three enzymes, anthranilate synthase (AS), phosphoribosylan-
thranilate transferase, and phosphoribosylanthranilate isomerase, originate from the eukaryotic nucleus, whereas the last three
enzymes, indole-3-glycerol phosphate synthase and the a and 3 subunits of tryptophan synthase (TSa and TSP, respectively)
were acquired through cyanobacterial EGT [35]. Collectively, the plant plastidic AAA biosynthetic pathway is of mosaic origin,
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Figure 1. A pathway map and origin of the shikimate and aromatic amino acid biosynthetic pathways in plants. In plants, the shikimate pathway leads to the
biosynthesis of AAAs, which are not only required for protein synthesis but also used as precursors of numerous AAA-derived aromatic natural products (yellow
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with many enzymes replaced by those with noncyanobacterial origin [1], as summarized in figure 1. However, it remains n
unclear how ancestral plants selected enzymes of specific origin for each reaction. As discussed later, plastids (chloroplasts) are
an ideal location to obtain carbon and energy resources sufficient to support the energy-intensive AAA biosynthetic pathway.
Evolutionarily selected enzymes might be the most biochemically suitable or easy-to-fine-tuned to maximize their enzymatic
activity in plastids.

3. 3-deoxy-p-arabino-heptulosonate 7-phosphate synthase

Given that the shikimate pathway connects the upstream carbon metabolism with the biosynthesis of AAAs and AAA-derived
natural products, the carbon flux into the shikimate pathway must be strictly yet flexibly regulated at its entry reaction in
response to the upstream carbon availability and the metabolic demand from the downstream pathways. DHS enzymes catalyse
the first committed reaction of the shikimate pathway that integrates phosphoenolpyruvate (PEP) and p-erythrose-4-phosphate
(E4P), derived from glycolysis and the Calvin—Benson cycle, respectively (figure 1; [4,32]). DHS enzymes are mainly localized
in the plastids (chloroplasts), while several studies have proposed cytosolic DHS enzymes that may contribute to chorismate
production in the cytosol (figure 2; [36-38]). Two distinct DHS activities that require manganese and cobalt have been isolated
from plastid and cytosolic fractions, respectively [32,39,40]. However, the physiological role and the identities of cytosolic DHS
activity remain undescribed.

In microbes, which generally do not require extensive production of aromatic natural products, DHS enzymes are solely
regulated by feedback inhibition by either AAA [13,41]. By contrast, plant DHS enzymes are subjected to a more complex
negative feedback inhibition network that is mediated by various compounds including Tyr, Trp, chorismate and caffeate, as
well as Tyr-derived and Trp-derived compounds such as homogentisate and indole-3 pyruvate, respectively ([42,43]; figure
3). With multiple isoforms exhibiting distinct sensitivities to these effector molecules, plants selectively express specific DHS
isoforms to modulate the biosynthetic activities of AAAs and AAA-derived metabolites. In Arabidopsis thaliana, for instance,
the DHS isoform susceptible to inhibition by Tyr or Trp is predominantly expressed in young tissues where protein synthesis
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actively takes place for growth. This expression pattern probably facilitates the monitoring of amino acid concentrations
required for protein synthesis in still-developing young tissues. On the other hand, other DHS isoforms with insensitivity
to Tyr or Trp are more abundantly expressed in mature tissues where AAA-derived metabolite synthesis takes precedence
over protein synthesis [43]. A recent suppressor screening of Arabidopsis Tyr-deficient tyra2 mutant identified several point
mutations (suppressor of tyra2, sota) on the DHS genes that relaxed the DHS negative feedback regulation [43,44]. The deregula-
tion of DHS enzymes by the sota mutations boosted in planta AAA production by increasing carbon flux into the shikimate
pathway. Notably, the enhanced AAA production was accompanied by the upregulation of carbon fixation probably to support
high AAA production by supplying sufficient carbon sources through photosynthetic carbon metabolism [43]. Another genetic
analysis of Petunia x hybrida transgenic lines revealed that the expression of RPE1, which encodes an E4P-producing p-ribu-
lose-5-phosphate 3-epimerase enzyme in the pentose phosphate pathway, was somehow changed in response to the down-
stream Phe biosynthetic activity, regulating the supplied amount of carbon precursor from the pentose phosphate pathway
into the shikimate pathway [45]. Although the mechanism underlying upregulated carbon assimilation remains unclear, these
genetic results imply a tightly interconnected monitoring system between the upstream central carbon metabolism and the
shikimate pathway to adjust the carbon allocation depending on carbon demand from the downstream AAA pathways.

In grasses (family Poaceae), the sensitivity of DHS enzymes to some metabolites has been changed to optimize the grass-spe-
cific production of AAA-derived compounds. Lignin is the most abundant aromatics, accounting for 30% of plant dry weight
and is produced from Phe in most plant species [17,46]. Uniquely, grass species can biosynthesize a significant proportion
of lignin from Tyr, but not only Phe (see the details in §9) [47-49]. To support high lignin production from Tyr, they use
a grass-specific feedback-insensitive DHS isoform with organ-specific expression (e.g. internodes) to produce a high level of
Tyr [50]. This grass feedback-resistant DHS enzyme is, to our knowledge, the first reported naturally occurring deregulating
DHS enzyme. However, this deregulated grass DHS enzyme does not have sota-like mutations in its sequence, suggesting
different mechanisms that change the DHS sensitivity to the downstream metabolites. Structural analysis of plant DHS enzymes
will help identify key residue(s) for species-specific DHS feedback insensitivity and accelerate the development of plant DHS
enzymes as a genetic tool to boost AAAs and aromatic natural products in plants.

Besides the metabolite-mediated negative feedback inhibition, plant DHS activity is associated with photosynthesis. Despite
having similar K, values of microbial and plant DHS enzymes for PEP, the Ky, values for E4P in plant DHS enzymes are
approximately 10 times higher than those of microbial DHS enzymes [40,42]. This discrepancy suggests that plant DHS
enzymes have evolved to respond to fluctuation in E4P availability from the pentose phosphate pathways, including the
Calvin-Benson cycle, which provides a significant amount of carbon precursor. Additionally, unlike microbial DHS enzymes,
plant DHS activity necessitates reducing agents like 1,4-dithiothreitol, or thioredoxin f, which serves as a mediator of photosyn-
thetic redox power in chloroplasts [42,51,52]. These photosynthesis-associated mechanisms probably play a regulatory role
in maximizing DHS activity in the light (photosynthesis-active, carbon-sufficient condition) and downregulating it in the
dark (photosynthesis-limited, carbon-deficient condition). In other words, the heterologous expression of functional plant-type
DHS enzymes in non-photosynthetic microbes may be challenging owing to the lack of chloroplast-like carbon and redox
availability in their cells. Also, we still have limited knowledge of how plants activate the DHS activity to produce AAAs in
photosynthesis-limited tissues, such as roots.
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Trp biosynthesis is initiated with the conversion of chorismate into anthranilate by AS. The AS complex forms a heterodimer
or tetramer consisting of large a and small 3 subunits (ASa and AS@, respectively) [53]. ASa binds to chorismate and is also
allosterically inhibited by Trp to impair its conformational change that is necessary for chorismate conversion ([54,55]; figure
3). Arabidopsis trp5-1 nucleotide substitution was identified as a feedback-insensitive ASa mutation that elevated the Trp level,
suggesting that the AS reaction is critical to control carbon flux at the entry step of the Trp biosynthesis [56]. In most land
plants, ASa enzymes are feedback-sensitive to Trp and encoded by at least two genes, one of which is inducibly expressed
in response to development and/or biotic stresses likely to increase Trp-derived defence compounds [57-61]. Notably, Ruta
graveolens possesses a Trp-feedback-resistant ASa isoform that probably contributes to the high production of lineage-specific
Trp-derived alkaloids in the Rutaceae family, such as furoquinoline [59,62,63]. Also, a Nicotiana tabacum (tobacco) gene encoding
feedback insensitive AS enzyme was cloned, while its physiological role in the metabolism of Trp-derived compounds in
tobacco remains unclear [60]. Genes encoding these feedback-insensitive AS enzymes can be used for the metabolic engineering
of Trp and Trp-derived natural products. Overexpression of the feedback-resistant ASa mutant isoform elevated the levels
of Trp in rice calli, potato shoots, Arabidopsis and a forage legume Astragalus sinicus [61,64—67]. On the other hand, the
accumulation of indole-3-ylmethyl glucosinolate, one of the major Trp-derived indole glucosinolates, was stimulated with little
impact on the amount of camalexin, another Trp-derived defence compound, in the Arabidopsis transgenic line expressing
the feedback-insensitive ASa mutant [66]. These metabolic engineering experiments propose feedback-insensitive ASa as a
potential genetic tool to boost the accumulation of Trp, leading to the development of new crops with enhanced nutritional
profiles or better resistance to resistance to pests and pathogens.

Chorismate mutase (CM) converts chorismate into prephenate at the branching entry point of Phe/Tyr and Trp pathways. While
microbes have bifunctional CM/prephenate dehydrogenase (PDH) enzymes, plant CM enzymes are monofunctional [68]. The
CM activity is inhibited by Phe or Tyr and activated by Trp, allowing reciprocal flux regulation into either post-chorismate
pathway ([69,70]; figure 3). Most flowering plants contain at least two CM isoforms, CM1 and CM2, that have distinct enzyme
properties. In contrast to canonical feedback-sensitive CM1, the CM2 activity is not affected by either AAA, structural analy-
sis of Arabidopsis CM1 enzyme identified mutations at a glycine residue and glycine/aspartate residues that abolish AAA
allosteric regulation in CM2 and alter AAA specificity in CM1 and CM3, respectively [71]. Interestingly, all the CM enzymes
isolated from a basal lineage of plant species, the moss/bryophyte Physcomitrella patens, the lycophyte Selaginella moellendorffii,
and the basal angiosperm Amborella trichopoda, are activated by Trp with the limited effect of Tyr and Phe [72]. This evolutionary
trajectory implies that plants have fine-tuned the CM sensitivity to AAAs at the branching point of post-chorismate pathways to
balance the availability of each AAA for its derived specialized metabolites.
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Another property of plant CM enzymes is their dual localization in plastids and cytosol. While many shikimate and AAA
pathway enzymes, including AAA-sensitive CM isoforms, are localized in plastids, AAA-unregulated CM isoform is cytosolic
owing to lacking of a transit peptide towards plastids at its N-terminus [70] (figure 2). The reverse genetic approach in
Arabidopsis and petunia revealed that cytosolic CM isoform was responsible for cytosolic Phe production via phenylpyruvate
that played significant roles in Phe-derived metabolism for wounding response and floral volatile emission [38,73].

