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Phytohormones are compounds produced by plants that can
control the processes of plant development and are involved
in defense mechanisms. They can serve as sustainable en-
hancers for plant growth and are also better alternatives to
agrochemicals because of their bio-based nature and optimal
safety profile towards mammalian cells. Although phytohor-
mones are essential for plant growth, they are naturally syn-
thesized by plants in varying quantities, influenced both by
environmental and genetic factors. The synthesis of phyto-
hormones, however, faces several hurdles, including chal-
lenges in optimizing the production process as well as
difficulties in the extraction of these compounds for down-
stream applications. In this review, we critically evaluate
synthetic biology approaches for phytohormone production,
which provides a sustainable method for the production of
important phytohormones including auxin, gibberellin (GA),
and salicylic acid (SA). These three compounds are highly
significant for the agricultural industry because of their wide-
spread utilization.
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Introduction

Phytohormones or plant hormones are signaling com-
pounds that regulate growth, development, and envi-
ronmental  stress  responses of  plants  [1].
Phytohormones play important roles in modern preci-
sion agriculture [2]. As plants are key resources in the
food chain for humans and animals and also serve as

feedstock for the production of fuel, materials and
pharmaceuticals [1], the use of phytohormones in
modern agriculture is crucial to supporting the agricul-
tural industry in its efforts to minimize the utilization of
land, water, and toxic agrochemicals. Accordingly, the
use of phytohormones in precision agriculture not only
increases the competitiveness of the industry in terms
of cost and sustainable production, but also, in parallel,
helps to reduce the harmful effects of agriculture on
the environment.

Phytohormones can be classified into several types
based on their chemical structures, including auxins,
cytokinins, gibberellins (GAs), abscisic acid, ethylene,
and the more recently identified brassinosteroids,
jasmonic acid, and salicylic acid (SA) [2]. Currently,
these plant hormones are produced in industrially by
chemical synthesis or plant extraction [3]. However, the
chemical synthesis approach requires multiple-step re-
actions [4], which are carried out under harsh conditions
(e.g. high pressure ~1500 psi) [5] and use strong and
toxic chemicals (e.g. sulfuric acid). For extraction from
plants, a large amount of plant material is required as the
yield obtained is very small due to the fact that these
phytohormones are naturally produced at minuscule
levels, leading to high operation costs. In order to pro-
duce plant hormones under mild and green conditions, a
synthetic biology approach using metabolically engi-
neered microbes has emerged as a promising technology.
Engineered microbes can produce phytohormones with
a high yield and only require fermentation processes for
bio-production, which can be carried out under ambient
pressure and temperature.

In this article, we discuss recent developments in syn-
thetic biology technology for improving the production
of important and valuable phytohormones: auxin,
gibberellin  (GA), and SA. These compounds are
involved in numerous applications and comprise a sig-
nificant proportion of the market demand for phyto-
hormones. These phytohormones not only regulate or
promote plant growth but also have beneficial biological
effects on mammalian cells, displaying anti-tumor and
anti-inflammatory properties (Figure 1). We herein also
discuss new advancements in the metabolically engi-
neered cells for the production of these plant hormones.
For other phytohormones such as cytokinin, jasmonate,
and brassinosteroid, their production through synthetic
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Phytohormones (auxin, gibberellin, and salicylic acid) and their applications for plants and humans.

biology has not been investigated significantly and
thus is not included in this review.

Biosynthetic pathways for indole-3-acetic
acid production

Auxin isa type of plant hormone which plays an important
role in plant growth and development processes such as
cell elongation, fruit and flower development, and re-
sponses to light and gravity [6]. [t also displays beneficial
effects for humans. Indole-3-acetic acid (IAA), a natural

form of auxin, displays anti-tumor activities in human
cells [6]. In 2023, the global auxin market was valued at
approximately $0.9—$0.95 billion. Because global
climate change effects have resulted in a lower produc-
tion yield of various crops, the demand of auxin has
increased and thus the market value has been projected
to gradually increase to $1.3 billion by 2032 [7].

