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Efficiency of Lignin Biosynthesis: a Quantitative Analysis
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Lignin is derived mainly from three alcohol monomers: p-coumaryl alcohol, coniferyl alcohol and sinapyl
alcohol. Biochemical reactions probably responsible for synthesizing these three monomers from sucrose, and
then polymerizing the monomers into lignin, were analysed to estimate the amount of sucrose required to
produce a unit of lignin. Included in the calculations were amounts of respiration required to providle NADPH
(from NADP*) and ATP (from ADP) for lignin biosynthesis. Two pathways in the middle stage of monomer
biosynthesis were considered: one via tyrosine (found in monocots) and the other via phenylalanine (found in all
plants). If lignin biosynthesis proceeds with high efficiency via tyrosine, 76-9, 70-4 and 64-3 % of the carbon in
sucrose can be retained in the fraction of lignin derived from p-coumaryl alcohol, coniferyl alcohol and sinapyl
alcohol, respectively. The corresponding carbon retention values for lignin biosynthesis via phenylalanine are
less, at 73-2, 65-7 and 60-7 %, respectively. Energy (i.e. heat of combustion) retention during lignin biosynthesis
via tyrosine could be as high as 81-6, 74-5 and 67-8 % for lignin derived from p-coumaryl alcohol, coniferyl
alcohol and sinapyl alcohol, respectively, with the corresponding potential energy retention values for lignin
biosynthesis via phenylalanine being less, at 77-7, 69-5 and 63-9 %, respectively. Whether maximum efficiency
occurs in situ is unclear, but these values are targets that can be considered in: (1) plant breeding programmes
aimed at maximizing carbon or energy retention from photosynthate; (2) analyses of (minimum) metabolic costs
of responding to environmental change or pest attack involving increased lignin biosynthesis; (3) understanding
costs of lignification in older tissues; and (4) interpreting carbon balance measurements of organs and plants
with large lignin concentrations. © 2003 Annals of Botany Company
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INTRODUCTION

Lignins are large, complex, perhaps ‘random’ (see Sederoff
et al., 1999), polymers derived mainly from the dehydro-
genative polymerization of cinnamyl alcohols. The three
principal alcohols (or lignin monomer precursors, called
monolignols) are p-coumaryl alcohol, coniferyl alcohol and
sinapyl alcohol, although other monomers can also be used
in lignin biosynthesis (Whetten et al., 1998). Within a lignin
polymer, the monolignol residues are interconnected by a
variety of bonds, and can also bond to polysaccharides and
proteins. This results in multifarious and sturdy three-
dimensional structures. These structures provide mechan-
ical strength to secondary cell walls (particularly in wood),
which is especially important in tracheids under mechanical
stress from the transpiration process. Lignin is also import-
ant in plant responses to (and defences against) pathogens,
mechanical perturbation and other stresses (e.g. Cipollini,
1997). A high lignin concentration (mass of lignin per unit
dry phytomass) may slow microbial decomposition of dead
phytomass, so lignin might contribute to regulation of
biogeochemical cycles. Lignin is also significant to global
pools and fluxes of carbon; Graham (1993, p. 219) asserted
(without presenting supporting data or calculations) that
lignins constitute 25 % of global net primary production
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(NPP) with only cellulose representing a greater fraction of
NPP.

The complex nature of lignin and lignin—polysaccharide—
protein structures makes it difficult to determine the precise
chemical composition of lignins. Nonetheless, it is known
that gymnosperm lignins are based mainly on coniferyl
alcohol, dicot lignins are usually a mixture of coniferyl and
sinapyl alcohols, and monocot lignins are a mixture of all
three alcohols (e.g. Goodwin and Mercer, 1983; Boudet
et al., 1995; Higuchi, 1997; Whetten et al., 1998). It is likely
that the relative mixture of monolignol residues in lignins
varies among cells and organs of individual plants—and
perhaps even spatially within individual cell wall seg-
ments—and that this mixture changes over time with
developmental stage and environmental conditions. For
example, the contribution of sinapyl alcohol increases
during maturation in some grasses (Carpita, 1996).

Measurement of lignin concentration is hampered by lack
of a lignin standard sample (there is no single structure of
lignins), though it is clear that lignin concentration can vary
with location in the secondary wall of individual cells and
between walls of different cells in the same tissue (Agarwal
and Atalla, 1986). Lignin concentration also varies between
taxonomic groups and between organs of the same plant.
Leaves and roots of herbaceous plants may average about 3—
5 % lignins, and their stems may average about 4-5 %
lignins (Poorter and Villar, 1997). Woody plant leaves and
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twigs can contain 2-27 % lignins and woody stems may
average 15-36 % lignins (Higuchi, 1985; Hughes and
Fahey, 1991; Poorter and Villar, 1997; Raiesi Gahrooee,
1998). Within crops, tubers (e.g. potato) may be only 3 %
lignins, cereal inflorescences with seeds may be 3—-14 %
lignins, and sugar cane (Saccharum sp.) shoots and coconut
palm (Cocos nucifera) fruits may be about 25 % lignins
(Penning de Vries et al., 1983). In terms of carbon
(compared with dry mass), lignins account for a larger
fraction of plant tissue than indicated by percentage dry
mass values cited above because the carbon concentration of
lignins is higher than that of most other components of
phytomass. That is, while lignins are typically about
65-67 % carbon, the dry mass of many plant tissues is
only 44-50 % carbon.