Since lignin accounts for 15 to 32% of the total biomass in vascular plants, a sizeable amount of photosynthetically assimila-
ted carbon is directed to the Phe biosynthesis pathway, which owns adaptable regulatory mechanisms in response to plant
development and environmental adaption [4,74]. In Phe and Tyr biosynthesis, chorismate is commonly converted into prephen-
ate by CM [68]. In most microbes, prephenate is dehydrated by prephenate dehydratase (PDT) to produce phenylpyruvate,
which is further subjected to transamination to Phe by phenylpyruvate aminotransferases (PPY-AT) [13,41,75]. On the other
hand, most plants display dominant carbon allocation to an alternative Phe pathway where PPA-AT produces arogenate,
followed by dehydration of arogenate into Phe by ADT ([76,77]; figure 2). While monofunctional PDT enzymes exist in yeast,
fungi, and bacteria [78,79], plants use some ADT-derived PDT enzymes that can use prephenate as an alternative substrate
in Arabidopsis, petunia and conifer [73,80-85]. These PDT enzymes and one of the CM isoforms are localized to the cytosol,
being proposed to be committed to the cytosolic Phe biosynthesis in plants (figure 2; [70,73,83,86]). While the cytosolic CM



localization is mediated by the absence of functional transit peptide towards plastids at its C-terminus [70], the cytosolic PDT -
enzyme is created by transcription from an alternative transcription start site of a known gene encoding a plastidic ADT
enzyme [73]. Phenylpyruvate is further converted into Phe by cytosolic PPY-AT that uses Tyr as an amino donor, indicating
the interconnection between Tyr and Phe metabolism in the cytosol [83]. Compared with the well-studied microbial Phe
production, the reason why plants have dual Phe biosynthetic pathways in plastids and the cytosol is still under debate owing

~

to the limited impact of the cytosolic Phe pathway on total Phe production. Its potential roles include the rapid response of
Phe production to abiotic and biotic stresses where plants need to produce Phe-derived specialized metabolites [73]. Also,
phenylpyruvate, an intermediate in the cytosolic Phe pathway but not generated from the plastidic arogenate pathway, is used
as an amino donor for Trp-derived auxin biosynthesis via Trp aminotransferases in petunia [21,87]. Given that phenylpyruvate
is further catabolized for phenylpyruvate-derived specialized metabolites, including some aromatic volatiles [85,88], elevating
cytosolic phenylpyruvate availability might be another possible benefit of the cytosolic Phe biosynthetic pathway to increase
metabolic diversity of phenylpyruvate-derived aromatic natural products.

The PDT/ADT enzymes in microbes and plants are known to be feedback inhibited by Phe, the end-product of the pathways,
to control the intercellular Phe level (figure 3). The enhancement of Phe production by introducing the artificially mutated
feedback-insensitive ADT enzymes in Arabidopsis and rice highlights the important role of ADT allosteric regulation in
maintaining the Phe level [89,90]. A recent phylobiochemical study discovered feedback-insensitive ADT enzymes that were
widespread across vascular plants, with the ability to boost Phe production when overexpressed in planta. For example,
Nicotiana benthamiana leaves transiently overexpressing deregulated ADT isoforms from Physcomitrium patens accumulated
approximately 150-fold increased Phe levels compared to control leaves. The deregulation of ADT enzymes is mediated
by several mutations onto the Phe allosteric binding domain of ADT enzymes, which is coincident with the emergence of
vascular plants (tracheophytes) [91]. This indicates that the deregulation of ADT enzymes played a significant role in increasing
precursor availability for Phe-derived compounds, primarily lignin, during the vascular plant evolution. Similarly, the cytosolic
CM and PDT enzymes in petunia are also insensitive to Phe (figure 2) [70,73]. The deregulated Phe pathway in the cytosol
probably contributes to rapid Phe production without the Phe-mediated pathway downregulation.

According to some classical reports published decades ago, the ADT enzyme activities from Sorghum bicolor and Nicotiana
silvestris cell cultures were activated by Tyr possibly to redirect carbon flow from Tyr to Phe biosynthesis ([92,93]; figure 3).
However, we do not have direct evidence that this Tyr-mediated ADT activation has metabolic impacts in plants.
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7. Arogenate and prephenate dehydrogenases

Like Phe, Tyr is produced via two biosynthetic pathways in microbes and plants. Following the common biosynthetic route with
Phe, prephenate is converted into 4-hydroxylphenylpyruvate (HPP) by PDH and subsequently transaminated reversibly by
HPP aminotransferase (HPP-AT) to synthesize Tyr [94,95]. The generation of HPP leads to enzymatic Tyr degradation pathway
where the degradation products are eventually catabolized in the mitochondrial tricarboxylic acid (TCA) cycle [96]. In the
other route, arogenate, a transaminated product of prephenate by the PPA-AT enzyme, is oxidatively decarboxylated into Tyr
by ADH, also known as TyrA. PDH and ADH enzymes are generally subjected to tight negative feedback inhibition by Tyr
to adjust the Tyr level in cells (figure 3). With dominant PDH activity, microbes generally synthesize Tyr via the HPP route,
whereas plants mainly use the arogenate pathway to produce Tyr in plastids [4,44,97]. Unlike ubiquitously detectable ADH
activity across plant species, PDH activity has been detected only in the legume family [98,99]. A recent study identified genes
encoding PDH enzymes in Glycine max (soybean) and Medicago truncatula. Inconsistent with canonical ADH enzymes, these
legume PDH enzymes preferentially react with prephenate with limited residual activity for arogenate, are insensitive to Tyr,
and are localized outside of plastids (figure 2; [99]). The structural analysis of soybean PDH determined Asn222 as a key residue
that conferred PDH activity and Tyr insensitivity, and its conversion to aspartate was sufficient to change canonical Tyr-sensitive
ADH enzymes to more relaxed PDH enzymes [100]. This finding indicates that amino acid alternation at this site was key
to the emergence of legume-specific PDH enzymes [100]. Unfortunately, the physiological role of the cytosolic PDH-mediated
Tyr biosynthesis in legumes remains largely unknown, as its Medicago knock-out mutant did not exhibit significant effects
on biological phenotypes, including legume-specific nodulation, under standard growth conditions [101]. The only reported
example of elevated Tyr production in legumes is that some Inga tree species accumulate a high amount of Tyr at up to
20% of dry weight to use Tyr and gallate conjugates as specialized defence metabolites [102]. Detailed phenotypic analyses of
legume mutants defective in cytosolic PDH activity under stress conditions may provide new insight into its broader role in
legume-specific biology.

Besides the Tyr insensitivity in legume PDH, convergently deregulated ADH enzymes have been identified in other plant
groups. Caryophyllales is an order of angiosperm that includes beets, quinoa and spinach. Its unique chemical feature never
seen in other plant orders is to lose the biosynthetic capability of anthocyanin, a red pigment derived from phenylalanine, but
instead to be able to produce betalain, another red pigment synthesized from Tyr [15]. The lineage-specific betalain pigmenta-
tion is supported by high Tyr production mediated by the relaxation of ADT negative feedback inhibition. In Beta vulgaris (table
beets), one of the two plastidic ADH enzymes (BvADHa), but not BvADH}, exhibited relaxed sensitivity to Tyr and boosted
Tyr production when heterologously expressed transiently in Nicotiana benthamiana and stably in Arabidopsis [44,103]. These
findings demonstrate that the gene duplication of ancestral ADH isoforms and the following functional divergence and loss
of Tyr sensitivity were key to the lineage-specific emergence of Tyr-derived pigment production during the Caryophyllales
evolution [15]. Also, co-transformation of betalain biosynthetic genes with the BuADHa gene in tobacco and tomato further
promoted heterologous betalain pigmentation by increasing Tyr precursor availability, highlighting its potential as a genetic tool
to boost the production of Tyr-derived specialized metabolites in heterologous hosts [8,104].



As described in §3, another lineage-specific upregulation of Tyr biosynthesis contributes to the production of Tyr-derived [ 8 |
lignin in grass species. In Phyllostachys pubescens (bamboo) shoots, where lignin production actively takes place, Tyr comprised
approximately 60% of the total free amino acids, while the composition of Phe was only less than 1% of the total amino acids
[105]. A recent ®CO, feeding carbon flux analysis uncovered 10 times faster Tyr production in leaves and stems of Brachypodium
distachyon and Setaria viridis than in those of Arabidopsis without a significant difference in Phe production capability [50]. In
addition to the deregulated DHS enzyme, El-Azaz et al. [50] discovered grass-specific non-canonical ADH enzyme with low
Tyr sensitivity that were highly expressed in growing stems. Like the deregulated beet ADH enzymes, the transient expression
of deregulated Brachypodium ADH increased the Tyr level, and its combinational expression with deregulated Brachypodium
DHS additively enhanced Tyr production. These findings highlight the biochemically fine-tuned regulation of the committed
enzymes at the entry and exit steps of AAA biosynthesis that probably plays a crucial role in providing Tyr precursor for the
Tyr-derived lignin pathway. However, phylogenetic evidence shows that the grass-deregulated ADH is not evolutionarily close
to the Caryophyllene ADH or legume PDH, indicating that grass Tyr-insensitive ADH probably evolved independently in these
three plant groups.

8. Phenylalanine hydroxylase

In human research, Phe degradation has been intensively studied because of its link to Phenylketonuria, a rare inherited
metabolic disease in humans. In animals and microbes, Phe is directly hydroxylated into Tyr by phenylalanine hydroxylase
(PAH) and eventually catabolized via the Tyr degradation pathway that leads to the TCA cycle in mitochondria [96,97,106].
In Phenylketonuria patients, inefficient or nonfunctional PAH results in the toxically elevated Phe level that inhibits the
biosynthesis of AAA-derived neurotransmitters, such as serotonin and dopamine, triggering various metabolic dysfunctions,
particularly in brains [107]. Therefore, PAH acts in a detoxification pathway to avoid excess Phe accumulation in cells. PAH
enzymes belong to a family of tetrahydropterin-dependent aromatic amino acid hydroxylases (AAHs) that are widely spread
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in animals and microbes. Functional plastidic PAH enzymes are also encoded in the genomes of non-flowering photosynthetic
eukaryotes, including green algae (Chlamydomonas reinhardtii), moss (Physcomitrella patens) and gymnosperm (Pinus taeda).
The knock-out of the PAH gene in Physcomitrella patens elevated the levels of Phe and some Phe-derived phenylpropanoids,
suggesting that the PAH enzyme redirects carbon flux from Phe to Tyr ([108]; figure 3). By contrast, orthologous AAH genes are
lacking in angiosperm genomes, which have made the plant Phe degradation pathway obscure for a long time. The absence of
the animal-type Phe degradation pathway might be compensated for by large carbon flux into Phe-derived phenylpropanoids,
especially for lignin biosynthesis, during the angiosperm evolution [17,18,46]. As land plants have evolved to increase Phe
precursor availability for lignin biosynthesis (e.g. deregulation of ADT enzymes and cytosolic Phe pathway, §6), the loss of the
Phe-to-Tyr conversion sounds reasonable to avoid wasting Phe precursor for lignin production. An alternative explanation is
the emergence of new hydroxylases that have convergently evolved to convert Phe into Tyr. Indeed, plant PAH activity was
only reported from Spinacia oleracea (spinach) leaves six decades ago [109]. However, no significant follow-up reports have been
published since then. Consistently, no PAH activity was detected from Tyr hydroxylase activity of Mucuna pruriens, a species in
legume, which mediates a similar reaction that forms 4-dihydroxyphenylalanine (L-DOPA) from Tyr [110]. Therefore, it is still
under debate if flowering plants possess the animal-type Phe degradation pathway.

