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The pathway of monolignol biosynthesis involves many
components interacting in a metabolic grid to regulate the
supply and ratios of monolignols for lignification. The
complexity of the pathway challenges any intuitive prediction of
the output without mathematical modeling. Several models
have been presented to quantify the metabolic flux for
monolignol biosynthesis and the regulation of lignin content,
composition, and structure in plant cell walls. Constraint-based
models using data from transgenic plants were formulated to
describe steady-state flux distribution in the pathway. Kinetic-
based models using enzyme reaction and inhibition constants
were developed to predict flux dynamics for monolignol
biosynthesis in wood-forming cells. This review summarizes
the recent progress in flux modeling and its application to lignin
engineering for improved plant development and utilization.
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Lignin is a complex phenolic polymer in the cell wall of
secondary-thickened plant cells and one of the most
abundant terrestrial biopolymers [1]. Lignin is crucial
for not only vascular transport, but also mechanical sup-
port, and provides defense against pests and pathogens
[2]. Lignin is formed by the oxidative polymerization of
one or more types of major monolignols including sinapyl,

coniferyl, and 4-coumaryl alcohols that are incorporated
into the polymer resulting in syringyl (S), guaiacyl (G),
and p-hydroxyphenyl (H) units, respectively [3,4].

The biosynthetic pathway (Figure 1) for lignin has been
studied extensively because of its fundamental role in the
regulation of plant secondary cell wall formation and the
consequent determination of wood chemical and physical
properties [5,6°%,7-9]. Lignin content, composition, and
structure are predominantly controlled by the metabolic
flux that regulates the supply and ratio of monolignols for
lignification [10]. Monolignols are biosynthesized from
phenylalanine (or tyrosine in grasses [11,12]) through a
metabolic grid consisting of up to 11 enzyme families and
24 metabolites (Figure 1) [6°°,9]. The pathway is initiated
by the deamination of phenylalanine or tyrosine and
proceeds stepwise through modifications of the phenyl
ring and reduction of the propanoid side chains to produce
the monolignols (Figure 1). Metabolic flux in monolignol
biosynthesis determines lignin properties that affect plant
growth, development, and adaptation [2]. Understanding
flux regulation is essential for predicting the conse-
quences of genetic perturbations to direct the engineer-
ing of specific lignin properties.

With the emergence of high-throughput technologies, it
is now possible to describe metabolic flux for lignin
biosynthesis by integrating data on gene families, expres-
sion patterns of transcripts, proteins, metabolites, and
wood phenotypes, at a plant and tissue-specific level
[13]. Such an integrative approach applies a systems
perspective to biological processes and leads to descrip-
tions of metabolic pathways in predictive models [14].
Only recently has the entire pathway for monolignol
biosynthesis been characterized biochemically and genet-
ically in a single tissue of one plant species for modeling
[6°°]. Metabolic models are fundamental to advanced
genetic engineering because of the complexity of the
biological systems [9,14].

Metabolic models of monolignol biosynthesis
The major challenge of flux modeling for monolignol
biosynthesis is to develop a computational framework
to obtain a systematic understanding of the underlying
mechanisms regulating the pathway [15°]. Current
modeling approaches for metabolic pathways are classi-
fied into constraint-based models [16,17], kinetic models
[18-20], and black-box models [21].
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Flux regulation in monolignol biosynthesis.

Metabolic pathway illustrates general enzyme reactions for monolignol biosynthesis. Red lines represent enzyme inhibitions [36]. Green shading
denotes the estimated flux distribution in P. trichocarpa [6°°,36,43°°]. Blue and purple shading represents the G lignin and S lignin-specific
metabolic channels, respectively [23,30°°]. Abbreviations: phenylalanine ammonia-lyase (PAL); tyrosine ammonia-lyase (TAL); cinnamic acid
4-hydroxylase (C4H); 4-coumaric acid 3-hydroxylase (C3H); caffeoyl shikimate esterase (CSE); hydroxycinnamoyl-CoA shikimate
hydroxycinnamoyl transferase (HCT); 4-coumaric acid:CoA ligase (4CL); cinnamoyl-CoA reductase (CCR); cinnamyl alcohol dehydrogenase
(CAD); caffeoyl-CoA O-methyltransferase (CCoAOMT); coniferaldehyde 5-hydroxylase (CAId5H); 5-hydroxyconiferaldehyde O-methyltransferase
(AIdOMT). Reduced nicotinamide adenine dinucleotide phosphate (NADPH); oxidized nicotinamide adenine dinucleotide phosphate (NADP+);
coenzyme A (CoA); adenosine triphosphate (ATP); adenosine monophosphate (AMP); pyrophosphate (PPi); S-adenosylmethionine (SAM);

S-adenosylhomocysteine (SAH).