When lignins constitute a large fraction of a plant’s (or
organ’s) dry mass, efficiency of its biosynthesis is important
to that plant’s (or organ’s) carbon and metabolic energy
budgets. In spite of this importance, none of the recent
major reviews of lignin biosynthesis (e.g. Boudet et al.,
1995; Whetten and Sederoff, 1995; Campbell and Sederoff,
1996; Higuchi, 1997; Whetten et al., 1998) has addressed
the basic questions of how much photosynthate is needed to
produce a unit of lignin and how this varies with lignin
composition (relative fraction of different monolignols).
The goal of this paper is to outline answers to these
questions, based on present knowledge of biochemical
pathways of lignin biosynthesis and respiration. Emphasis is
placed on the range of values that arise from different
biosynthetic pathways.

APPROACH

The amount of biomass (or biomass component) that is
produced from a unit of substrate (i.e. photosynthate) during
growth is determined by the biochemical pathways used in
biosynthesis and respiration, and the stoichiometries of
individual biosynthetic and respiratory reactions making up
those pathways. This fundamental fact was used by Penning
de Vries et al. (1974) to calculate potential efficiencies of
biosynthesis of biomass components from a glucose
substrate based on presumed catabolic and anabolic path-
ways and stoichiometries (see also de Wit et al., 1970, 1978;
Penning de Vries et al., 1983, 1989). Unfortunately, the
calculations of lignin biosynthesis made by Penning de
Vries et al. (1974) were limited by lack of knowledge of the
biochemical pathways involved, though later analyses (e.g.
Williams et al., 1987; Thornley and Johnson, 1990) used
more up-to-date knowledge. An even clearer picture of
reactions of lignin biosynthesis (and respiration) is now
available, so calculations of potential efficiency of lignin
biosynthesis can be improved.

Calculations of biosynthetic efficiency based on bio-
chemical pathways and reaction stoichiometries must begin
with a specific substrate, and must account for any
cosubstrates. Specific reaction sets (pathways) must trans-
form the substrate(s) into a specific end product(s) and must
account for any by-products(s) formed. Any net ATP or
NAD(P)H requirements are supplied by additional substrate
consumption in respiration. The efficiency of biosynthesis is
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then given by the ratio end product formed per unit substrate
consumed.

More than 100 biochemical reactions were included in
this analysis. They are shown explicitly so that assumptions
made in deriving quantitative estimates of potential effi-
ciency of converting substrate to lignins are clear. Because
most lignification occurs after much of the cell wall and
protoplast growth has occurred, it was presumed that lignin
biosynthesis occurs mostly in and around more or less fully
functioning cells.

SUBSTRATES OF LIGNIN BIOSYNTHESIS
AND OF RESPIRATION

Simple carbohydrates, or closely related compounds, are the
main substrates of lignin biosynthesis and respiration in
most plant cells. In photosynthetically active cells, these
substrates may come directly from photosynthesis; other-
wise, they arise from breakdown of previously stored
compounds, such as starch, or arrive from intercellular
transport. Most lignin is probably synthesized from trans-
ported sugars. Methanol might serve as a cosubstrate of
lignin biosynthesis, as described below.

Sucrose is the major form of translocated carbon in many
plants—although other compounds (carbohydrates, amides
and others) can make up a significant fraction of the carbon
translocated from ‘sources’ to growing ‘sinks’ in some
species (Ziegler, 1975; Zimmermann and Ziegler, 1975)—
and it was chosen as the substrate of both lignin biosynthesis
and respiration in this analysis. Most other likely substrates
give similar (or identical) results in terms of efficiency of
lignin biosynthesis. Molecular oxygen (O,) is a cosubstrate
of both lignin biosynthesis and respiration. This analysis
expressed net metabolic activity associated with lignin
biosynthesis in terms of consumption of sucrose (and
sometimes methanol, see below) and O,.

All previous theoretical analyses of metabolic costs of
lignin biosynthesis used glucose as substrate (e.g. Penning
de Vries et al., 1974; Williams et al., 1987).

END PRODUCTS AND BY-PRODUCTS OF
LIGNIN BIOSYNTHESIS AND RESPIRATION

Because lignins are complex polymers, and no standard
composition can be defined, calculations were based on end
products being the dehydrogenated residues of the three
main monolignols. Production of the by-product CO,
was quantified. Net interconversion of P; and inorganic
pyrophosphate (PP;) was also tracked.

Characteristics of sucrose, methanol, monolignols and the
end product monolignol residues used in this analysis are
summarized in Table 1.

SUCROSE BREAKDOWN TO HEXOSE
PHOSPHATES AND PRODUCTION OF
PREPHENATE

In this analysis, both lignin biosynthesis and respiration
begin with breakdown of sucrose to the hexose phosphates
(hexose-P) glucose 6-P and fructose 6-P. Sucrose break-
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TABLE 1. Characteristics of sucrose, methanol, the three main monolignols, assumed average monomer (monolignol)
residues in lignin polymers, and some extracted lignins