IAA, the most abundant auxin in plants, is naturally
synthesized by plants and microbes oz various

Current Opinion in Chemical Biology 2026, 90:102649
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Tryptophan-dependent IAA biosynthesis pathways of plants, fungi, and bacteria (black arrows) and metabolically engineered pathways for IAA pro-
duction in E. coli (green and red arrows). TSO pathway, tryptophan side-chain oxidase pathway; TAM pathway, tryptamine pathway; IPA pathway,
indole-3-pyruvic acid pathway; IAM pathway, indole-3-acetamide pathway; IAN pathway, indole-3-acetonitrile; E4P, erythrose 4-phosphate; PEP,
phosphoenolpyruvate; DAHP synthase, 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase; L-Trp, L-tryptophan; IAH, indole-3-acetaldehyde; IAA,

indole-3-acetic acid; IAQx, indole-3-acetaldoxime.

tryptophan-dependent biosynthesis pathways
(Figure 2). In plants and fungi, four predominant
pathways are involved in IAA biosynthesis including the
biosynthesis pathways of tryptamine (TAM), indole-3-
pyruvic acid (IPA), indole-3-acetamide (IAM),
indole-3-acetonitrile (IAN). These pathways have
different enzymatic steps to convert L-tryptophan (L-
Trp) into TAA. Similarly, bacteria produce IAA through
five tryptophan-dependent pathways, including path-
ways producing TAM, IPA, IAM, IAN, and using tryp-
tophan side-chain oxidase (TSO). However, the
amounts of IAA obtained from natural plants or wild-
type microorganisms are very low [8]; therefore, the
extraction of IAA from natural plants or native bacteria is
not economically feasible.

"To improve IAA production, synthetic biology has been
employed to genetically modify microorganisms using
various strategies such as engineering tryptophan and
TAA biosynthesis pathways to enhance [AA yield [9—15].
For example, genes involved in the IAM and IPA path-
ways to synthesize TAA, and the #7p operon for trypto-
phan production were added into FEscherichia coli to

enable the cells to produce IAA and boost its produc-
tivity by increasing substrate availability [16,17]. The
E. coli MG1655, engineered by disrupting the trypto-
phanase gene (zzaA) to decrease tryptophan degradation
and incorporating the iaaM gene from Pseudomonas
savastanoi and the amil gene from Arabidopsis thaliana,
which encode tryptophan 2-monooxygenase (TMO) and
IAM hydrolase, respectively, could achieve an IAA pro-
duction titer of 7.1 g/L, the highest IAA titer reported to
date [9]. However, IAA production plateaued after 42 h,
which was likely due to feedback inhibition of IAM
hydrolase activity and incomplete substrate utilization
[9]. Recently, i vitro production of IAM and IAA was
shown to be improved through enzyme and process
engineering [16,17].

In addition to engineering IAA pathways in bacteria,
Kluyveromyces marxianus, a non-conventional yeast widely
used in industrial applications because of its ability to
utilize a wide range of feedstocks such as xylose, glyc-
erol, and lactose, was engineered by developing novel
carbon source-responsive promoters to improve the
production of IAA and other products. The results

www.sciencedirect.com
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showed that expressing TMO and TAM hydrolase from
P, savastanoi under the control of the modified promoter,
Pingso, increased the IAA production by 3.6-fold
compared to the native promoter, yielding an IAA titer
of approximately 0.024 g/L. [12]. Additionally, the two
enzymes were expressed and colocalized on the perox-
isome surface in K. marxianus to improve substrate
channeling and IAA production. This resulted in a final
strain displaying a 9.5-fold increase in IAA production
compared to levels produced by the strain in which the
enzymes remained cytosolic, which gave an TAA titer of
approximately 0.035 g/LL [13]*.

TAA has shown beneficial therapeutic effects on human
cells. Most recently, in 2025, Vaaben and Woo’s research
groups employed the probiotic F£. co/, Nissle 1917
(EcN) as a host for expressing enzymes involved in the
IPA pathway (Figure 2). This approach sought to use gut
microbiota to convert tryptophan, derived from the
breakdown of dietary proteins, into IAA, which can
regulate both the innate and adaptive immune systems.
Genes involved in the TPA pathway, including those
encoding aspartate aminotransferase (asp(’), decarbox-
vlase (ipd()), and dehydrogenase (iadl), were overex-
pressed in EcN to enhance IAA production in response
to the production of inflammatory biomarkers (thiosul-
fate and nitrate) in the gut, demonstrating the thera-
peutic capability of the probiotic strain EcN producing
IAA [14]*. For example, these three genes were
introduced into EcN, and Ribo] insulator was incor-
porated upstream of the 1 gene to stabilize mRNA
and enhance gene expression, resulting in improved
IAA production with a titer of 793 mg/LL (Table 1).
This strain was further engineered with genetic cir-
cuits that respond to thiosulfate viz the ThsS/ThsR-
PphsA two-component system and to nitrate iz the
NarX/Narl.-PYeaR system, enabling activation of TAA
biosynthesis only when inflammation markers are pre-
sent [14].