Constraint-based models

Constraint-based models are ideal when information on
kinetic parameters are limited as they only use informa-
tion about the stoichiometry of the pathway. Models such
as Flux Balance Analysis (FBA) assume quasi-steady-
state of pathway fluxes that reach equilibrium relatively
quickly with respect to varying external fluxes [16,17].
Metabolic pathways are typically overdetermined
because the number of reactions exceeds the number
of metabolites in the pathways, which means there is no
unique solution to these constraint-based problems.

Steady-state solutions for constraint-based models are
formulated as an optimization problem that relies on a
defined set of objective functions (e.g. maximize certain
metabolic products such as lignin, or to maintain
homeostasis).

Constraint-based models have been developed for mono-
lignol biosynthesis in Populus [22], alfalfa [23,24], switch-
grass [25], and Brachypodium [26]. FBA and a Generalized
Mass Action (GMA) approach [27,28] were used to model
the monolignol biosynthetic pathway in Populus [22].
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Kinetic parameters for the GMA model were estimated
using the FBA predicted fluxes. The parameters were
further optimized to minimize error between predicted
and experimental lignin composition for five transgenic
Populus each downregulated in the expression of a mono-
lignol gene (A/OMT, CAD, CAld5H, 4CL, and CCoAOMT;
Figure 1) [22]. The FBA approach was subsequently
expanded to explore metabolic regulation and the possi-
bility of metabolic channels in the pathway [24]. Meta-
bolic channels are structures that guide a metabolite
product to the next enzyme in a pathway directly, without
entering a metabolic pool. Monolignol biosynthesis from
young to mature internodes of alfalfa was modeled using
FBA coupled with minimization of metabolic adjustment
(MOMA) [24] for transgenic lines that independently
downregulated the expression of one or more of seven
enzymes in the pathway. Variation in lignin composition
as stems mature was attributed to flux partitioning at
three principal branch points ( p-coumaroyl-CoA, conifer-
aldehyde, and coniferyl alcohol) [24]. The model pre-
dicted flux control by making assumptions that include
the reversibility of enzyme reactions, spatial organization
of independent channels for the synthesis of G and S
monomers (Figure 1, blue and purple shadings, respec-
tively), and feedback inhibition of S lignin biosynthesis
by salicylic acid [24].

"T'o elucidate the presence of metabolic channels, libraries
of loosely constrained dynamic models were assembled to
represent pathway configurations that include zero, one,
or two channels [23]. Model simulations showed that
metabolic channels are necessary but insufficient to
explain lignin variations in transgenic alfalfa. Crosstalk
between S and G pathways may be involved [23]. An FBA
model based on transgenic switchgrass independently
downregulated in four monolignol enzymes was con-
structed to test the hypotheses of crosstalk and channel-
ing at diverging points leading to S-monolignol or G-
monolignol [25]. Flux distributions based on Monte Carlo
simulations supported the possibility of a G lignin-spe-
cific channel involving a cinnamoyl-CoA reductase (CCR)
and a cinnamyl alcohol dehydrogenase (CAD) (Figure 1,
blue shading) [25,29°]. The simulations also identified
feedback inhibitions and enzyme competition as essential
flux regulators of monolignol biosynthesis in switchgrass
[25,29°]. A CCR to CAD channel was proposed for
Brachypodium distachyon based on steady-state flux analy-
sis using °C-labeling data [30°°]. Heterodimerization of
CCR and CAD activates their enzyme activities for
monolignol biosynthesis in Populus trichocarpa [31].

Despite the aforementioned computational evidence for
metabolic channels [23,25,30°°], biochemical and enzy-
matic analyses contradict the assumption of channeling in
monolignol biosynthesis. All 24 metabolites could be
detected in the lignifying tissues of poplar, suggesting
that pathway metabolites are not channeled from one
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enzyme to another without equilibrating with the bulk
solution [32]. Radiotracer assays on reconstituted early
pathway enzymes [33] and the C4H-C3H complex [32]
showed that substrate channeling does not occur in the
conversion of phenylalanine to cinnamic acid, p-coumaric
acid, and caffeic acid.