Heat of combustion (AH,)* Reference
Molecular C content  C fraction (for heat of
Compound Composition  mass* (g mol™') (g mol™) (ggh MJImol™")  (Igh (KI[gClhH combustion)
Sucrose C,H»,0q4 3423 144-1 0-421 5-641 16-48 39-14 Domalski
(1972)
Methanol (gas) CH,O 32-04 12.01 0-375 0-7645 23-86 63-65 Domalski
(1972)
Monolignols (alcohols)
p-Coumaryl CoH (05 150-2 108:1 0-720 4.62% 30-8* 42.-8%
Coniferyl CoH ;203 180-2 120-1 0-667 5-10% 28.3% 42.5%
Sinapyl C1H404 210-2 1321 0-628 5-59% 26-6* 42.3%
Monomer
(monolignol)
residues
Hydroxyphenyl CoHo0, 149-2 108-1 0-725 4.49% 30-1% 41-6¢
Guaiacyl CoH;:03 1792 120-1 0-670 4.97% 27-7% 41-4%
Syringyl Cy1H 304 209-2 1321 0-631 5-45% 26-1* 41.3%
Extracted lignins
(from wood)¥
General value 26-7 B.M. Jenkins,
pers. comm. (1998)
Spruce 26-26 Brauns
(1952, p. 185)
26-4 Rydholm (1967)
Douglas fir 26-65 Shafizadeh and
DeGroot (1976)
Quercus rubra L. 21-18 Murphey and

Masters (1978)

* Based on atomic masses of 1-0079, 12:011 and 15-9994 g mol-! for H, C and O, respectively.

f Heats of combustion are given as positive values throughout. They generally correspond to dry substances in thermodynamic standard states
(i.e. stable forms of the compounds at 25 °C and 1 atmosphere pressure). Conversions from published units were based on 4-184 J calorie™!.

# Calculated from formulas in Domalski et al. (1987, p. 339) relating elemental composition to heat of combustion.

§ Chemical extraction of lignins from wood is likely to change their chemical properties, including their state of reduction and therefore heat of
combustion. Extraction probably reduces the heat of combustion by partially oxidizing lignins.

down is assumed to occur in the cytosol, though it can also
occur in the apoplast. Sucrose can be cleaved by invertase or
sucrose synthase (Fig. 1).

The products of invertase action are glucose plus
fructose, which can be directly phosphorylated to form
glucose 6-P and fructose 6-P, respectively.

Sucrose breakdown by sucrose synthase yields fructose
plus UDP-glucose. This fructose can be phosphorylated
directly, giving fructose 6-P, and the UDP-glucose can be
converted to glucose 6-P in two steps (Fig. 1).

Glucose 6-P and fructose 6-P are interconvertible by the
action of glucose 6-P isomerase (EC 5.3.1.9; Fig. 1).

Monolignols are derived from prephenate. Each pre-
phenate molecule is formed following the combination of
two phosphoenolpyruvate (PEP) molecules with one
erythrose 4-P molecule in the shikimate pathway (Fig. 1).
In plants, the shikimate pathway may be confined to plastids
(Herrmann and Weaver, 1999).

Substrates of the shikimate pathway (i.e. PEP and
erythrose 4-P) can be produced from glucose 6-P and/or
fructose 6-P in glycolysis and the oxidative pentose

phosphate pathway (OPPP), which is how their production
is viewed in this analysis (Fig. 1).

The most efficient production of prephenate from sucrose
by reactions included in Fig. 1 is summarized in eqn (S.1),
whereas the least efficient is summarized in eqn (S.4)
(Table 2). The difference between these two summary
equations is 3 ATP per sucrose, assuming cytosolic PP; is
freely available. But is PP; likely to be available? Most
major biosynthetic pathways, including those producing
lignin, release PP; as a by-product (see below). It has often
been stated (e.g. in textbooks) that any PP; produced is
quickly hydrolysed to P; by inorganic pyrophosphatase (EC
3.6.1.1) in order to facilitate further activity of reactions
releasing PP;. On the contrary, biosynthetic reactions
generally remain thermodynamically favourable at all
physiological PP; levels (references in Plaxton, 1996), so a
PP; pool probably would not slow lignin biosynthesis.
Moreover, a stable and significant pool (0-2—-0-3 mM) of PP;
might exist in leaf cytosol (Weiner et al., 1987; and see
Dancer and ap Rees, 1989). Thus, although data are
limited—or non-existent for woody cells in siftu—PP; may
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F1G. 1. Pathways from sucrose to prephenate. Substrate and end product of the reaction set are enclosed in boxes. Enzyme Commission (EC) numbers
are given with each reaction. Many reactions are reversible; arrows indicate direction for lignin biosynthesis and for respiration. Sucrose is split by
either invertase (B-fructofuranosidase; EC 3.2.1.26) or sucrose synthase (EC 2.4.1.13). Dashed arrows at the top differentiate alternative ‘starting
points’ for sucrose catabolism. Products of sucrose breakdown contribute to a pool of cytosolic glucose 6-P and fructose 6-P (ap Rees, 1988), which
are freely interconvertible in what is labelled ‘hexose-P pool’. In the cytosol, fructose 6-P can be converted to fructose 1,6-P, by two different
reactions, one catalysed by 6-phosphofructokinase (EC 2.7.1.11) and the other by PP;—fructose-6-P 1-phosphotransferase (EC 2.7.1.90). Dashed arrows
indicate alternative sources of fructose 1,6-P,. [PP,—fructose-6-P 1-phosphotransferase is confined to cytosol (Plaxton, 1996), so if fructose 6-P is
phosphorylated in plastids, only one reaction is available.] Fructose 1,6-P, is converted to 2 phosphoenolpyruvate (PEP) in glycolysis. As drawn,
glycerone-P moves from cytosol to plastid, although other glycolytic intermediates (e.g. glucose 1-P, 3-P-glycerate and PEP) can also move from
cytosol to plastids (Plaxton, 1996). The P; exchanged for glycerone-P during cytosolic-plastidic countertransport is balanced by net P; releases in the
plastid. As drawn, the hexose-P pool supplies glucose 6-P to plastids, where erythrose 4-P (E4P) is produced by cyclic operation of the oxidative
pentose phosphate pathway (OPPP) (ap Rees, 1985; Copeland and Turner, 1987; Debnam and Emes, 1999). The PEP and E4P formed by glycolysis
and the OPPP, respectively, are combined in the shikimate pathway to produce prephenate. Naming of shikimate pathway intermediates follows
Herrmann and Weaver (1999). NAD is required by 3-dehydroquinate synthase (EC 4.6.1.3). Shikimate 5-dehydrogenase (EC 1.1.1.25) and
3-dehydroquinate dehydratase (EC 4.2.1.10) are bifunctional forms of a single polypeptide (Herrmann and Weaver, 1999). [Oxidation of NADPH by
shikimate 5-dehydrogenase is not explicitly shown in Herrmann and Weaver (1999, their Fig. 4).] Chorismate synthase (EC 4.6.1.4) requires NADPH
and reduced flavin (FMN) (Higuchi, 1997). Shikimate pathway reactions through to at least chorismate production are presumably confined to plastids
(Herrmann and Weaver, 1999). Chorismate and chorismate mutase (EC 5.4.99.5) may exist in plastids and cytosol (Eberhard et al., 1996a, b; Sommer
and Heide, 1998; Mobley et al., 1999). It is assumed that NAD*/NADH, NADP*/NADPH and ADP/ATP shuttles maintain cytosolic/plastidic
metabolite balances without additional inputs.
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TABLE 2. Summary equations describing conversion of sucrose to prephenate