In addition to TAA, halogenated-IAA, including 4-chloro-
indole-3-acetic acid (4-CI-IAA) [18], 5-chloroindole-3-
acetic acid (5-CI-IAA) [19], 6-chloroindole-3-acetic
acid (6-CI-IAA) and 7-chloroindole-3-acetic acid (7-Cl-
IAA) [3], and related derivatives could be produced.
Lysate of the FE. coli strain BLL21 (DE3) expressing
flavin-dependent halogenases, including tryptophan 7-
halogenase (PrnA) from Pseudomonas sp. NFIXZS, tryp-
tophan 6-halogenase (SttH) from Strepromyces toxytricini,
and tryptophan 5-halogenase (PyrH) from Strepromyces
rugosporus could generate 7-, 6-, and 5-chlorotryptophan,
respectively. These chlorinated-tryptophans were sub-
sequently converted into 7-, 6-, and 5-CI-IAA products
with a conversion rate of 1.1—2.0% using the lysate of
E. coli expressing the IAM pathway enzymes, [aaM from
P, savastanoi and 1AM hydrolase (laaH) from Alcaligenes
Saecalis [3] (Table 1). For IAA production in a plant host,
Arabidopsis  thaliana  expressing the tryptophan 5-

halogenase  gene  (pyrH) could produce  5-
chlorotryptophan, 5-chloroindole-3-acetonitrile (5-Cl-
IAN), and 5-CI-1AA [19].

A real-time biosensor for detecting z vivo IAA in plants
was developed based on its binding to the E. co/i tryp-
tophan repressor ('TrpR). Although the native TrpR does
not bind IAA well, engineering of TrpR (M42F T44L,
T81M, N87G, S88Y) improved binding to [AA, allowing
for the construction of a biosensor termed AuxSen,
which is a fusion of the engineered TrpR with a pair of
fluorescent proteins, mNeonGreen and Aquamarine, to
enable fluorescence resonance energy transfer (FRET)
as an optical readout. AuxSen could be expressed in
A. thaliana to enable real-time, reversible visualization of
auxin at subcellular resolution [20].

Biosynthetic pathways for production of
gibberellins

GA is a secondary metabolite that promotes plant
growth and development, such as seed germination,
stem and root elongation, and flowering [21]. GAs also
show antioxidant, anti-inflammatory, and anti-tumor
activities in humans [21]. Although several types of
GAs can be produced in plants and fungi, only GAy, GA3,
GA4 and GA;7 have been reported to have biological ac-
tivities in plant cells [22,23]. GA; or gibberellic acid is a
key compound valued as a plant hormone used in agri-
cultural crops. The current market value of GA as re-
ported in 2024 is $0.81 billion and is predicted to reach
$1.26 billion by 2030 [24].

The natural biosynthetic pathways for GAs are found in
fungi, bacteria, and plants. These biosynthetic pathways
can be divided into three main steps. The first step is
the generation of farnesyl pyrophosphate (FPP). In
fungi and plants, organisms such as Fusarium fujikuroi and
A. thaliana use acetyl-CoA as a precursor to generate FPP
via the mevalonate (MVA) pathway, whereas bacteria
such as nitrogen-fixing Rhizobium sp. and the plant
pathogen Xanthomonas oryzae pv. oryzicola use pyruvate
and glyceraldehyde 3-phosphate (G3P) as precursors for
FPP production viz the methylerythritol phosphate
(MEP) pathway. The second step is the production of
ent-kaurenes, a cluster of specific compounds derived
from FPP for GA production in fungi, bacteria, and
plants. The last step is the biosynthesis of GA, in which
various types of GAs can be produced from enz-kaurenes,
depending on the organisms and their specific enzymes
[25,26]. Biosynthetic reactions and enzymes involved in
the GA biosynthesis pathways in fungi, bacteria and
plants are shown in Figure 3.

Production of GAs in fungi or yeast has been reported to
reach higher yields than those found in bacteria because
of their ability to produce higher amounts of in-
termediates. Yarrowia lipolytica [27), Metschnikowia
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Metabolically engineered cells and their abilities to produce IAA, GA, and SA.