9. Phenylalanine and phenylalanine/tyrosine ammonia-lyase

Phenylalanine ammonia-lyase (PAL) enzymes catalyse the first and committed reaction of Phe deamination into cinnamate,
initiating phenylpropanoid biosynthesis (figure 3). The PAL reaction plays a critical role in determining the carbon flux into
the phenylpropanoid pathway. Consistently, the overexpression of the plant PAL gene leads to upregulation of phenylpropa-
noid production [111]. Given the bottleneck of carbon flux from Phe into the entire phenylpropanoid pathway, plant PAL
activity is subjected to complex multilayered regulatory mechanisms at both transcriptional and post-transcriptional levels
[112-114]. The expression of PAL genes is inducible to various stresses, such as high light, wounding and pathogen attacks,
to cope with such stresses by promoting the production of defensive phenylpropanoid compounds, such as anthocyanin
and coumarin [20,115,116]. At the post-transcriptional level, the PAL ubiquitination occurs with kelch motif-containing F-box
proteins to facilitate the PAL degradation and turnover [117-119]. Additionally, PAL enzymes are negatively regulated by
pathway intermediates, including cinnamate, a product of PAL enzymes [120-126]. Collectively, plant PAL activity is complexly
regulated to act as a gateway to phenylpropanoid biosynthesis and the following lignin production from Phe.

In addition to the well-established biosynthesis of Phe-derived lignin, grass species can produce lignin from Tyr via an
alternative biosynthetic route. It was reported more than half a century ago that radioactive carbon (**C) derived from Tyr was
incorporated into grass lignin, proposing the presence of tyrosine ammonia-lyase (TAL) activity that produces p-coumarate
directly from Tyr without generating cinnamate (figure 3; [47]). Barros et al. [48] identified, out of eight PAL genes in the
model grass Brachypodium, a gene encoding bifunctional phenylalanine/tyrosine ammonia-lyase (PTAL) that catalyses Tyr into
p-coumarate with even higher K, value towards Phe than the other seven monofunctional PAL enzymes. Brachypodium RNAi
knock-down and stable carbon isotope (°C) feeding experiments revealed that the PTAL-mediated Tyr-derived lignin pathway
accounted for approximately half of the total lignin. This result demonstrates that, with increased Tyr precursor availability by
grass-specific feedback-insensitive DHS and ADH, grass species probably evolved to use the dual lignin biosynthetic pathways



derived from Tyr and Phe. However, we still have limited knowledge of why grass plants need this second pathway. Since the E
syringyl (S)-rich lignin and cell wall-bound coumarates were preferentially produced in the PTAL knock-down line, the PTAL
enzyme may contribute to the grass-specific lignin composition. Alternatively, the PTAL pathway can produce p-coumarate
without generating cinnamate, the product of PAL enzymes that can feedback inhibit the PAL enzymatic activity. Given that
Brachypodium PAL and PTAL enzymes showed comparable sensitivity to cinnamate, the PTAL route can escape from the
cinnamate-mediated feedback inhibition, maintaining the high carbon flux into the phenylpropanoid pathway [48,114]. Besides
the feedback regulation, understanding how the PTAL enzyme is regulated differentially from the PAL enzymes may provide
a cue into the role of PTAL in grass-specific phenylpropanoid metabolism. Also, the genetic basis underlying the switching
mechanism that determines the PAL and TAL activities is another interesting topic to address how Tyr-derived lignin pathway
has emerged together with the high Tyr production during grass evolution.

10. Trends in the diversification of aromatic amino acid metabolic enzymes

Unlike the highly divergent specialized metabolism, primary metabolism, such as amino acid biosynthesis and catabolism, is
generally assumed to be conserved among the kingdoms. In this review, I showcased the diversification of AAA metabolism
with a focus on several metabolic enzymes that catalyse critical steps in AAA metabolism. In most cases, we can see trends
in the diversification of the enzymes involved in AAA biosynthesis and catabolism. Like microbes, ancestral plants might
have a single isoform of each enzyme in AAA metabolism that was subsequently duplicated into two or multiple copies of
the enzyme. After the gene duplication, some isoforms have evolved to increase (or optimize) precursor availability of certain
AAA-derived aromatic natural products that are critical for the kingdom- or lineage-specific development or adaptation (figure
4; [1,127,128]). In this evolutionary path, gene duplication is key to the evolution of AAA metabolism, which is consistent
with the diversification of specialized metabolism [2,129-131]. The most notable lesson specific to plant primary metabolism
is that, whenever plants have diversified AAA pathways, the original AAA pathway/enzyme has been conserved to maintain
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the basic capability of amino acid homeostasis, which probably plays an important role in general biological functions, such
as protein synthesis. In other words, no plant species have been reported so far that lose the canonical AAA pathway or
enzymes. The importance of basic AAA homeostasis is supported by some publications which reported that the artificial
imbalance of AAA metabolism negatively impacted various house-keeping functions, such as plant growth [37,42,44]. These
facts indicate plants’ diversification strategy where AAA metabolism has evolved divergently without affecting the basic amino
acid homeostasis presumably for protein synthesis. Stated differently, plants can distinguish the conserved and divergent AAA
metabolic pathways for protein synthesis and aromatic natural products, respectively, through an unknown mechanism, which
will be the next question to be addressed. Another trend is that AAA metabolism has never been diversified unless plants
evolved to produce significant amounts of AAA-derived aromatic natural products in a kingdom/lineage-specific manner. It
is predicted that the emergence of a new AAA-derived specialized metabolic pathway might put evolutionary pressure on
AAA metabolism to force it to provide more precursors for the downstream specialized metabolism. This highlights that
the evolution of AAA metabolism has played a key role as a driving force in expanding the chemical diversity of plant
aromatic natural products. Also, this implication may answer a long-standing question in biology: ‘why have animals not
evolved the shikimate and AAA biosynthetic pathways like plants?” Although plants and animals consume a large portion of
cellular resources for multicellular development, plants also have to spend these carbon and energy resources to support the
energy-intensive AAA biosynthetic pathway for the production of aromatic natural products that have allowed them to survive
under challenging environmental conditions on land [132]. Animals, on the other hand, do not need to produce such specialized
aromatic metabolites, which is probably one of the key factors that allows animals to forgo the development of energy-intensive
AAA biosynthetic pathways.

The diversification of AAA metabolism-related enzymes can be classified into three categories: (i) biochemistry, (ii) tran-
scription, and (iii) localization (figure 4). The biochemical diversification accompanies modified protein characteristics from
those of the original enzymes and can be further divided into three subtypes. First, many of the committed enzymes in
AAA biosynthesis are subjected to negative feedback inhibition mediated by the pathway end-products (and sometimes
intermediates) to control the carbon flux into the pathways. The emergence of feedback-resistant isoforms upregulates their
enzymatic activity, increasing carbon flux into the pathway. Second, changing substrate specificity redirects or bypasses carbon
allocation in the pathway. Third, redox-regulated enzymes enable efficient carbon allocation coupled with photosynthesis.
Another similar case of biochemical diversification in plant primary metabolism is isopropylmalate synthase (IPMS), an enzyme
in leucine biosynthesis that is feedback inhibited by leucine [133]. In Solanum lycopersicum (cultivated tomatoes), one of the
IPMS isoforms is a leucine-resistant enzyme that increases carbon flux into the leucine biosynthesis, contributing to high
production of leucine-derived acylsugars in tomato trichomes [134]. In many cases of biochemical diversification in AAA
metabolism, naturally occurring genetic mutations that change the biochemical properties of the enzymes have been identified,
offering exciting opportunities to enhance endogenous metabolic pathways of AAA-derived specialized compounds and even
to reconstruct plant natural product pathways in heterologous systems through synthetic biology [8]. The dominant nature of
most of these genetic mutations is also an advantage when heterologously expressed. The recent breakthrough in base editing
technology has made it easier to introduce genetic mutations into various plant species, accelerating the use of these genetic
mutations as a natural metabolic booster for plant metabolic engineering.

Transcriptional divergence in AAA metabolic genes offers an efficient precursor supply that enables flexible production
of AAA-derived natural products. Plants often inducibly produce AAA-derived metabolites in a tissue-dependent manner
or response to environmental stresses, such as lignin in growing stems and defence compounds against pathogen attack. If
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Figure 4. Trends in the diversification of aromatic amino acid metabolic enzymes. A single copy of an ancestral AAA metabolism gene is duplicated into multiple
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yellow, respectively). These divergent AAA metabolic enzymes probably play a critical role in optimized precursor supply for the biosynthesis of aromatic natural
products. On the other hand, the isoform that is kept conserved to maintain the original functions (blue) probably contributes to basic amino acid homeostasis for
protein synthesis.

the production of AAA-derived metabolites is not spontaneously enhanced with the increased supply of AAA precursor, the
precursor shortage will limit the downstream biosynthetic efficiency of aromatic natural products. By contrast, constitutively
activated AAA production would waste carbon and energy required for AAA biosynthesis, as excessively accumulated amino
acids are transported into vacuoles [135], where cytosolic AAA catabolic enzymes cannot access. Given that AAAs are the
most energy-intensive among the 20 proteogenic amino acids to synthesize in plant cells [132], co-expression of biosynthetic
gene sets for AAAs and AAA-derived natural products are the most efficient and leanest way to synthesize aromatic natural
products. An excellent example of this is the co-expression of ADH and PTAL genes together with other lignin biosynthetic
genes in growing grass stem internode tissues where Tyr-derived lignin production actively takes place [50]. In Arabidopsis,
a MYB transcription factor HIG1/MYB51 regulating Trp-derived indole glucosinolate biosynthesis activates a gene encoding
Trp-insensitive DHS1 enzyme to elevate the Trp precursor amount for indole glucosinolate defence compounds in response
to biotic stresses [136]. Combinational gene expression of deregulated AAA metabolic enzymes with aromatic specialized
metabolic genes is one of the strategies for efficient chemical production plants have developed during the evolution but also
can be used for us to conduct large-scale plant metabolic engineering of aromatic natural products [8].