No.* Summary equation

S.1 Sucrose + ADP + 2 NAD* + 3 NADP* + 2 PP; - prephenate + ATP + 2 NADH + 3 NADPH + 3 P; + H,O + 2 CO,
S.2 Sucrose + 2 NAD* + 3 NADP* + PP; — prephenate + 2 NADH + 3 NADPH + 2 P; + H,O + 2 CO,

S.3 Sucrose + ATP + 2 NAD* + 3 NADP* + PP; - prephenate + ADP + 2 NADH + 3 NADPH + 3 P; + 2 CO,

S.4 Sucrose + 2 ATP + 2 NAD* + 3 NADP* - prephenate + 2 ADP + 2 NADH + 3 NADPH + 2 P; + 2 CO,

Figure 1 shows complete reaction sequences. Summary equations are listed in order from most (S.1) to least (S.4) efficient. Equation (S.1)
represents the reaction set including sucrose cleavage by sucrose synthase (EC 2.4.1.13), and fructose 6-P phosphorylation by PP;-fructose-6-P
1-phosphotransferase (EC 2.7.1.90). Equation (S.2) represents the reaction set including sucrose cleavage by sucrose synthase, and fructose 6-P
phosphorylation by 6-phosphofructokinase (EC 2.7.1.11). Equation (S.3) represents the reaction set including sucrose cleavage by invertase
(B-fructofuranosidase; EC 3.2.1.26), and fructose 6-P phosphorylation by PP;-fructose-6-P 1-phosphotransferase. Equation (S.4) represents the reaction
set including sucrose cleavage by invertase, and fructose 6-P phosphorylation by 6-phosphofructokinase.

* Summary equation numbers (No.) are used elsewhere in analysis.

be freely available (from a relatively stable pool) to support
conversion of UDP-glucose to glucose 1-P and conversion
of fructose 6-P to fructose 1,6-P, (Fig. 1).

MONOLIGNOL BIOSYNTHESIS FROM
PREPHENATE

Monolignols are derived from 4-coumarate, which is
synthesized by pathways originating with prephenate
(Fig. 2). It is noted that combined activity of glutamate
synthase (NADH) (EC 1.4.1.14) and glutamate-ammonia
ligase (EC 6.3.1.2) (often abbreviated GS/GOGAT) regen-
erates glutamate from 2-oxoglutarate and NHj3, which is
required for continued conversion of prephenate to
arogenate (Fig. 2). This regeneration uses one NADH and
one ATP per 2-oxoglutarate recycled and NHj assimilated
(the NH3 assimilation is required to balance the NHj;
released during phenylalanine or tyrosine deamination;
Fig. 2). Glutamate dehydrogenase (EC 1.4.1.2; GDH) is also
found in plants, often at high levels, and it can regenerate
glutamate from 2-oxoglutarate and NH;, oxidizing NADH
but without an ATP requirement. Thus, GDH would be the
preferred route of 2-oxoglutarate regeneration and NHj
recovery from an energetic standpoint. Nonetheless, GDH
appears not to be involved in normal 2-oxoglutarate
regeneration or NHj3 assimilation (Goodwin and Mercer,
1983; Lea et al., 1990; Lam et al., 1996; Miflin and Habash,
2002). Instead, GDH may function primarily in catabolism
of amino acids during germination and senescence. Earlier
calculations of biosynthetic stoichiometries (e.g. Penning de
Vries et al., 1974; Williams et al., 1987; Thornley and
Johnson, 1990) used GDH to regenerate glutamate from
2-oxoglutarate and NHj;. Those earlier calculations were
therefore probably more efficient (one less ATP required per
2-oxoglutarate recycled) than actual plant metabolism, and
represented a potential efficiency of glutamate regeneration.