Host Specific engineering/ Genotype Feedstock or Titer Reference
metabolic culture medium
operation
Indole-3-acetic acid
E. coli DH5a Delete tryptophanase to ~ 4tnaA harboring LB + L-trp 3g/lL [10]
reduce utilization of pCES208 plasmid
endogenous tryptophan  containing Piac-ipdC
and incorporate IPA and Pgog-aspC and
pathway enzymes to pCL1921 plasmid
produce IAA containing Piac-iad7
(IPA pathway)
E. coli MG 1655 Delete tryptophanase to  4tnaA harboring Tris—HCI buffer (pH 7.5) 7.1 g/L [9]
reduce utilization of pTrc99a plasmid supplemented with L-trp
endogenous tryptophan  containing iaaM and
and incorporate 1AM amil genes (IAM
pathway enzymes to pathway)
produce IAA
K. marxianus Express IAM pathway Aura3, 4ku70 harboring SCA + p-lactose + L-trp  ~ 0.024 g/L [12]
CBS712AU4K enzymes under the plasmid containing iaaM
control of a modified and iaaH genes (IAM
promoter to improve IAA  pathway) under the
production control of Pings0 (2
carbon source-
responsive promoter)
K. marxianus Express and co-localize  dura3, 4ku70 harboring SCA + p-lactose + L-trp  ~ 0.035 g/L [13]
CBS712AU4K IAM pathway enzymes multi-copy bicistronic
on the peroxisome expression plasmid
surface to improve containing iaaM-
substrate channeling PEX15m, and iaaH-
and |AA production PEX15km (IAA
biosynthetic genes
fused with peroxisome)
E. coliNissle 1917 (EcN) Incorporate RiboJ Harboring pTrc99 A LB + L-trp 0.793 g/L [14]
insulator to stabilize plasmid containing
mRNA and enhance RiboJ-iad1-aspC-ipdC
gene expression and gene cluster (IPA
incorporate IPA pathway pathway)
enzymes to produce IAA
E. coliNissle 1917 (EcN) Delete tryptophanase to  4tnaA harboring pMUT1 LB 0.137 g/L [15]
reduce utilization of plasmid containing
endogenous tryptophan  aspC, ipdC and iad1
and incorporate IPA genes (IPA pathway)
pathway enzymes to
produce IAA
E. coliLemo21 (DES3) for Incorporate IAM E. coli Lemo21 (DES3): Potassium phosphate 1.1-2% [3]
expressing IAM pathway enzymes and Harboring pETDUET- buffer supplemented conversion
pathway enzymes tryptophan halogenases SUMO-iaaM and pCDF-  with L-Trp
and E. coli BL21 to produce halogenated = SUMO-iaaH
(DES3) for expressing IAA products E. coli BL21 (DE3):
tryptophan Harboring individual
halogenases tryptophan halogenase
plasmids (pET-PrnA,
pET-PyrH, or pET-
STTH)
A. thaliana Incorporate tryptophan Harboring plasmid Murashige and Skoog 70—-90 ng [19]
halogenases to produce containing pyrH gene (MS) medium chlorinated IAA/g
IAA derivative dry weight
Gibberellins
F. fujikuroi strain Enhance precursors and  Harboring plasmid Agricultural residues 2.89 g/L [29]

CGMCC No. 2019378

intermediates for GAs
production, and
increase O, and

containing hmgr, fpps,
cps/ks, ggs2, cpr, vhb
and p450-1

(corn starch, rice flour,
soybean meal, peanut
powder)

(continued on next page)
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Table 1 (continued)