We have had limited knowledge about the subcellular location of the shikimate and AAA biosynthetic pathway until
recently. AAAs are dominantly synthesized in plastids (chloroplasts), probably because of the large amounts of carbon and
energy sources available from photosynthesis. This aspect is significantly critical, as plants need a lot of carbon and energy
(ATP) to build chemically stable aromatic rings in AAAs [132]. The cytosolic AAA biosynthetic pathway has been proposed,
along with a growing body of evidence that several AAA biosynthetic enzymes are located in the cytosol. Possible roles
of the cytosolic AAA pathway in plants include providing AAA precursors to the cytosolic downstream pathways more
efficiently, to generate pathway intermediates (e.g. phenylpyruvate) that cannot be synthesized from the plastidic pathway, to
act as a backup pathway in immature forms of plastids with limited availability of carbon and energy resources, or in case
the plastidic dominant pathway is somehow downregulated (e.g. defects in chloroplast development) and to spatially escape
from tight regulation or potential damages in plastids (e.g. plastidic proteases) [38]. More detailed genetic, cell biology, and
carbon flux analysis in various plant species will be needed to understand how the cytosolic AAA pathway is ubiquitously
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distributed among the plant kingdom, is regulated at a post-transcriptional level, and contributes to the metabolism of AAAs
and AAA-derived natural compounds.

11. Perspectives

The recent phylogenomic, biochemical and metabolomic studies have uncovered the diversification of plant AAA metabolism
that is associated with lineage-specific production of AAA-derived natural products. Remarkably increasing genomic and
transcriptional resources and recently developed genome editing technology are accelerating the discovery and use of such
natural metabolic innovations for plant-based chemical engineering [131,137-140]. However, we perhaps know only the limited
number of cases in the diversification of plant AAA metabolism and aromatic natural product biosynthesis. It is estimated
that approximately 400 000 extant species of vascular plants on the Earth produce between 200 000 and 1 million metabolites
[3,141-143]. Our limited knowledge of plant chemical diversity may be a bottleneck in harnessing evolutionary diversification
of primary metabolism, including AAA biosynthesis and catabolism, for future plant metabolic engineering in the next decades.
Indeed, public metabolomic resources of various plant species where we can deposit metabolomic phenotypes with taxonomic
information are even less available than those of genomics or transcriptomics. With advanced mass spectrometry-based
metabolomics techniques, analysing the chemical composition of various tissues of as many plant species as possible, obtaining
metabolite data containing raw chromatography and absolute quantification of several major primary metabolites, and sharing
them with genomic and taxonomical information to the research community may give us clues into re-discovery of plant
chemical diversity we have missed for a long time [144]. This knowledge could lead to crops that are better able to withstand
environmental stress or to improve production of chemicals, biomaterials and other plant-based products.

Ethics. This work did not require ethical approval from a human subject or animal welfare committee.

Data accessibility. This article has no additional data.

Declaration of Al use. T have not used Al-assisted technologies in creating this article.

Authors” contributions. R.Y.: conceptualization, data curation, formal analysis, funding acquisition, project administration, writing—original draft,
writing—review and editing.

Conflict of interest declaration. I declare I have no competing interests.

Funding. This work was supported by Marie Sktodowska-Curie Actions Postdoctoral Fellowship to R.Y.

Acknowledgements. T apologize to any authors whose work may not have been cited owing to length restrictions.

References

1. Maeda HA, Fernie AR. 2021 Evolutionary history of plant metabolism. Annu. Rev. Plant Biol. 72, 185-216. (doi:10.1146/annurev-arplant-080620-031054)

2. Weng JK, Lynch JH, Matos JO, Dudareva N. 2021 Adaptive mechanisms of plant specialized metabolism connecting chemistry to function. Nat. Chem. Biol. 17, 1037-1045. (doi:10.
1038/541589-021-00822-6)

3. Wang$, Alseekh S, Fernie AR, Luo J. 2019 The structure and function of major plant metabolite modifications. Mol. Plant 12, 899-919. (doi:10.1016/j.molp.2019.06.001)

4. Maeda H, Dudareva N. 2012 The shikimate pathway and aromatic amino acid biosynthesis in plants. Annu. Rev. Plant Biol. 63, 73—105. (doi:10.1146/annurev-arplant-042811-
105439)

5. DellaPenna D. 2001 Plant metabolic engineering. Plant Physiol. 125, 160—163. (doi:10.1104/pp.125.1.160)

6. Dudareva N, DellaPenna D. 2013 Plant metabolic engineering: future prospects and challenges. Curr. Opin. Biotechnol. 24, 226—228. (doi:10.1016/j.copbio.2013.02.002)

7. Farré G, Twyman RM, Christou P, Capell T, Zhu C. 2015 Knowledge-driven approaches for engineering complex metabolic pathways in plants. Curr. Opin. Biotechnol. 32, 54—60. (doi:
10.1016/j.copbio.2014.11.004)

8. Maeda HA. 2019 Harnessing evolutionary diversification of primary metabolism for plant synthetic biology. J. Biol. Chem. 294, 16549—-16566. (doi:10.1074/jbc.REV119.006132)

9. Serra 0, Geldner N. 2022 The making of suberin. New. Phytol. 235, 848—866. (doi:10.1111/nph.18202)

10.  Wu G, Bazer FW, Dai Z, Li D, Wang J, Wu Z. 2014 Amino acid nutrition in animals: protein synthesis and beyond. Annu. Rev. Anim. Biosci. 2, 387—417. (doi:10.1146/annurev-animal-
022513-114113)

1. Rippert P, Puyaubert J, Grisollet D, Derrier L, Matringe M. 2009 Tyrosine and phenylalanine are synthesized within the plastids in Arabidopsis. Plant Physiol. 149, 1251-1260. (doi:
10.1104/pp.108.130070)

12.  TzinV, Galili G. 2010 The biosynthetic pathways for shikimate and aromatic amino acids in Arabidopsis thaliana. Arab Book Am Soc. Plant Biol. 8, e0132. (doi:10.1199/tab.0132)

13. Shende VV, Bauman KD, Moore BS. 2024 The shikimate pathway: gateway to metabolic diversity. Nat. Prod. Rep. 41, 604—648. (doi:10.1039/d3np00037k)

14, LiuM, Lu'S. 2016 Plastoquinone and ubiquinone in plants: biosynthesis, physiological function and metabolic engineering. Front. Plant Sci. 7, 1898. (doi:10.3389/fpls.2016.01898)

15.  Timoneda A, Feng T, Sheehan H, Walker-Hale N, Pucker B, Lopez-Nieves S, Guo R, Brockington S. 2019 The evolution of betalain biosynthesis in Caryophyllales. New. Phytol. 224,
71-85. (doi:10.1111/nph.15980)

16.  Maeda H, DellaPenna D. 2007 Tocopherol functions in photosynthetic organisms. Curr. Opin. Plant Biol. 10, 260—265. (doi:10.1016/j.pbi.2007.04.006)

17. Boerjan W, Ralph J, Baucher M. 2003 Lignin biosynthesis. Annu. Rev. Plant Biol. 54, 519—546. (doi:10.1146/annurev.arplant.54.031902.134938)

18.  Vogt T. 2010 Phenylpropanoid biosynthesis. Mol. Plant 3, 2—20. (doi:10.1093/mp/ssp106)

19. Tohge T, Watanabe M, Hoefgen R, Fernie AR. 2013 The evolution of phenylpropanoid metabolism in the green lineage. (rit. Rev. Biochem. Mol. Biol. 48, 123—-152. (doi:10.3109/
10409238.2012.758083)

20.  Araguirang GE, Richter AS. 2022 Activation of anthocyanin biosynthesis in high light - what is the initial signal? New Phytol. 236, 2037-2043. (doi:10.1111/nph.18488)

21. ZhaoY. 2012 Auxin biosynthesis: a simple two-step pathway converts tryptophan to indole-3-acetic acid in plants. Mol. Plant 5, 334—-338. (doi:10.1093/mp/ssr104)

ISEOSC07 “6L8 205 4'SwiL g QsyeunoBuousyndtanoseor [


http://dx.doi.org/10.1146/annurev-arplant-080620-031054
http://dx.doi.org/10.1038/s41589-021-00822-6
http://dx.doi.org/10.1038/s41589-021-00822-6
http://dx.doi.org/10.1016/j.molp.2019.06.001
http://dx.doi.org/10.1146/annurev-arplant-042811-105439
http://dx.doi.org/10.1146/annurev-arplant-042811-105439
http://dx.doi.org/10.1104/pp.125.1.160
http://dx.doi.org/10.1016/j.copbio.2013.02.002
http://dx.doi.org/10.1016/j.copbio.2014.11.004
http://dx.doi.org/10.1074/jbc.REV119.006132
http://dx.doi.org/10.1111/nph.18202
http://dx.doi.org/10.1146/annurev-animal-022513-114113
http://dx.doi.org/10.1146/annurev-animal-022513-114113
http://dx.doi.org/10.1104/pp.108.130070
http://dx.doi.org/10.1199/tab.0132
http://dx.doi.org/10.1039/d3np00037k
http://dx.doi.org/10.3389/fpls.2016.01898
http://dx.doi.org/10.1111/nph.15980
http://dx.doi.org/10.1016/j.pbi.2007.04.006
http://dx.doi.org/10.1146/annurev.arplant.54.031902.134938
http://dx.doi.org/10.1093/mp/ssp106
http://dx.doi.org/10.3109/10409238.2012.758083
http://dx.doi.org/10.3109/10409238.2012.758083
http://dx.doi.org/10.1111/nph.18488
http://dx.doi.org/10.1093/mp/ssr104

22.

23.

24,

25.

26.

27.

28.

29.

30.

3N

32.

33.
34.

35.

36.

37.

38.
39.

40.

41.
42.

3.
44,

45.

46.
47.

48.

49.

50.

51.

52.

53.
54.

55.
56.

57.