Two pathways from arogenate to 4-coumarate are
considered (Fig. 2): one via phenylalanine and the other
via tyrosine. The tyrosine pathway is energetically more
efficient because it reduces NADP* rather than oxidizing
NADPH. The net difference in producing 4-coumarate from
prephenate via tyrosine compared with production via

phenylalanine is a gain (or saving) of 2 NADPH per
4-coumarate produced. The more efficient pathway (i.e. via
tyrosine) appears to exist only in monocots (Goodwin and
Mercer, 1983).

The CO, released (and O, taken up in the phenylalanine
pathway) during conversion of prephenate to 4-coumarate
(Fig. 2) contributes to measurements of ‘respiration’ when
respiration is equated with CO, release (or O, uptake), but
does not arise from a respiratory reaction per se.
Nonetheless, it is part of ‘growth respiration’, defined as
CO, release (or O, uptake) associated with growth (Penning
de Vries et al., 1989, p. 59).

A single pathway is likely for the production of
4-coumaryl alcohol from 4-coumarate, but there is apparent
flexibility in pathways from 4-coumarate to coniferyl and
sinapyl alcohols (bottom of Fig. 2). This may be important
to regulation of the composition of lignins (i.e. relative
contribution of different monolignols to lignins), but from
the perspective of biosynthetic efficiency, alternative path-
ways for biosynthesis of a specific monolignol from
4-coumarate are equivalent (according to Fig. 2).

Although p-coumaryl alcohol biosynthesis occurs with-
out a methoxylation reaction, the biosynthesis of coniferyl
and sinapyl alcohols involves one and two methoxylation
reactions, respectively (Fig. 2). The methyl donor in all
cases is thought to be S-adenosylmethionine (SAM). During
each methoxylation, SAM is converted to S-adenosyl-
homocysteine (SAH). For continued biosynthesis of con-
iferyl or sinapyl alcohols, SAM must be regenerated from
SAH. That regeneration is considered below.

Production of each monolignol from prephenate requires
inputs of 3 ATP and 1 NADH per monolignol, and 1 CO,, 1
PP; and 1 P; are released per monolignol formed (Table 3).
In addition, conversion of prephenate to 4-coumaryl alcohol
requires either | NADPH [eqn (S.5)] or 3 NADPH and 1 O,
[eqn (S.6)] depending on whether tyrosine or phenylalanine
is an intermediate (Table 3). Conversion of prephenate to
coniferyl alcohol requires 1 SAM and either 2 NADPH and
1 O, [eqn (S.7)], or 4 NADPH and 2 O, [eqn (S.8)],
depending on whether tyrosine or phenylalanine is an
intermediate (Table 3). Conversion of prephenate to sinapyl
alcohol requires 2 SAM and either 3 NADPH and 2 O, [eqn
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(S5.9)], or 5 NADPH and 3 O, [eqn (S.10)] depending on
whether tyrosine or phenylalanine is an intermediate

(Table 3).
Compounds other than the three main monolignols may
serve as lignin precursors, resulting particularly from
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mutations affecting ‘normal’ enzymes of lignin biosynthesis
(Sederoff er al., 1999). Reaction details are unclear, but in
most cases the biosynthetic efficiencies of these alternative
precursors probably fall within the range calculated herein
for 4-coumaryl alcohol and sinapyl alcohol. For example,
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5-hydroxyconiferyl alcohol may be used in lignin biosynth-
esis, which would place the efficiency of that fraction of
lignin biosynthesis between that arising from the use of
coniferyl alcohol and sinapyl alcohol (as drawn in Fig. 2).
Also, a few per cent of lignin may be derived from the
aldehydes rather than alcohols shown in Fig. 2 (Whetten
et al., 1998), which would reduce the NADPH requirement
by one per monomer and reduce slightly the reduction state
of the lignins formed.

MONOLIGNOL GLYCOSYLATION,
STORAGE, TRANSPORT TO APOPLAST AND
POLYMERIZATION

The monolignols p-coumaryl alcohol, coniferyl alcohol and
sinapyl alcohol are formed in the cytosol, but lignin
biosynthesis occurs in the apoplast. Moreover, monolignols
are unstable and toxic. In angiosperms, monolignols may be
transferred to the apoplast immediately after being formed,
where they participate in lignin formation. In gymnosperms,
however, monolignols may be stored in stable forms,
perhaps in vacuoles, before being transported to the apoplast
(Whetten and Sederoff, 1995). In this analysis, it was
assumed that any transport of stable forms of monolignols
into a vacuole required energy.

Glycosylation is apparently used to stabilize monolignols
and reduce their toxicity in (some) plants. The glucoside of
coniferyl alcohol (coniferin) can be formed by the action of
coniferyl-alcohol glucosyltransferase (EC 2.4.1.111) as
follows (Fig. 3):

coniferyl alcohol + UDP-glucose — coniferin + UDP

A similar reaction, perhaps catalysed by the same
enzyme, might form glucosides of p-coumaryl alcohol and
sinapyl alcohol, i.e. p-glucocoumaryl alcohol and syringin,
respectively (Luckner, 1990). Coniferin can accumulate to
significant amounts in gymnosperms (e.g. Savidge, 1989;
Leinhos and Savidge, 1993).

The transport of monolignol glucosides from vacuoles to
the apoplast (as in gymnosperms) may be an active process
and, without knowledge to the contrary, the cost of such
transport was set by conjecture in this analysis to 1 ATP
(forming 1 ADP and 1 P; at the plasmalemma) per glucoside
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transported. For the direct transfer of monolignols to the
apoplast following their biosynthesis (i.e. without glycosy-
lation or transport into a vacuole, as in angiosperms?), the
same active-transport cost of 1 ATP per monolignol might
occur. It is also possible, however, that both free mono-
lignols and glucosides diffuse freely (i.e. without cost) down
a concentration gradient from the cytosol through channels
in the plasmalemma to the site of lignin polymerization
within cell walls (Fig. 3).