Host Specific engineering/ Genotype Feedstock or Titer Reference
metabolic culture medium
operation
electron transfer to
P450s
F. fujikuroi strain NRF- Decrease transcriptional Truncated ERG9 Glucose and waste 3.24 g/L [22]
C1 (CCTCC M levels of ERGY, a promoter cooking oil
20231195) competitive pathway for
GAs production
Salicylic acid
L-Phenylalanine- Enhance availability of ptsHI::Pa1iaco-1-9lk- M9 minimal medium 11.50 g/L [38]
overproducing E. coli  key precursors in the galP ApykF, ApykA, supplemented with
ATCC31882 aromatic compounds ApheA, AtyrA harboring  aromatic amino
biosynthesis and block pZE12ml plasmid acids + glucose
the competitive (containing ics and ip/
pathways genes)
L-Phenylalanine- Rewire the flux of PEP ptsHI::Pa1jaco-1-9/k- M9Y minimal medium 3.01 g/L [39]
overproducing E. coli  into the biosynthetic galP ApykF, ApykA, supplemented with
ATCC31882 pathway of aromatic Aphe, AtyrA, Appc, aromatic amino
compounds Aedd, AiclR, AppsA, acids + glucose
Apck, AsdaA, AsdaB,
Harboring pSAKmI-
aceBA-gltA plasmid
E. coli W3110 Develop biosensor- ApykA::Ptrc-lao-entC- M9 minimal ~1.48 g/L [42]
enabled high-throughput  pchB, yjiV::Ptrc-lao- medium + glucose +
screening system for SA  ppsA, ygaY::Ptrc-lao- glycerol + yeast
detection and SA tktA, yeeP::Ptrc-lao- extract +
tolerance by ALE aroL, yneU::Ptrc-lao- MOPS)
approach aroGS180F, ALE, FACS
C. glutamicum ATCC Implement the shikimate AcgMRR (cg1966- CGXIl medium or 129 g/L [40]
13032 pathway and the genes  ¢g7998), AgsuD, CGXIlY
related to AgsuB, AnagD, medium + glucose
hydroxybenzoic acid Acg2392, gndS3e1F,
degradation aroG9'9?'9, pta::Pyze-
aroG, ApheA, AtyrA,
Acg0975, ApobA,
Acg0344-cg0347,
Acg3349-cg3354,
Acg2624-cg2640,
Acg2966
E. coli MG1655-U7-09 Use various species of U7 (BMGU with T7 RNA  Modified MY medium 0.9123 g/L salicin [45]
enzyme candidates (e.g. polymerase gene with glycerol and
CARs and integrated into nupG glucose
glucosyltransferase) gene site) harboring
pETDuet-amS-CARse-
sfp-ugt71L1
E. coli BW25113 (F’) Boost the flux to ApykA ApykF AtyrA M9 media 14.6 g/L salicin [46]

increase chorismate and
overexpress the salicin
producing enzymes

ApheA carrying pZE-EP
and pCs-APTA-CSO
plasmids

supplemented with
glucose and yeast
extract

IPA, indole-3-pyruvic acid; IAA, indole-3-acetic acid; IAM, indole-3-acetamide; GA, gibberellin; PEP, phosphoenolpyruvate; SA, salicylic acid; ALE, adaptive

laboratory evolution; CAR, carboxylic acid reductase.

pulcherrima 28], Fusarium moniliforme and E fujikuroi [22]
were explored as hosts for the production of GAs
(Figure 3 and Table 1). The critical criteria for the
development of GA-producing cells comprise four main
strategies: 1) enhancement of key intermediates in the
MVA pathway in the yeast system before the ens-kaur-
ene-producing steps, 2) increasing intermediates in the
GA-producing biosynthesis pathway, 3) reduction of

pathways competitive with GAs biosynthesis, and 4)
addition of auxiliary systems to support GAjz biosyn-
thesis. In K fujikuroi, GAz biosynthesis has been exten-
sively studied and developed for industrial-scale
production. A multivariate modular metabolic engi-
neering (MMME) strategy was used to optimize GAj
production by enhancing the production of precursors
and GA-specific intermediates, and P450-mediated
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Figure 3
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Pathways involved in the gibberellin biosynthesis. GA biosynthesis pathways in bacteria are displayed in black and orange. GA biosynthesis pathways in
F. fujikuroi are displayed in black and yellow arrows. GA biosynthesis pathways in plants are displayed in black and purple arrows. G3P, glyceraldehyde
3-phosphate; DXP, 1-deoxy-p-xylulose 5-phosphate; MEP, methylerythritol phosphate; CDP-MEP, 2-phospho-4-diphosphocytidyl-2-C-methylerythritol;
HMBPP, (E)-4-hydroxy-3-methylbut-2-enyl diphosphate; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl pyrophosphate; GPP, geranyl pyro-
phosphate; FPP, farnesyl pyrophosphate; GGPP, geranylgeranyl pyrophosphate; HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; FPPS, farnesyl
pyrophosphate synthase; ERG9, squalene synthase; GGS2, GGPP synthase; CPS/KS, bifunctional copalyl diphosphate synthase and ent-kaurene
synthase; KO, ent-kaurene oxidase; CYP117, cytochrome P450 monooxygenase functioning as an ent-kaurene oxidase; CYP114, ent-kaurenoic acid
oxidase in bacteria; CYP112, cytochrome P450 enzyme functioning as a GA carbon 20 oxidase; SDR, short-chain dehydrogenase/reductase; CYP115,
cytochrome P450 enzyme functioning as a GA carbon 3 oxidase; P450-1, P450-2, P450-3, P450-4 represents cytochrome P450 monooxygenases;
KAO, ent-kaurenoic acid oxidase; GA130x, GA carbon 13 oxidase; GA3ox, GA carbon 3 oxidase; GA200x, GA carbon 20 oxidase.