Abdel-Massih RM, Debs E, Othman L, Attieh J, Cabrerizo FM. 2023 Glucosinolates, a natural chemical arsenal: more to tell than the myrosinase story. Front. Microbiol. 14,1130208. m

(doi:10.3389/fmich.2023.1130208)

Hardeland R. 2016 Melatonin in plants - diversity of levels and multiplicity of functions. Front. Plant Sci. 7, 198. (doi:10.3389/fpls.2016.00198)

De Luca V, St Pierre B. 2000 The cell and developmental biology of alkaloid biosynthesis. Trends Plant Sci. 5, 168—173. (doi:10.1016/51360-1385(00)01575-2)

Pan Q, Mustafa NR, Tang K, Choi YH, Verpoorte R. 2016 Monoterpenoid indole alkaloids biosynthesis and its requlation in Catharanthus roseus: a literature review from genes to
metabolites. Phytochem. Rev. 15, 221-250. (doi:10.1007/511101-015-9406-4)

Nowack ECM, Weber APM. 2018 Genomics-informed insights into endosymbiotic organelle evolution in photosynthetic eukaryotes. Annu. Rev. Plant Biol. 69, 51-84. (doi:10.1146/
annurev-arplant-042817-040209)

Petersen J, Brinkmann H, Cerff R. 2003 Origin, evolution, and metabolic role of a novel glycolytic GAPDH enzyme recruited by land plant plastids. J. Mol. Evol. 57, 16-26. (doi:10.
1007/500239-002-2441-y)

Patron NJ, Rogers MB, Keeling PJ. 2004 Gene replacement of fructose-1,6-hisphosphate aldolase supports the hypothesis of a single photosynthetic ancestor of chromalveolates.
Eukaryotic Cell 3,1169—1175. (doi:10.1128/EC.3.5.1169-1175.2004)

Sato N, Awai K. 2017 “Prokaryotic pathway” is not prokaryotic: noncyanobacterial origin of the chloroplast lipid biosynthetic pathway revealed by comprehensive phylogenomic
analysis. Genome Biol. Evol. 9,3162—3178. (doi:10.1093/gbe/evx238)

Matsuzaki M, Kuroiwa H, Kuroiwa T, Kita K, Nozaki H. 2008 A cryptic algal group unveiled: a plastid biosynthesis pathway in the oyster parasite Perkinsus marinus. Mol. Biol. Fvol. 25,
1167-1179. (doi:10.1093/molbev/msn064)

Richards TA, Dacks JB, Campbell SA, Blanchard JL, Foster PG, McLeod R, Roberts CW. 2006 Evolutionary origins of the eukaryotic shikimate pathway: gene fusions, horizontal gene
transfer, and endosymbiotic replacements. Eukaryotic Cell 5, 1517-1531. (doi:10.1128/EC.00106-06)

Yokoyama R, Kleven B, Gupta A, Wang Y, Maeda HA. 2022 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase as the gatekeeper of plant aromatic natural product
biosynthesis. Curr. Opin. Plant Biol. 67,102219. (doi:10.1016/}.pbi.2022.102219)

Fucile G, Falconer S, Christendat D. 2008 Evolutionary diversification of plant shikimate kinase gene duplicates. PLoS Genet. 4, €1000292. (doi:10.1371/journal.pgen.1000292)
Dornfeld C, Weisberg AJ, K CR, Dudareva N, Jelesko JG, Maeda HA. 2014 Phylobiochemical characterization of class-Ib aspartate/prephenate aminotransferases reveals evolution of
the plant arogenate phenylalanine pathway. Plant Cell 26, 3101-3114. (doi:10.1105/tpc.114.127407)

Jiroutovd K, Hordk A, Bowler C, Obornik M. 2007 Tryptophan biosynthesis in stramenopiles: eukaryotic winners in the diatom complex chloroplast. J. Mol. Evol. 65, 496—511. (doi:
10.1007/500239-007-9022-2)

Chang IF, Curran A, Woolsey R, Quilici D, Cushman JC, Mittler R, Harmon A, Harper JF. 2009 Proteomic profiling of tandem affinity purified 14-3-3 protein complexes in Arabidopsis
thaliana. Proteomics 9, 2967—2985. (doi:10.1002/pmic.200800445)

Kanaris M, Poulin J, Shahinas D, Johnson D, Crowley VM, Fucile G et al. 2021 Elevated tyrosine results in the cytosolic retention of 3-deoxy-d-arabino-heptulosonate 7-phosphate
synthase in Arabidopsis thaliana. Plant J. (doi:10.1111/tpj.15590)

Lynch JH. 2022 Revisiting the dual pathway hypothesis of chorismate production in plants. Hortic. Res. 9, uhac052. (doi:10.1093/hr/uhac052)

Ganson RJ, D'Amato TA, Jensen RA. 1986 The two-isozyme system of 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase in Nicotiana silvestris and other higher plants. Plant
Physiol. 82, 203-210. (doi:10.1104/pp.82.1.203)

Doong RL, Gander JE, Ganson RJ, Jensen RA. 1992 The cytosolic isoenzyme of 3-deoxy- D-arabino-heptulosonate 7-phosphate synthase in Spinacia oleracea and other higher
plants: extreme substrate ambiguity and other properties. Physiol. Plant. 84, 351-360. (doi:10.1034/j.1399-3054.1992.840305.x)

Bentley R. 1990 The shikimate pathway— a metabolic tree with many branches. Crit. Rev. Biochem. Mol. Biol. 25, 307—384. (doi:10.3109/10409239009090615)

Yokoyama R, de Oliveira MVV, Kleven B, Maeda HA. 2021 The entry reaction of the plant shikimate pathway is subjected to highly complex metabolite-mediated regulation. Plant
(ell 33, 671-696. (doi:10.1093/plcell/koaa042)

Yokoyama R et al. 2022 Point mutations that boost aromatic amino acid production and C0; assimilation in plants. Sci. Adv. 8, eabo3416. (doi:10.1126/sciadv.abo3416)

de Oliveira MVV, Jin X, Chen X, Griffith D, Batchu S, Maeda HA. 2019 Imbalance of tyrosine by modulating TyrA arogenate dehydrogenases impacts growth and development of
Arabidopsis thaliana. Plant J. 97, 901-922. (doi:10.1111/tpj.14169)

Yoo H et al. 2021 Overexpression of arogenate dehydratase reveals an upstream point of metabolic control in phenylalanine biosynthesis. Plant J. 108, 737-751. (doi:10.1111/tpj.
15467)

Vanholme R, Demedsts B, Morreel K, Ralph J, Boerjan W. 2010 Lignin biosynthesis and structure. Plant Physiol. 153, 895-905. (doi:10.1104/pp.110.155119)

Higuchi T, Ito Y, Kawamura I. 1967 p-Hydroxyphenylpropane component of grass lignin and role of tyrosine-ammonia lyase in its formation. Phytochemistry 6, 875—881. (doi:10.
1016/50031-9422(00)86035-5)

Barros J, Serrani-Yarce JC, Chen F, Baxter D, Venables BJ, Dixon RA. 2016 Role of bifunctional ammonia-lyase in grass cell wall biosynthesis. Nat. Plants 2, 16050. (doi:10.1038/
nplants.2016.50)

Jun SY, Sattler SA, Cortez GS, Vermerris W, Sattler SE, Kang C. 2018 Biochemical and structural analysis of substrate specificity of a phenylalanine ammonia-lyase. Plant Physiol.
176, 1452-1468. (doi:10.1104/pp.17.01608)

El-Azaz ), Moore B, Takeda-Kimura Y, Yokoyama R, Wijesingha Ahchige M, Chen X, Schneider M, Maeda HA. 2023 Coordinated regulation of the entry and exit steps of aromatic
amino acid biosynthesis supports the dual lignin pathway in grasses. Nat. Commun. 14, 7242. (doi:10.1038/541467-023-42587-7)

Entus R, Poling M, Herrmann KM. 2002 Redox regulation of Arabidopsis 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase. Plant Physiol. 129, 1866—1871. (doi:10.1104/pp.
002626)

Yoshida K, Yokochi Y, Hisabori T. 2019 New light on chloroplast redox regulation: molecular mechanism of protein thiol oxidation. front. Plant Sci. 10, 1534. (doi:10.3389/fpls.2019.
01534)

Romero RM, Roberts MF, Phillipson JD. 1995 Anthranilate synthase in microorganisms and plants. Phytochemistry 39, 263—276. (doi:10.1016/0031-9422(95)00010-5)

Kndchel T, Ivens A, Hester G, Gonzalez A, Bauerle R, Wilmanns M, Kirschner K, Jansonius JN. 1999 The crystal structure of anthranilate synthase from Sulfolobus solfataricus:
functional implications. Proc. Nat! Acad. Sci. USA 96, 9479—-9484. (doi:10.1073/pnas.96.17.9479)

Morollo AA, Eck MJ. 2001 Structure of the cooperative allosteric anthranilate synthase from Salmonella typhimurium. Nat. Struct. Biol. 8, 243—-247. (doi:10.1038/84988)

LiJ, Last RL. 1996 The Arabidopsis thaliana trp5 mutant has a feedback-resistant anthranilate synthase and elevated soluble tryptophan. Plant Physiol. 110, 51-59. (doi:10.1104/
pp.110.1.51)

Niyogi KK, Fink GR. 1992 Two anthranilate synthase genes in Arabidopsis: defense-related requlation of the tryptophan pathway. Plant Cell 4, 721. (doi:10.2307/3869530)

75€0€207 “6LE g 20S Y suvi| /”/c/ di's'i'/'l'é'wn‘f‘i.f/’ﬁ'ib"6u“!‘q;!'ld'ndKi5i55§|EK5i


http://dx.doi.org/10.3389/fmicb.2023.1130208
http://dx.doi.org/10.3389/fpls.2016.00198
http://dx.doi.org/10.1016/s1360-1385(00)01575-2
http://dx.doi.org/10.1007/s11101-015-9406-4
http://dx.doi.org/10.1146/annurev-arplant-042817-040209
http://dx.doi.org/10.1146/annurev-arplant-042817-040209
http://dx.doi.org/10.1007/s00239-002-2441-y
http://dx.doi.org/10.1007/s00239-002-2441-y
http://dx.doi.org/10.1128/EC.3.5.1169-1175.2004
http://dx.doi.org/10.1093/gbe/evx238
http://dx.doi.org/10.1093/molbev/msn064
http://dx.doi.org/10.1128/EC.00106-06
http://dx.doi.org/10.1016/j.pbi.2022.102219
http://dx.doi.org/10.1371/journal.pgen.1000292
http://dx.doi.org/10.1105/tpc.114.127407
http://dx.doi.org/10.1007/s00239-007-9022-z
http://dx.doi.org/10.1002/pmic.200800445
http://dx.doi.org/10.1111/tpj.15590
http://dx.doi.org/10.1093/hr/uhac052
http://dx.doi.org/10.1104/pp.82.1.203
http://dx.doi.org/10.1034/j.1399-3054.1992.840305.x
http://dx.doi.org/10.3109/10409239009090615
http://dx.doi.org/10.1093/plcell/koaa042
http://dx.doi.org/10.1126/sciadv.abo3416
http://dx.doi.org/10.1111/tpj.14169
http://dx.doi.org/10.1111/tpj.15467
http://dx.doi.org/10.1111/tpj.15467
http://dx.doi.org/10.1104/pp.110.155119
http://dx.doi.org/10.1016/S0031-9422(00)86035-5
http://dx.doi.org/10.1016/S0031-9422(00)86035-5
http://dx.doi.org/10.1038/nplants.2016.50
http://dx.doi.org/10.1038/nplants.2016.50
http://dx.doi.org/10.1104/pp.17.01608
http://dx.doi.org/10.1038/s41467-023-42587-7
http://dx.doi.org/10.1104/pp.002626
http://dx.doi.org/10.1104/pp.002626
http://dx.doi.org/10.3389/fpls.2019.01534
http://dx.doi.org/10.3389/fpls.2019.01534
http://dx.doi.org/10.1016/0031-9422(95)00010-5
http://dx.doi.org/10.1073/pnas.96.17.9479
http://dx.doi.org/10.1038/84988
http://dx.doi.org/10.1104/pp.110.1.51
http://dx.doi.org/10.1104/pp.110.1.51
http://dx.doi.org/10.2307/3869530

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.
73.