Kinetic-based models

Kinetic-based modeling using Michaelis—Menten kinet-
ics 1s crucial for the quantitative understanding and
prediction of flux dynamics in a metabolic pathway con-
taining complex feedback and feedforward regulation
[34]. In a kinetic-based approach, reaction fluxes are
expressed as a series of rate expressions that are a function
of enzyme abundance, substrate concentration, kinetic
parameters, and modulators of reactions (e.g. inhibition).
The rate expressions are linked through mass conserva-
tion to quantify the rate of change of individual metabo-
lite concentrations as a function of the net metabolic flux
[27,35]. Although Michaelis-Menten kinetics provide a
precise description of reaction flux in a metabolic path-
way, the specification of Michaelis-Menten Kkinetics
requires detailed knowledge of the kinetic parameters,
which are tedious to obtain [30°°]. The monolignol bio-
synthetic pathway is amenable to kinetic-based modeling
because the major components and reactions in the
pathway have been identified and can be quantified
[6°°,36-41].

A Michaelis—Menten kinetic approach was used to model
the pathway in stem differentiating xylem (a wood form-
ing tissue) of P. trichocarpa based on extensive experi-
mental data [6°°,36]. Purified functional recombinant
proteins of 21 monolignol enzymes and their isoforms
based on genome sequence [42] were assayed for
Michaelis—Menten reaction and inhibition kinetics using
the 24 pathway metabolites [36]. A comprehensive anal-
ysis revealed 104 Michaelis—Menten kinetic parameters
and 103 inhibition (Figure 1, red lines) parameters for the
stepwise conversion of phenylalanine to monolignols.
Protein cleavage-isotope dilution mass spectrometry
(PC-IDMS) methods were developed to quantify the
absolute protein abundance of each of the multiple iso-
forms of the pathway enzymes in stem differentiating
xylem [36,38]. To predict the cooperative regulation of
flux dynamics and distribution (Figure 1, green shading)
leading to lignin content and composition, the 207 kinetic
parameters and the abundance of proteins were formu-
lated into a Kinetic model containing 24 mass balance
equations [6°%,36]. The kinetic model revealed novel
features and mechanisms of regulation. For example,
most enzymes in the pathway are produced in excess
of what is required for a normal lignin phenotype [36].
The model explained a long-standing paradox regarding
the regulation of monolignol subunit ratios in lignin,
revealing that pathway flux is preferentially diverged into
S-lignin, and that early-pathway enzymes control S/G
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ratio by modulating the metabolic flux for G-lignin. The
model also showed that metabolic channels are not nec-
essary for regulating the S/G ratio in P. trichocarpa [36].

Kinetic modeling typically assumes enzymes to be func-
tionally independent. However, for monolignol biosyn-
thesis, protein—protein interactions have already been
identified that impart significant regulatory control over
enzyme activity and metabolic flux in the pathway
[32,37,43°°,44]. T'wo multimeric protein complexes have
been characterized in P. trichocarpa. A complex of two
isoforms of cinnamic acid 4-hydroxylases (C4H) and a p-
coumarate ester 3-hydroxylase (C3H) exhibit enzymatic
efficiencies (V. /Ky,) that are 70-6500 times greater than
the efficiency of individual enzymes [32]. A tetrameric
complex containing two isoforms of 4-coumaric acid:CoA
ligases (4CL3 and 4CL5) regulates the specific inhibition
and activation of metabolic fluxes that convert hydroxy-
cinnamic acids to their CoA thioester derivatives [37].

A kinetics approach was used to model the regulatory
function of the 4CL3-4CL5 complex [37,43°°]. The
model was derived from experimentally verified mecha-
nistic interactions and kinetic parameters between the
enzymes and substrates that participate in the CoA liga-
tions of p-coumaric acid and caffeic acid. The interaction
of 4CL.3 and 4CLS5 has a functional role with 4CL5 acting
to control the total reaction rates of CoA-ligation [37].
The respective competitive, uncompetitive, and self-
inhibitions of 4CL3 and 4CL5 are necessary inclusions
in the model to more closely fit the mixed enzyme—mixed
substrate reaction assays [37]. The 4CL3-4CL5 complex
also produces significant variation in the steady-state flux
of the pathway. The enzyme complex increased the
stability of the pathway from 70% to 92% by activating
redundant pathways for the CoA ligation step in the
biosynthesis of S and G monolignols [43°°]. The system
switches to these alternate pathways under extreme per-
turbations. In the presence of the complex, metabolic flux
for monolignol biosynthesis is sensitive to changes in the
ratio of 4CL.3 and 4CL5 and can be effectively modulated
by altering the abundance of 4CL5 [43°°].