oxidation. To increase 3-hydroxy-3-methylglutaryl co-
enzyme A (HMG-CoA) and FPP, the /Zmgr (encoding
HMG-CoA reductase) and fpps (encoding farnesyl py-
rophosphate synthase) genes were overexpressed in
E fujikuroi. Genes involved in the GAs biosynthesis
pathway, such as ggs2 (encoding geranylgeranyl diphos-
phate synthase 2) and ¢ps/ks (encoding enz-copalyl
diphosphate  synthase, ems-kaur-16-ene  synthase,
bifunctional ens-kaurene synthase), were also overex-
pressed to increase production of intermediates and
precursors for GAs production. Auxiliary systems such as
vhb (encoding hemoglobin from bacterial Vizreoscilla)
were overexpressed to capture and transfer molecular
oxygen to enhance the oxidative ability of P450s, while
overexpression of ¢pr (encoding NADPH-dependent
cytochrome P450 reductase) was performed to
enhance electron transfer to P450s, along the p450-1
(encoding P450-1 monooxygenase). These changes

resulted in enhanced GA3 accumulation up to levels of
2.89 g/L. via shake-flask submerged fermentation [29].

Recent studies have shown the improvement of GAj
production in £ fujikuroi by reducing competitive path-
ways vz supplementing the media with a small-mole-
cule inhibitor, terbinafine, to inhibit squalene epoxidase
(ERG1). The ERG9 promoter was also truncated to
decrease squalene synthase (ERG9) expression levels
because ERG9 competes with the GAs biosynthesis by
using FPP for the squalene biosynthesis, leading to
3.24 g/L. GA;3 from waste cooking oil, which is the non-
food-competitive feedstock [22]*. Improvement of GA3
production in £ fujikuroi was also studied using a
genome-scale metabolic model. The model predicted
that introducing genes encoding enzymes for the con-
version of acetate to acetyl-CoA and GA;7 to GAj resul-
ted in a 35% and 75% increase in GAj production,
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respectively [30]*. In addition to K fujikuroi, GAs pro-
duction has also been found in two yeast strains,
M. pulcherrima [28] and Y. lipolytica [27], because they
have native mevalonate (MVA) pathways. However,
both strains showed a low amount of GA production.
M. pulcherrima produced GAjz at microgram per gram
levels within cells, while Y. /Zpolytica only resulted in a
low production of GA4 and GAjz (milligram scale) after
overexpression of genes involved in the gibberellin
biosynthesis pathway from F fujikuroi and A. thaliana
[27]. The production of GAj in E. co/i was investigated
by overexpression of a non-natural steviol biosynthesis
pathway to generate GAsz from ens-kaurenoic acid via
steviol biosynthesis, because F. co/i does not possess the
GA production pathway. However, the engineered F. coli
only produced a trace amount of GA3 [31]. In addition to
GAs produced by biosynthesis pathways, biotransfor-
mation of its intermediate ezz-kaur-16-en-19-oic acid via
hydroxylation in fungus Cunminghamella echinulata could
result in compounds displaying cytotoxicity to human
breast adenocarcinoma and human hepatocellular car-
cinoma cell lines [32]. This implies that in addition to
agricultural applications, GA biosynthetic intermediates
may have potential as anticancer drugs.

Biosynthetic pathways for salicylic acid
production

SA or 2-hydroxybenzoic acid can be produced by plants
and microorganisms. SA is involved in various physio-
logical processes and controls several signaling pathways
in plants, including defensive mechanisms against
pathogens and abiotic stresses such as drought, heat,
heavy metal exposure, and other physical changes [33].
Besides its defensive mechanisms in plants, SA is widely
used in the pharmaceutical and cosmetic industries as
an antibacterial reagent for acne treatment. With these
advantages, SA has a high market value of $511.34
million in 2025 and is expected to reach approximately
$863.45 million by 2035 [34].