74.
75.

76.

7.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9.

92.

Niyogi KK, Last RL, Fink GR, Keith B. 1993 Suppressors of trpT fluorescence identify a new Arabidopsis gene, TRP4, encoding the anthranilate synthase beta subunit. Plant Cell 5,
1011-1027. (doi:10.1105/tpc.5.9.1011)

Bohlmann J, DeLuca V, Eilert U, Martin W. 1995 Purification and (DNA cloning of anthranilate synthase from Ruta graveolens: modes of expression and properties of native and
recombinant enzymes. Plant J. 7, 491-501. (doi:10.1046/j.1365-313X.1995.7030491.x)

Song HS, Brotherton JE, Gonzales RA, Widholm JM. 1998 Tissue culture-specific expression of a naturally occurring tobacco feedback-insensitive anthranilate synthase. Plant
Physiol. 117, 533-543. (doi:10.1104/pp.117.2.533)

Tozawa Y, Hasegawa H, Terakawa T, Wakasa K. 2001 Characterization of rice anthranilate synthase alpha-subunit genes OASAT and OASA2. tryptophan accumulation in transgenic
rice expressing a feedback-insensitive mutant of OASA1. Plant Physiol. 126, 1493—1506. (doi:10.1104/pp.126.4.1493)

Bohlmann J, Lins T, Martin W, Eilert U. 1996 Anthranilate synthase from Ruta graveolens. Duplicated AS alpha genes encode tryptophan-sensitive and tryptophan-insensitive
isoenzymes specific to amino acid and alkaloid biosynthesis. Plant Physiol. 111, 507-514. (doi:10.1104/pp.111.2.507)

Adamska-Szewczyk A, Glowniak K, Baj T. 2016 Furochinoline alkaloids in plants from Rutaceae family — a review. Curr. Issues Pharm. Med. Sci. 29, 33-38. (doi:10.1515/cipms-
2016-0008)

Cho HJ, Brotherton JE, Song HS, Widholm JM. 2000 Increasing tryptophan synthesis in a forage lequme Astragalus sinicus by expressing the tobacco feedback-insensitive
anthranilate synthase (ASA2) gene. Plant Physiol. 123, 1069—1076. (doi:10.1104/pp.123.3.1069)

Zhang XH, Brotherton JE, Widholm JM, Portis AR. 2001 Targeting a nuclear anthranilate synthase alpha-subunit gene to the tobacco plastid genome results in enhanced
tryptophan biosynthesis. Return of a gene to its pre-endosymbiotic origin. Plant Physiol. 127, 131-141. (doi:10.1104/pp.127.1.131)

Ishihara A, Asada Y, Takahashi Y, Yabe N, Komeda Y, Nishioka T, Miyagawa H, Wakasa K. 2006 Metabolic changes in Arabidapsis thaliana expressing the feedback-resistant
anthranilate synthase alpha subunit gene OASA1D. Phytochemistry 67, 2349—2362. (doi:10.1016/j.phytochem.2006.08.008)

Matsuda F, Yamada T, Miyazawa H, Miyagawa H, Wakasa K. 2005 Characterization of tryptophan-overproducing potato transgenic for a mutant rice anthranilate synthase alpha-
subunit gene (OASA1D). Planta 222, 535-545. (doi:10.1007/500425-005-1565-x)

Romero RM, Roberts MF, Phillipson JD. 1995 Chorismate mutase in microorganisms and plants. Phytochemistry 40, 1015-1025. (doi:10.1016/0031-9422(95)00408-Y)

Benesova M, Bode R. 1992 Chorismate mutase isoforms from seeds and seedlings of Papaver somniferum. Phytochemistry 31, 2983—2987. (doi:10.1016/0031-9422(92)83431-W)
Eberhard J, Ehrler TT, Epple P, Felix G, Raesecke HR, Amrhein N, Schmid J. 1996 Cytosolic and plastidic chorismate mutase isozymes from Arabidopsis thaliana: molecular
characterization and enzymatic properties. Plant J. 10, 815-821. (doi:10.1046/j.1365-313x.1996.10050815.x)

Westfall CS, Xu A, Jez JM. 2014 Structural evolution of differential amino acid effector regulation in plant chorismate mutases. J. Biol. Chem. 289, 28619-28628. (doi:10.1074/jbc.
M114.591123)

Kroll K, Holland CK, Starks CM, Jez JM. 2017 Evolution of allosteric regulation in chorismate mutases from early plants. Biochem. J. 474, 3705-3717. (doi:10.1042/BCJ20170549)
Qian'Y, Lynch JH, Guo L, Rhodes D, Morgan JA, Dudareva N. 2019 Completion of the cytosolic post-chorismate phenylalanine biosynthetic pathway in plants. Nat. Commun. 10, 15.
(doi:10.1038/541467-018-07969-2)

Razal RA, Ellis S, Singh S, Lewis NG, Towers GHN. 1996 Nitrogen recycling in phenylpropanoid metabolism. Phytochemistry 41, 31-35. (doi:10.1016/0031-9422(95)00628-1)

Koper K, Han SW, Pastor DC, Yoshikuni Y, Maeda HA. 2022 Evolutionary origin and functional diversification of aminotransferases. J. Biol. Chem. 298, 102122. (doi:10.1016/j.jbc.
2022.102122)

Maeda H, Shasany AK, Schnepp J, Orlova |, Taguchi G, Cooper BR, Rhodes D, Pichersky E, Dudareva N. 2010 RNAi suppression of Arogenate dehydratase1 reveals that phenylalanine is
synthesized predominantly via the arogenate pathway in petunia petals. Plant Cell 22, 832-849. (doi:10.1105/tpc.109.073247)

Maeda H, Yoo H, Dudareva N. 2011 Prephenate aminotransferase directs plant phenylalanine biosynthesis via arogenate. Nat. Chem. Biol. 7, 19-21. (doi:10.1038/nchembio.485)
Kleeb AC, Kast P, Hilvert D. 2006 A monofunctional and thermostable prephenate dehydratase from the archaeon Methanocaldococcus jannaschii. Biochemistry 45, 14101-14110.
(doi:10.1021/bi061274n)

Bross CD, Corea ORA, Kaldis A, Menassa R, Bernards MA, Kohalmi SE. 2011 Complementation of the pha2 yeast mutant suggests functional differences for arogenate dehydratases
from Arabidopsis thaliana. Plant Physiol. Biochem. 49, 882—890. (doi:10.1016/j.plaphy.2011.02.010)

Warpeha KM, Lateef SS, Lapik Y, Anderson M, Lee BS, Kaufman LS. 2006 G-protein-coupled receptor 1, G-protein Ga-subunit 1, and prephenate dehydratase 1 are required for blue
light-induced production of phenylalanine in etiolated Arabidopsis. Plant Physiol. 140, 844—855. (doi:10.1104/pp.105.071282)

Cho MH et al. 2007 Phenylalanine biosynthesis in Arabidopsis thaliana. |dentification and characterization of arogenate dehydratases. J. Biol. Chem. 282, 30827-30835. (doi:10.
1074/jhc.M702662200)

Corea ORA, Ki C, Cardenas CL, Kim SJ, Brewer SE, Patten AM, Davin LB, Lewis NG. 2012 Arogenate dehydratase isoenzymes profoundly and differentially modulate carbon flux into
lignins. J. Biol. Chem. 287, 11446—11459. (doi:10.1074/jbc.M111.322164)

Yoo H et al. 2013 An alternative pathway contributes to phenylalanine biosynthesis in plants via a cytosolic tyrosine:phenylpyruvate aminotransferase. Nat. Commun. 4, 2833. (doi:
10.1038/ncomms3833)

El-Azaz J, de la Torre F, Avila C, CAnovas FM. 2016 Identification of a small protein domain present in all plant lineages that confers high prephenate dehydratase activity. Plant J.
87,215-229. (doi:10.1111/tpj.13195)

Oliva M, Bar E, Ovadia R, Perl A, Galili G, Lewinsohn E, Oren-Shamir M. 2017 Phenylpyruvate contributes to the synthesis of fragrant benzenoid-phenylpropanoids in Petunia x
Hybrida flowers. Front. Plant Sci. 8, 769. (doi:10.3389/fpls.2017.00769)

Lynch JH, Dudareva N. 2020 Aromatic amino acids: a complex network ripe for future exploration. Trends Plant Sci. 25, 670—681. (doi:10.1016/j.tplants.2020.02.005)

Lynch JH et al. 2020 Modulation of auxin formation by the cytosolic phenylalanine biosynthetic pathway. Nat. Chem. Biol. 16, 850—856. (doi:10.1038/541589-020-0519-8)

Derbassi NB, Pedrosa MC, Heleno S, Carocho M, Ferreira I, Barros L. 2022 Plant volatiles: using scented molecules as food additives. Trends Food Sci. Technol. 122, 97-103. (doi:10.
1016/j.tifs.2022.02.002)

Yamada T, Matsuda F, Kasai K, Fukuoka S, Kitamura K, Tozawa Y, Miyagawa H, Wakasa K. 2008 Mutation of a rice gene encoding a phenylalanine biosynthetic enzyme results in
accumulation of phenylalanine and tryptophan. Plant Cell 20, 1316—1329. (doi:10.1105/tpc.107.057455)

Huang T, Tohge T, Lytovchenko A, Fernie AR, Jander G. 2010 Pleiotropic physiological consequences of feedback-insensitive phenylalanine biosynthesis in Arabidapsis thaliana.
Plant J. 63, 823—835. (doi:10.1111/j.1365-313X.2010.04287.x)