Black-box models

In addition to Michaelis—Menten kinetics, methods based
on machine-learning optimization [21] may allow the
deduction of parameters for modeling metabolic pathways.
An advantage of machine learning approaches is that there
are no underlying assumptions about the data. The models
can handle linear and non-linear data as well as different
types of data (discrete, continuous, and factors). In machine
learning approaches, several hyperparameters need to be
tuned to maximize performance. These models tend to
overfit the data and require post-processing to reduce the
variance in model predictions. In addition, these models are
a black box with limited ability to infer biological signifi-
cance. A machine learning model based on Artificial Neural

Networks (ANN) [45] was assembled (Punith Naik, PhD
thesis, NC State University, 2016) to predict lignin struc-
ture using proteomics and transcriptomics data from trans-
genic and wildtype P. trichocarpa [6°°]. The hyperpara-
meters of the neural network, such as the number of nodes
and number of hidden layers, were estimated using cross-
validation. The network architecture that results in the
minimum cross-validation error is the optimal solution.
The ANN-based model (Punith Naik, PhD thesis, NC
State University, 2016) was able to account for 74% of the
variation in lignin S/G ratios across 221 independent trans-
genic lines.

Applications of modeling for lignin
engineering

Many transgenic and mutant plants with modified expres-
sion of monolignol genes have been produced to under-
stand the genetic regulation of lignin, but results are
generally unpredictable [7-10,46,47,48°,49]. To gain a
predictive understanding of how changing gene expression
affects lignin and wood properties, an integrative systems
model was recently assembled using multi-omics data from
~2000 transgenic P. trichocarpa systematically perturbed in
the expression of 21 monolignol pathway genes [6°°]. The
model integrated five levels of omics data: genomics,
transcriptomics, proteomics, metabolomics (fluxomics),
and phenomics (25 traits including lignin content and
composition, stem-volume, density, mechanical strength,
and saccharification efficiency) to describe the transduction
of regulatory information from genotype to phenotype for
lignin biosynthesis [6°°]. The model predicts how changing
the expression of any pathway gene or gene combination
affects these 25 traits, enabling the directed engineering of
these traits individually or in combinations. Simulations of
every possible combination of monolignol gene perturba-
tions identified optimal strategies that could simulta-
neously improve multiple lignin and wood properties (e.
g. reduce lignin, increase density, and elevate saccharifica-
tion efficiency) while minimizing negative effects on
growth [6°°]. These multi-gene engineering strategies,
however, remain to be confirmed 77 vivo and under diverse
environmental conditions to improve the model.

Outlook

Increasingly accurate models that can predict how genetic
modifications alter the physical and chemical properties of
lignin must incorporate factors beyond enzymatic param-
eters. Additional factors include incorporating spatial and
stochastic modeling [30°°,50] to the current models and
connecting the metabolic models with mathematical
descriptions at different layers of biological regulation.
These regulations may include transcriptional networks
that control monolignol gene expressions [51], post-trans-
lational modification that modulates pathway enzyme
activity [52], and lignin polymerization [53]. Accounting
for enzymes such as glucosyltransferases [54], glucosidases
[55], and hydroxycinnamaldehyde dehydrogenases [56],
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which metabolize monolignol precursors, may further
increase model predictive power. The spatial [57,58] and
temporal [59] expression of monolignol genes could be
modeled to understand lignification in different cell-types,
tissues, and developmental stages. Cell and tissue models
oflignin biosynthesis will be important tools to strategically
develop designer plants [57,58]. There is, for example,
evidence of spatial differences in the locations of the
alcohol and aldehyde groups of the polymerized lignin in
the secondary cell wall of fiber cells of bristle grass, but not
in Arabidopsis thaliana [60]. Incorporating regulation at the
transcriptional and post-translational levels and modeling
the polymerization process are important next steps to
advance predictive understanding of the pathway for lignin
engineering.
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