In plants and bacteria, the main starting metabolite for
producing SA is chorismate, which can be synthesized
through the shikimate pathway. Plants and bacteria use
different kinds of pathways to produce SA from choris-
mate. In plants, there are two SA-producing shunts, the
isochorismate synthase (ICS) pathway and the phenyl-
alanine ammonia-lyase (PAL) pathway. In the ICS
pathway, two enzymes are required to synthesize SA
from chorismate: isochorismate synthase (ICS), which
converts chorismate into isochorismate, and amido-
transferase, which converts isochorismate and glutamate
into isochorismate-9-glutamate. At the final step,
spontanecous  decomposition of  isochorismate-9-
glutamate can occur to yield SA and 2-hydroxy-acrylo-
yl-N-glutamate (Figure 4). The PAL pathway is much
more complicated than the ICS pathway. It employs
several enzymatic steps. Chorismate mutase catalyzes
the conversion of chorismate to prephenate. Prephenate

dehydrogenase converts prephenate into phenyl-
pyruvate, while phenylalanine dehydrogenase converts
phenylpyruvate into L-phenylalanine. At the next step,
PAL catalyzes the conversion of L-phenylalanine to
frans-cinnamic acid (an important antioxidant, anti-in-
flammatory, and antimicrobial agent). This #rans-
cinnamic acid can be further utilized viz two routes,
including the conversion of #7ans-cinnamic acid to form
ortho-coumaric acid, which is a direct precursor for SA
synthesis. Alternatively, #7ans-cinnamic acid can be
converted into benzoyl-CoA by three enzymes,
cinnamoyl-CoA ligase, benzoyltransferase, and 3-
ketoacyl thiolase. Next, benzoyl-CoA: benzyl alcohol
benzoyltransferase catalyzes the formation of benzyl
salicylate, which is subsequently oxidized and hydro-
lyzed to generate SA [35—37]*. In bacteria, only the ICS
pathway exists; therefore, only two enzymatic steps,
ICS, which converts chorismate into isochorismate and
isochorismate pyruvate lyase, which converts isochor-
ismate to SA are required.

Because SA has a high market value, several metabolic
engineering approaches have been investigated for the
production of SA and its derivatives [38—42]. The
overall progress of SA production in metabolically engi-
neered cells is shown in Table 1. L.-Phe-producing E. co/i
was first engineered to improve production of phos-
phoenolpyruvate (PEP), a key intermediate of SA pro-
duction [38]. In this strain, the pssHI gene encoding
PEP phosphotransferase was replaced with glé-ga/E,
which encodes galactose permease and glucokinase, in
order to block the conversion of glucose and PEP into
glucose-6-phosphate (G6P) and pyruvate. Moreover,
pykF and pykA encoding pyruvate kinases were inacti-
vated to inhibit the conversion of PEP to form pyruvate.
phed and tyrd encoding chorismate mutases were also
deleted to prevent the leakage of chorismate. Finally,
the pZE12ml plasmid harboring 7s and #p/ encoding
isochorismate synthase and isochorismate pyruvate
lyase, respectively, was incorporated to produce the SA
product. Using 40% mol/mol glucose, the titer of SA
reached 11.5 g/LL [38], the highest titer reported to date
among engineered strains. Recently, microbial tolerance
to acid (SA) was explored as a variable for engineering
hosts to be more suitable for industrial bio-
manufacturing. F. coli W3110 harboring a CmeR-P¢ne0
biosensor-enabled high-throughput screening system
was explored as a host for SA production [42]. CmeR is a
regulator of the CmeABC multidrug efflux
pump and can interact with SA. When CmeR binds to
the P.neo, it inhibits the expression of the ¢gfp gene. In
the presence of SA, SA binds to CmeR and alleviates
repression of ¢gfp, leading to the establishment of an SA-
dependent biosensor system. All genes for SA produc-
tion were integrated into the genome of E. coif W3110
[42]. The engineered strain was then subjected to
adaptive laboratory evolution (ALE) to screen for suit-
able candidates. An SA-tolerant variant exhibiting a 2.3-
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The natural biosynthetic pathways of SA production in bacteria (pink box) and plants (orange box), while the modified pathways, including deleted and
integrated enzymes are indicated with red and green arrows, respectively. SA, salicylic acid; ICS pathway, isochorismate synthase pathway; PAL
pathway, phenylalanine ammonia lyase pathway; ATP, adenosine triphosphate; ADP, adenosine diphosphate; PEP, phosphoenolpyruvate; L-Phe, L-

phenylalanine.