El-Azaz J, Canovas FM, Barcelona B, Avila C, de la Torre F. 2022 Deregulation of phenylalanine biosynthesis evolved with the emergence of vascular plants. Plant Physiol. 188, 134—
150. (doi:10.1093/plphys/kiab454)

Jung E, Zamir L0, Jensen RA. 1986 Chloroplasts of higher plants synthesize L-phenylalanine via L-arogenate. Proc. Natl Acad. Sci. USA 83, 7231-7235. (doi:10.1073/pnas.83.19.
7231)

75€0€207 “6LE g 20S Y suvi| /”/c/ q‘i's'i'/'l'éwn5f/516'6u‘!‘q'é'!'l'dndﬂi5i55éleﬂéi E


http://dx.doi.org/10.1105/tpc.5.9.1011
http://dx.doi.org/10.1046/j.1365-313X.1995.7030491.x
http://dx.doi.org/10.1104/pp.117.2.533
http://dx.doi.org/10.1104/pp.126.4.1493
http://dx.doi.org/10.1104/pp.111.2.507
http://dx.doi.org/10.1515/cipms-2016-0008
http://dx.doi.org/10.1515/cipms-2016-0008
http://dx.doi.org/10.1104/pp.123.3.1069
http://dx.doi.org/10.1104/pp.127.1.131
http://dx.doi.org/10.1016/j.phytochem.2006.08.008
http://dx.doi.org/10.1007/s00425-005-1565-x
http://dx.doi.org/10.1016/0031-9422(95)00408-Y
http://dx.doi.org/10.1016/0031-9422(92)83431-W
http://dx.doi.org/10.1046/j.1365-313x.1996.10050815.x
http://dx.doi.org/10.1074/jbc.M114.591123
http://dx.doi.org/10.1074/jbc.M114.591123
http://dx.doi.org/10.1042/BCJ20170549
http://dx.doi.org/10.1038/s41467-018-07969-2
http://dx.doi.org/10.1016/0031-9422(95)00628-1
http://dx.doi.org/10.1016/j.jbc.2022.102122
http://dx.doi.org/10.1016/j.jbc.2022.102122
http://dx.doi.org/10.1105/tpc.109.073247
http://dx.doi.org/10.1038/nchembio.485
http://dx.doi.org/10.1021/bi061274n
http://dx.doi.org/10.1016/j.plaphy.2011.02.010
http://dx.doi.org/10.1104/pp.105.071282
http://dx.doi.org/10.1074/jbc.M702662200
http://dx.doi.org/10.1074/jbc.M702662200
http://dx.doi.org/10.1074/jbc.M111.322164
http://dx.doi.org/10.1038/ncomms3833
http://dx.doi.org/10.1111/tpj.13195
http://dx.doi.org/10.3389/fpls.2017.00769
http://dx.doi.org/10.1016/j.tplants.2020.02.005
http://dx.doi.org/10.1038/s41589-020-0519-8
http://dx.doi.org/10.1016/j.tifs.2022.02.002
http://dx.doi.org/10.1016/j.tifs.2022.02.002
http://dx.doi.org/10.1105/tpc.107.057455
http://dx.doi.org/10.1111/j.1365-313X.2010.04287.x
http://dx.doi.org/10.1093/plphys/kiab454
http://dx.doi.org/10.1073/pnas.83.19.7231
http://dx.doi.org/10.1073/pnas.83.19.7231

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.
110.

m.

12.
113.

14.
115.

116.

17.

118.

9.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Siehl DL, Conn EE. 1988 Kinetic and regulatory properties of arogenate dehydratase in seedlings of Sorghum bicolor (L.) moench. Arch. Biochem. Biophys. 260, 822—829. (doi:10.

1016/0003-9861(88)90513-9)

Wang M, Toda K, Maeda HA. 2016 Biochemical properties and subcellular localization of tyrosine aminotransferases in Arabidopsis thaliana. Phytochemistry 132, 16-25. (doi:10.
1016/j.phytochem.2016.09.007)

Wang M, Toda K, Block A, Maeda HA. 2019 TAT1 and TAT2 tyrosine aminotransferases have both distinct and shared functions in tyrosine metabolism and degradation in
Arabidopsis thaliana J. Biol. Chem. 294, 3563-3576. (doi:10.1074/jbc.RA118.006539)

Zhang Y, Fernie AR. 2018 On the role of the tricarboxylic acid cycle in plant productivity. J. Integr. Plant Biol. 60, 1199—1216. (doi:10.1111/jipb.12690)

Schenck CA, Maeda HA. 2018 Tyrosine biosynthesis, metabolism, and catabolism in plants. Phytochemistry 149, 82—102. (doi:10.1016/j.phytochem.2018.02.003)

Rubin JL, Jensen RA. 1979 Enzymology of L-tyrosine biosynthesis in mung bean (Vigna radiata [L.] Wilczek). Plant Physiol. 64, 727-734. (doi:10.1104/pp.64.5.727)

Schenck CA, Chen'S, Siehl DL, Maeda HA. 2015 Non-plastidic, tyrosine-insensitive prephenate dehydrogenases from legumes. Nat. Chem. Biol. 11, 52—57. (doi:10.1038/nchembio.
1693)

Schenck CA, Holland CK, Schneider MR, Men Y, Lee SG, Jez JM, Maeda HA. 2017 Molecular basis of the evolution of alternative tyrosine biosynthetic routes in plants. Nat. Chem. Biol.
13, 1029-1035. (doi:10.1038/nchembio.2414)

Schenck CA, Westphal J, Jayaraman D, Garcia K, Wen J, Mysore KS, Ané JM, Sumner LW, Maeda HA. 2020 Role of cytosolic, tyrosine-insensitive prephenate dehydrogenase in
Medicago truncatula. Plant Direct 4, €00218. (doi:10.1002/pld3.218)

Coley PD et al. 2019 Macroevolutionary patterns in overexpression of tyrosine: an anti-herbivore defence in a speciose tropical tree genus, Inga (Fabaceae). J. Ecol. 107, 1620-1632.
(doi:10.1111/1365-2745.13208)

Lopez-Nieves S, Yang Y, Timoneda A, Wang M, Feng T, Smith SA, Brockington SF, Maeda HA. 2018 Relaxation of tyrosine pathway regulation underlies the evolution of betalain
pigmentation in Caryophyllales. New Phytol. 217, 896-908. (doi:10.1111/nph.14822)

Griitzner R, Schubert R, Horn C, Yang C, Vogt T, Marillonnet S. 2021 Engineering betalain biosynthesis in tomato for high level betanin production in fruits. Front. Plant Sci. 12,
682443. (doi:10.3389/fpls.2021.682443)

Kozukue E, Kozukue N, Kurosaki T. 1983 Organic acid, sugar and amino acid composition of bamboo shoots. J. food Sci. 48, 935-938. (doi:10.1111/j.1365-2621.1983.th 14934.x)
Flydal MI, Martinez A. 2013 Phenylalanine hydroxylase: function, structure, and requlation. /UBMB Life 65, 341-349. (doi:10.1002/iub.1150)

Gonzdlez MJ, Gassid R, Artuch R, Campistol J. 2016 Impaired neurotransmission in early-treated phenylketonuria patients. Semin. Pediatr. Neurol. 23, 332—340. (doi:10.1016/j.spen.
2016.11.007)

Pribat A et al. 2010 Nonflowering plants possess a unique folate-dependent phenylalanine hydroxylase that is localized in chloroplasts. Plant Cell 22, 3410-3422. (doi:10.1105/tpc.
110.078824)

Nair PM, Vining LC. 1965 Phenylalanine hydroxylase from spinach leaves. Phytochemistry 4, 401-411. (doi:10.1016/50031-9422(00)86191-9)

Luthra PM, Singh S. 2010 Identification and optimization of tyrosine hydroxylase activity in Mucuna pruriens DC. var. utilis. Planta 231, 1361-1369. (doi:10.1007/500425-010-
1140-y)

Howles PA, Sewalt VJH, Paiva NL, Elkind Y, Bate NJ, Lamb C, Dixon RA. 1996 Overexpression of L-phenylalanine ammonia-lyase in transgenic tobacco plants reveals control points
for flux into phenylpropanoid biosynthesis. Plant Physiol. 112, 1617-1624. (doi:10.1104/pp.112.4.1617)

Fraser CM, Chapple C. 2011 The phenylpropanoid pathway in Arabidopsis. Arabidopsis Book 9, 0152. (doi:10.1199/tab.0152)

Lynch JH et al. 2017 Multifaceted plant responses to circumvent Phe hyperaccumulation by downregulation of flux through the shikimate pathway and by vacuolar Phe
sequestration. Plant J. 92, 939-950. (doi:10.1111/tpj.13730)

Barros J, Dixon RA. 2020 Plant phenylalanine/tyrosine ammonia-lyases. Trends Plant Sci. 25, 66—79. (doi:10.1016/j.tplants.2019.09.011)

Huang J, Gu M, Lai Z, Fan B, Shi K, Zhou YH, Yu JQ, Chen Z. 2010 Functional analysis of the Arabidopsis PAL gene family in plant growth, development, and response to
environmental stress. Plant Physiol. 153, 1526—1538. (doi:10.1104/pp.110.157370)

Loncari¢ M, Gaso-Sokac D, Joki¢ S, Molnar M. 2020 Recent advances in the synthesis of coumarin derivatives from different starting materials. Biomolecules 10, 151. (doi:10.3390/
biom10010151)

Zhang X, Gou M, Liu CJ. 2013 Arabidopsis kelch repeat F-box proteins regulate phenylpropanoid biosynthesis via controlling the turnover of phenylalanine ammonia-lyase. Plant
(ell 25,4994-5010. (doi:10.1105/tpc.113.119644)

Zhang X, Gou M, Guo C, Yang H, Liu CJ. 2015 Down-regulation of kelch domain-containing F-box protein in Arabidopsis enhances the production of (poly)phenols and tolerance to
ultraviolet radiation. Plant Physiol. 167, 337-350. (doi:10.1104/pp.114.249136)

Kim JI, Zhang X, Pascuzzi PE, Liu CJ, Chapple C. 2020 Glucosinolate and phenylpropanoid biosynthesis are linked by proteasome-dependent degradation of PAL. New Phytol. 225,
154-168. (doi:10.1111/nph.16108)

0'Neal D, Keller CJ. 1970 Partial purification and some properties of phenylalanine ammonia-lyase of tobacco (Nicotiana tabacum). Phytochemistry 9, 1373—-1383. (doi:10.1016/
50031-9422(00)85250-4)

Lamb CJ. 1979 Regulation of enzyme levels in phenylpropanoid biosynthesis: characterization of the modulation by light and pathway intermediates. Arch. Biochem. Biophys. 192,
311-317. (doi:10.1016/0003-9861(79)90097-3)