Because lignin is synthesized from monolignols rather
than glucosides, alcohols must be regenerated from
any monolignol glucosides formed. If required, that
regeneration was assumed to occur in the apoplast by
action of coniferin B-glucosidase (EC 3.2.1.126) (e.g.
Dharmawardhana et al., 1995), releasing glucose (Fig. 3).
The same, or a similar, enzyme may regenerate both
p-coumaryl alcohol and sinapyl alcohol from their respect-
ive glucosides (if any). Transport of glucose (or one of its
products) from apoplast to cytosol was assumed to occur
without metabolic cost in this analysis. For example, it
might be coupled to monolignol or glucoside transport to the
apoplast in an antiporter. Alternatively, the hydrolysis
reaction might occur in the cytosol rather than the apoplast,
which would eliminate the need for glucose transport back
into cytosol. If, however, glucose transport from apoplast to
cytosol associated with the Fig. 3 reaction set occurs, and is
an energy-requiring process, additional ATP (or PP;) would
be required for lignin biosynthesis.

From the perspective of a biochemical balance sheet, the
glucose produced during deglycosylation must be used to
regenerate UDP-glucose, although the glycosylation and
deglycosylation reactions may be separated in time. In any
case, UDP-glucose regeneration can be accomplished by the
reaction set in Fig. 3. Note that the reaction catalysed by
UTP-glucose-1-P uridylyltransferase (EC 2.7.7.9) in Fig. 3
operates in the opposite direction compared with the
pathway downstream of UDP-glucose in Fig. 1. The UTP-
glucose-1-P uridylyltransferase-catalysed reaction may be
close to equilibrium and freely reversible in vivo (Weiner
et al., 1987), so two-way interconversion of UDP-glucose
and glucose 1-P is possible, as would be needed for lignin
biosynthesis if monolignols are glycosylated at the same
time and place that sucrose is cleaved by sucrose synthase.

F1G. 2. Pathways from prephenate to 4-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. Substrate and end products of the reaction set are
enclosed in boxes. EC numbers are given for most reactions; conversion of arogenate to tyrosine with NADP* as cosubstrate follows Rosler et al.
(1997), though no EC number for the catalysing enzyme has been assigned, and enzymes labelled C3H (4-hydroxycinnamate 3-hydroxylase) (e.g.
Higuchi, 1997), FSH (ferulate 5-hydroxylase) (e.g. Higuchi, 1997), CCoA3H (caffeoyl-CoA 3-hydroxylase) (e.g. Eckardt, 2002) and SAD (sinapyl
alcohol dehydrogenase) (e.g. Li et al., 2001) have apparently not been assigned EC numbers. Two routes from arogenate to 4-coumarate are shown
(indicated by dashed arrows at branch points). The tyrosine route is found in monocots and the phenylalanine route in all plants. Activity of
phenylalanine ammonia-lyase (EC 4.3.1.5) with both phenylalanine and tyrosine as substrate resides in a single polypeptide (Rosler et al., 1997). The
NHj; released in both routes is assumed to be re-assimilated in a reaction coupled to regeneration of glutamate from 2-oxoglutarate, which is consistent
with measurements by Razal et al. (1996). Predominant pathways converting 4-coumarate to 4-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol
are shown with solid lines (e.g. Guo et al., 2001; Li et al., 2001; Eckardt, 2002). Dashed lines in the lower part of the figure indicate possible
alternative routes of coniferyl alcohol and sinapyl alcohol biosyntheses (e.g. Whetten et al., 1998; Zhong et al., 1998; Chen et al., 1999; Guo et al.,
2001; Eckardt, 2002). It is assumed here that reactions shown with dashed lines in the lower part of the figure involve the same cosubstrates and
by-products shown for reactions to their left or right (for vertical arrows), or above or below (for horizontal arrows). Thus, input—output balances are
equal for any pathway from 4-coumarate to a given monolignol. Glutamate-ammonia ligase (EC 6.3.1.2) is active in the cytosol (Lea et al., 1990) and
plastids. Pathways from prephenate to tyrosine and phenylalanine might occur in plastids or the cytosol. The P,so-mono-oxygenase (EC 1.14.13.11)
catalysing conversion of trans-cinnamate to 4-coumarate is bound to an endoplasmic reticulum.
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F1G. 3. Monolignol transport from cytosol to apoplast, followed by polymerization. Monolignol starting points and lignin polymer end points are
shown in boxes. Enzyme Commission (EC) numbers are given with each reaction. Three alternatives are shown for monolignol transport to apoplast
(one including an intermediate stage of glycosylation and vacuolar storage) and two alternatives are shown for polymerization. ATP hydrolysis is
probably not directly coupled to monolignol transport from cytosol to apoplast as shown, but may involve H* pumping to apoplast followed by H*
re-entry into cytosol coupled to countertransport of monolignols. Alternatively, monolignols (or monolignol glucosides) might move from cytosol to
apoplast freely. ‘Lignin,’ indicates a lignin polymer composed of n monolignol residues. The reaction sequence for H,O, production, required for
peroxidase (EC 1.11.1.x) activity, is based on Elstner (1987) and Higuchi (1997) among others. Regeneration of malate from oxaloacetate is required
for continued operation of the H,0,-producing reaction set, and this is assumed to occur in cytosol. Laccase (EC 1.10.3.2) uses only dissolved
molecular oxygen as cosubstrate (Yaropolov et al., 1994). (Laccase does not use 0-5 O, in a reaction, nor is 0-5 H,O, used in combination with
cycling of 0-5 OAA and 0-5 malate for peroxidase activity; the stoichiometries relative to 1 monolignol are shown, and assume a limited chain
reaction of radical propagation.) Only net O, uptake and H,O production (or consumption) accompany polymerization in the apoplast, though this is
linked to cytosolic NADH oxidation when peroxidase is active. Onnerud et al. (2002) proposed that peroxidase is never in direct contact with a
monolignol during polymerization, but rather that a diffusible redox shuttle (they used Mn-based systems in their experiments) could facilitate the
radical polymerization process. The net stoichiometry of lignin polymerization might be unaffected by such a diffusible redox shuttle.