fold increase in tolerance to SA from 0.9 to 2.1 g/l.and a
2.1-fold improvement in SA production (from 283 to
588.1 mg/l.) was obtained. Finally, the adapted strain
was fermented for 60 h and an SA titer of ~1.48 g/L. (a
30% improvement compared to the non-adapted strain)
could be obtained [42]*. This work demonstrated that
integrative approaches including adaptive evolution,
multi-pathway regulation at the level of transcriptional
level, and incorporation of a high-throughput biosensor
screening platform could vyield SA-tolerant strains
capable of producing high levels of SA.

In addition to direct applications of SA, derivatives of
SA, such as salicyl alcohol (2-hydroxybenzyl alcohol) and
gentisyl alcohol (2,5-dihydroxybenzyl alcohol) are also
high-value compounds for the pharmaceutical industry
[43]. Salicyl alcohol can be glycosylated to generate
salicin, an anti-inflammatory drug that has minimal side
effects in humans compared to aspirin [44]. To produce
both salicyl alcohol and gentisyl alcohol, engineered
E. coli expressing car encoding carboxylic acid reductase
(CAR), sfp encoding CAR maturation factor phospho-
pantetheinyl transferase, and a44/6 encoding alcohol
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dehydrogenase was employed to convert SA into salicyl
alcohol (titer of 594.4 mg/L) or 2,5-dihydroxybenzoic
acid into gentisyl alcohol (titer of 30.1 mg/L) [43].
Another report also investigated the production of
salicin from glucose and glycerol using another engi-
neered F. co/i. Enzyme candidates from various species
(e.g. CARs and glucosyltransferase) were tested, and the
final titer achieved reached 912.3 mg/LL [45]. Recently,
the pathway converting chorismate to salicyl alcohol was
fine-tuned such to boost flux and increase chorismate
availability. Glucosyltransferase and UDP-glucose pro-
ducing enzymes were also added to enhance the pool of
the glycosyl donor for generating salicin. These at-
tempts led to the highest salicin production level, which
was 14.6 g/L. in a fed-batch fermenter [46].

Perspectives and conclusions

As climate change effects are expected to reduce
fertile land at an increasing speed, future sustainable
technologies to promote plant growth and protect
plants from environmental stressors are needed. The
use of phytohormones in combination with bio-
fertilizers, as well as implementation of sensor and
automation technology can play important roles in
precision agriculture, which aims to reduce the utili-
zation of chemicals in farming and agriculture [47].
Industrial-scale production of phytohormones v
metabolic engineering is instrumental in realizing
this implementation.

Besides the utilization of phytohormones in plant
growth, the discovery of therapeutic phytohormone ac-
tivities in mammalian cells has paved the way for new
applications of these compounds. IAA can be used to
treat pancreatic cancer in both patients and mice
because it increases the efficiency of chemotherapy in
pancreatic cancer treatment [48]. Normally, chemo-
therapy is used to kill cancer cells by inducing cell death
via apoptosis. It was found that IAA can indirectly
induce tumor-cell death through the generation of
radical oxygen species (ROS), thereby enhancing re-
sponses to chemotherapy treatment [48]. GAjz has also
shown therapeutic effects on several NF-kB-related
diseases such as cancer and autoimmune diseases [21].
For SA, apart from its applications in acne treatment
which is widely used in skincare products, SA can react
with hydroxyl radicals in granulocytes to neutralize free
radicals and reduce oxidative damage [49].

Although various phytohormones can be produced viz
engineered microbes, several challenges still need to be
overcome for further development including: (1) the
need to increase production yields to meet industrial
level demand, (2) the need for improved technologies
for real-time detection, visualization, quantification, and
rapid-monitoring at cellular resolution in plants (similar
technology used for IAA detection [20] may be

developed to detect other phytohormones), and (3) the
need for implementation of artificial intelligence (Al)/
machine learning (ML), and other bioinformatics tools
to optimize the amount of nutrients and phytohormones
for plant growth [50]. It can be envisaged that rapid
developments in enzyme, metabolic, and host engi-
neering, along with process optimization will support
efficient production of phytohormones, which will be
important for achieving sustainable agriculture
and medicine.
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