Sato T, Kiuchi F, Sankawa U. 1982 Inhibition of phenylalanine ammonia-lyase by cinnamic acid derivatives and related compounds. Phytochemistry 21, 845-850. (doi:10.1016/
0031-9422(82)80077-0)

Bolwell GP, Cramer CL, Lamb CJ, Schuch W, Dixon RA. 1986 L-Phenylalanine ammonia-lyase from Phaseolus vulgaris: modulation of the levels of active enzyme by trans-cinnamic
acid. Planta 169, 97-107. (doi:10.1007/BF01369780)

Appert C, Logemann E, Hahlbrock K, Schmid J, Amrhein N. 1994 Structural and catalytic properties of the four phenylalanine ammonia-lyase isoenzymes from parsley
(Petroselinum crispum nym.). Eur. J. Biochem. 225, 491-499. (doi:10.1111/j.1432-1033.1994.00491.x)

Blount JW, Korth KL, Masoud SA, Rasmussen S, Lamb C, Dixon RA. 2000 Altering expression of cinnamic acid 4-hydroxylase in transgenic plants provides evidence for a feedback
loop at the entry point into the phenylpropanoid pathway. Plant Physiol. 122, 107—116. (doi:10.1104/pp.122.1.107)

Yin R, Messner B, Faus-Kessler T, Hoffmann T, Schwab W, Hajirezaei MR, von Saint Paul V, Heller W, Schéffner AR. 2012 Feedback inhibition of the general phenylpropanoid and
flavonol biosynthetic pathways upon a compromised flavonol-3-0-glycosylation. J. Exp. Bot. 63, 2465—2478. (doi:10.1093/jxb/err416)

Moghe GD, Last RL. 2015 Something old, something new: conserved enzymes and the evolution of novelty in plant specialized metabolism. Plant Physiol. 169, 1512—-1523. (doi:
10.1104/pp.15.00994)

Maeda HA. 2019 Evolutionary diversification of primary metabolism and its contribution to plant chemical diversity. Front. Plant Sci. 10, 881. (doi:10.3389/fpls.2019.00881)

75€0€207 “6LE g 20S Y suvi| /”/c/ di's'i'/'l'é'wn‘f‘i.f/’ﬁ'ib"6u“!‘q;!'ld'ndKi5i55§|EK5i E


http://dx.doi.org/10.1016/0003-9861(88)90513-9
http://dx.doi.org/10.1016/0003-9861(88)90513-9
http://dx.doi.org/10.1016/j.phytochem.2016.09.007
http://dx.doi.org/10.1016/j.phytochem.2016.09.007
http://dx.doi.org/10.1074/jbc.RA118.006539
http://dx.doi.org/10.1111/jipb.12690
http://dx.doi.org/10.1016/j.phytochem.2018.02.003
http://dx.doi.org/10.1104/pp.64.5.727
http://dx.doi.org/10.1038/nchembio.1693
http://dx.doi.org/10.1038/nchembio.1693
http://dx.doi.org/10.1038/nchembio.2414
http://dx.doi.org/10.1002/pld3.218
http://dx.doi.org/10.1111/1365-2745.13208
http://dx.doi.org/10.1111/nph.14822
http://dx.doi.org/10.3389/fpls.2021.682443
http://dx.doi.org/10.1111/j.1365-2621.1983.tb14934.x
http://dx.doi.org/10.1002/iub.1150
http://dx.doi.org/10.1016/j.spen.2016.11.007
http://dx.doi.org/10.1016/j.spen.2016.11.007
http://dx.doi.org/10.1105/tpc.110.078824
http://dx.doi.org/10.1105/tpc.110.078824
http://dx.doi.org/10.1016/S0031-9422(00)86191-9
http://dx.doi.org/10.1007/s00425-010-1140-y
http://dx.doi.org/10.1007/s00425-010-1140-y
http://dx.doi.org/10.1104/pp.112.4.1617
http://dx.doi.org/10.1199/tab.0152
http://dx.doi.org/10.1111/tpj.13730
http://dx.doi.org/10.1016/j.tplants.2019.09.011
http://dx.doi.org/10.1104/pp.110.157370
http://dx.doi.org/10.3390/biom10010151
http://dx.doi.org/10.3390/biom10010151
http://dx.doi.org/10.1105/tpc.113.119644
http://dx.doi.org/10.1104/pp.114.249136
http://dx.doi.org/10.1111/nph.16108
http://dx.doi.org/10.1016/S0031-9422(00)85250-4
http://dx.doi.org/10.1016/S0031-9422(00)85250-4
http://dx.doi.org/10.1016/0003-9861(79)90097-3
http://dx.doi.org/10.1016/0031-9422(82)80077-0
http://dx.doi.org/10.1016/0031-9422(82)80077-0
http://dx.doi.org/10.1007/BF01369780
http://dx.doi.org/10.1111/j.1432-1033.1994.00491.x
http://dx.doi.org/10.1104/pp.122.1.107
http://dx.doi.org/10.1093/jxb/err416
http://dx.doi.org/10.1104/pp.15.00994
http://dx.doi.org/10.3389/fpls.2019.00881

129.
130.
131.
132.

133.
134.

135.
136.

137.

138.

139.
140.

141.
142.
143.
144.

Zhang J. 2003 Evolution by gene duplication: an update. Trends Ecol. Evol. 18, 292—298. (doi:10.1016/50169-5347(03)00033-8)

Weng JK. 2014 The evolutionary paths towards complexity: a metabolic perspective. New Phytol. 201, 1141-1149. (doi:10.1111/nph.12416)

Fernie AR, Tohge T. 2017 The genetics of plant metabolism. Annu. Rev. Genet. 51, 287-310. (doi:10.1146/annurev-genet-120116-024640)

Arnold A, Nikoloski Z. 2014 Bottom-up metabolic reconstruction of arabidopsis and its application to determining the metabolic costs of enzyme production. Plant Physiol. 165,
1380-1391. (doi:10.1104/pp.114.235358)

Binder S. 2010 Branched-chain amino acid metabolism in Arabidopsis thaliana. Arabidopsis Book 8, e0137. (doi:10.1199/tab.0137)

Ning J et al. 2015 A feedback insensitive isopropylmalate synthase affects acylsugar composition in cultivated and wild tomato. Plant Physiol. 169, pp.00474.(doi:10.1104/pp.15.
00474)

Miintz K. 2007 Protein dynamics and proteolysis in plant vacuoles. J. Exp. Bot. 58, 2391-2407. (doi:10.1093/jxb/erm089)

Gigolashvili T, Berger B, Mock HP, Miiller C, Weisshaar B, Fliigge Ul. 2007 The transcription factor HIG1/MYB51 regulates indolic glucosinolate biosynthesis in Arabidopsis thaliana.
Plant J. 50, 886—901. (doi:10.1111/j.1365-313X.2007.03099.x)

El-Mounadi K, Morales-Floriano ML, Garcia-Ruiz H. 2020 Principles, applications, and biosafety of plant genome editing using CRISPR-cas9. Front. Plant Sci. 11, 56. (doi:10.3389/
fpls.2020.00056)

Schenck CA, Busta L. 2022 Using interdisciplinary, phylogeny-guided approaches to understand the evolution of plant metabolism. Plant Mol. Biol. 109, 355-367. (doi:10.1007/
5s11103-021-01220-1)

Zhou X, Liu Z. 2022 Unlocking plant metabolic diversity: a (pan)-genomic view. Plant Commun. 3, 100300. (doi:10.1016/j.xplc.2022.100300)

Cardi T et al. 2023 CRISPR/cas-mediated plant genome editing: outstanding challenges a decade after implementation. Trends Plant Sci. 28, 1144-1165. (doi:10.1016/j.tplants.
2023.05.012)

Dixon RA, Strack D. 2003 Phytochemistry meets genome analysis, and beyond. Phytochemistry 62, 815-816. (doi:10.1016/50031-9422(02)00712-4)

Rai A, Saito K, Yamazaki M. 2017 Integrated omics analysis of specialized metabolism in medicinal plants. Plant J. 90, 764—787. (doi:10.1111/tpj.13485)

Fang C, Fernie AR, Luo J. 2019 Exploring the diversity of plant metabolism. Trends Plant Sci. 24, 83—98. (doi:10.1016/j.tplants.2018.09.006)

Saito K, Matsuda F. 2010 Metabolomics for functional genomics, systems biology, and biotechnology. Annu. Rev. Plant Biol. 61, 463—489. (doi:10.1146/annurev.arplant.043008.
092035)

ISEOSC07 “6L8 205 4'SwiL g Qsyeunofuousyandtavoseor [


http://dx.doi.org/10.1016/S0169-5347(03)00033-8
http://dx.doi.org/10.1111/nph.12416
http://dx.doi.org/10.1146/annurev-genet-120116-024640
http://dx.doi.org/10.1104/pp.114.235358
http://dx.doi.org/10.1199/tab.0137
http://dx.doi.org/10.1104/pp.15.00474
http://dx.doi.org/10.1104/pp.15.00474
http://dx.doi.org/10.1093/jxb/erm089
http://dx.doi.org/10.1111/j.1365-313X.2007.03099.x
http://dx.doi.org/10.3389/fpls.2020.00056
http://dx.doi.org/10.3389/fpls.2020.00056
http://dx.doi.org/10.1007/s11103-021-01220-1
http://dx.doi.org/10.1007/s11103-021-01220-1
http://dx.doi.org/10.1016/j.xplc.2022.100300
http://dx.doi.org/10.1016/j.tplants.2023.05.012
http://dx.doi.org/10.1016/j.tplants.2023.05.012
http://dx.doi.org/10.1016/s0031-9422(02)00712-4
http://dx.doi.org/10.1111/tpj.13485
http://dx.doi.org/10.1016/j.tplants.2018.09.006
http://dx.doi.org/10.1146/annurev.arplant.043008.092035
http://dx.doi.org/10.1146/annurev.arplant.043008.092035

	Evolution of aromatic amino acid metabolism in plants: a key driving force behind plant chemical diversity in aromatic natural products
	1. Introduction
	2. Mosaic origin of aromatic amino acid biosynthesis in plants
	3. 3-deoxy-d-arabino-heptulosonate 7-phosphate synthase
	4. Anthranilate synthase
	5. Chorismate mutase
	6. Arogenate and prephenate dehydratases
	7. Arogenate and prephenate dehydrogenases
	8. Phenylalanine hydroxylase
	9. Phenylalanine and phenylalanine/tyrosine ammonia-lyase
	10. Trends in the diversification of aromatic amino acid metabolic enzymes
	11. Perspectives