The precise mechanism(s) of monolignol polymerization
is unclear. A general notion is that monolignols are
converted into free radicals that then polymerize spontan-
eously. During polymerization, the three monolignols may

the linkage of an alcohol residue to a lignin polymer,
causing a chain reaction or propagation of radicals
(Luckner, 1990; Boudet er al., 1995). In this analysis, it
was assumed that 1 H atom is removed from each

be converted to (approximately) hydroxyphenyl residues,
guaiacyl residues and syringyl residues, respectively (see
Table 1 for residue characteristics). Though most evidence
is circumstantial rather than direct and unequivocal, the two
enzymes most often considered as catalysing the formation
of the monolignol radicals are laccase(s) (EC 1.10.3.2) and
peroxidase(s) (EC 1.11.1.-) (e.g. Sterjiades et al., 1993;
Boudet et al., 1995; Nose et al., 1995; Higuchi, 1997;
Whetten et al., 1998; Ranocha et al., 1999; Richardson et al.,
2000; Gavnholt and Larsen, 2002). During polymerization,
the radical structure of monolignols may be retained after

monolignol during polymerization, which defines the
stoichiometries associated with laccase and peroxidase
activities, both of which produce H,O (Fig. 3). Laccase
activity is more efficient than peroxidase activity because
peroxidase activity requires NADH (Fig. 3).

By considering three ‘pathways’ of monolignol transfer
from cytosol to apoplast, and two alternative sources of
radicals, six ‘pathways’ from cytosolic monolignol to cell
wall lignin are possible (Fig. 3). The metabolic cost of
monolignol transfer from cytosol to apoplast (with or
without glycosylation), followed by polymerization, ranges
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F1G. 4. Pathways regenerating S-adenosylmethionine (SAM) from S-adenosylhomocysteine (SAH). Substrates and end product of the reaction set are
enclosed in boxes. EC numbers are given with each reaction. Many reactions are reversible; arrows indicate direction required for SAM regeneration.
The first reaction (on the left) releases adenosine. Two reaction sets converting that adenosine to ADP are shown (differentiated by dashed arrows).
The first begins with adenosine kinase (EC 2.7.1.20) activity, and the second begins with adenosine nucleosidase (EC 3.2.2.7) activity. The second
includes o-5-phosphoribosylpyrophosphate (PRPP) as an intermediate. The preferred reaction set in plants is unknown; in yeasts with impaired
adenosine kinase, SAH can accumulate, indicating that the adenosine kinase-based reaction set is most important in these organisms (Ravanel et al.,
1998). Two reaction subsets (differentiated by dashed arrows) are shown for conversion of 2 5,6,7,8-tetrahydrofolate (THF) to 2 5,10-methylene-THF.
The first (top, centre) consumes serine (and produces CO,) and the second (top, right) consumes formate (e.g. Chen et al., 1997). In plants, serine
hydroxymethyltransferase (EC 2.1.2.1) was found in mitochondria, plastids and cytosol (Ravanel et al., 1998), and formate-tetrahydrofolate ligase (EC
6.3.4.3) was found mainly in cytosol (Cossins and Chen, 1997). These reaction sets regenerate two SAM from two SAH so that when serine is used as
substrate the glycine produced is also consumed in 5,10-methylene-THF production, giving only H,O, CO, and NH; as by-products (the NHj is
assumed to be re-assimilated during serine biosynthesis; Fig. 6). The 5,10-methylene-THF reductase (EC 1.5.1.20) reaction is known to occur in
mammals. The enzyme in bacteria (EC 1.7.99.5) uses FADH, rather than NADPH. It is unknown whether FADH, or NADPH serve as the reductant
in plants (Ravanel et al., 1998), or indeed, whether NADH might be used (Cossins and Chen, 1997); the NADPH-requiring form was chosen here for
convenience. THF might exist in mono- or polyglutamate forms (Cossins and Chen, 1997). Additional energy might be required to reattach any
glutamate residues cleaved during operation of these reaction sets. In this analysis it was assumed that THF-bound glutamate residues were not
cleaved during SAM regeneration.

from 0 ATP or NADH to 4 ATP plus 0-5 NADH per REGENERATION OF
monolignol (Table 4). Summary equations with the highest S-ADENOSYLMETHIONINE FROM
cost [i.e. eqns (S.15) and (S.16)] presumably apply mainly S-ADENOSYLHOMOCYSTEINE

to gymnosperms. In this analysis, O, requirements for

monolignol polymerization ranged from 0-25 to 0-50 O, per  There are several possible reaction sets for SAM regener-
monolignol, depending on the relative contribution of ation in higher plants. It presumably involves one-carbon
laccases and peroxidases to polymerization (Table 4). metabolism associated with 5,6,7,8-tetrahydrofolate (THF),
That O, consumption would count toward ‘growth respir- and might rely on formate as a one-carbon donor or
ation’ measured as O, uptake. on serine and/or glycine (Cossins, 1987; Heldt, 1997,
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p- 298-299) (Fig. 4). If formate is consumed in SAM
regeneration, production of formate must be included in
costs of lignin biosynthesis (for coniferyl and sinapyl
alcohol-based fractions of lignin). Similarly, if serine is used
for SAM regeneration, serine production must be included
in costs of lignin biosynthesis.

Adenosine recovery as ADP

Adenosine is released from SAH in the first reaction of
SAM regeneration (Fig. 4). This adenosine is probably
recycled to ADP. In this analysis, adenosine is converted to
ADP by one of two reaction sets (Fig. 4). The salvage of
adenosine in the first reaction set occurs by the action of
adenosine kinase (EC 2.7.1.20). In the second reaction set,
adenosine salvage occurs via adenosine nucleosidase (EC
3.2.2.7), which Le Floc’h and Faye (1995) suggested as a
preferential route for metabolism of exogenous adenosine in
Prunus persica. The second reaction set includes cycling of
a-5-phosphoribosylpyrophosphate (Fig. 4).

Formate biosynthesis

Formate might be used in SAM regeneration, but
knowledge of formate production in plants is incomplete,
particularly in non-photosynthetic cells. Several possible
sources of formate are outlined in Hourton-Cabassa et al.

0,
20, 2H,0, —L> 2 H,0
1.11.1.6
;A)Z formaldehyde — — — —> 2 formaldehyde

1.1:3.31 i 2 glutathione

| 2NAD*—\
Y 2 NADH =
2 formaldehyde )
2H,0 © 2 S-formylglutathione
2 NAD+ 3 2H0 =
2 NADH o 2 glutathione S
s

F1G. 5. Potential pathways of formate production from methanol (e.g.
Igamberdiev et al., 1999). EC numbers are given with each reaction. The
two pathways shown are equivalent in terms of net inputs and net
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(1998) and Igamberdiev et al. (1999). In the simplest case,
formate would be formed directly from CO, and NAD(P)H
by action of formate dehydrogenase (EC 1.2.1.2) or formate
dehydrogenase (NADP*) (EC 1.2.1.43) as follows:

CO, + NAD(P)H <> formate + NAD(P)*

Formate dehydrogenase is found in plants; however,
thermodynamic considerations strongly favour CO, pro-
duction, and formate production from CO, in plants has yet
to be demonstrated (Colas des Francs-Small et al., 1993).

Formate can be produced from methanol (Fig. 5), and
methanol is a by-product of pectin biosynthesis through
activity of pectinesterase (EC 3.1.1.11) (Obendorf et al.,
1990; Fall and Benson, 1996; Micheli, 2001). A complica-
tion with respect to this source of formate to support lignin
biosynthesis is that for a given cell, pectins are produced
mainly during primary cell wall production, whereas lignins
are produced later during secondary cell wall synthesis (for
cells that produce a secondary cell wall). Nonetheless,
methanol produced during pectin biosynthesis could be
important to lignin biosynthesis if monolignols are pro-
duced (and then stored) while the primary cell wall is being
constructed or, perhaps more importantly, methanol moves
from sites of primary cell wall production to nearby sites of
concomitant secondary cell wall construction. Because of
these possibilities, calculations were included in this
analysis that accounted for methanol as a cosubstrate (as a
source of formate) for lignin biosynthesis in order to
quantify the potential effect of methanol use for the
efficiency of lignin biosynthesis. It was assumed that
methanol is ‘freely’ available for formate production, but
any methanol produced during pectin biosynthesis must be
considered a loss of carbon from the perspective of pectin
and would be counted as such during calculations of
efficiency of pectin biosynthesis (such calculations are
beyond the scope of this study). Thus, any use of methanol
for SAM regeneration (via formate) would represent a
‘recovery’ of a pectin by-product, whereas methanol
diffusing to the atmosphere in gas phase would be a loss
of carbon during pectin biosynthesis.

Serine biosynthesis

A simple pathway of serine biosynthesis from PEP was

outputs. chosen for this analysis (Fig. 6). The PEP required for serine
PEP P, NH,
= - I
: H,0 P, j 2 glutamine 3o ADP
A H0 o ATP
2-P-glycerate - 3-P-serine NADH NAD+
+
S 25 2200t lutamat
. — -Ooxoglutarate utamate
x >z g g

£ glutamate
3-P-glycerate Li) 3-P-hydroxypyruvate

1.1.1.95

F1G. 6. Potential pathway of serine production from PEP (after Fig. 4-4—1 in Michal, 1999). EC numbers are given with each reaction. Some reactions
are reversible; arrows indicate the direction for serine biosynthesis. In photosynthetically active cells, serine (and glycine) metabolism may be
associated directly with photosynthesis, but such an association was ignored in the present analysis of lignin biosynthesis.
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production was assumed to be produced from sucrose
breakdown, with two summary equations considered
(Table 5).

Serine may also be produced photosynthetically at no
‘cost’ if excess photosynthetic energy is available.
Photosynthetically generated serine might be available
directly in the cells producing it (when it is produced), or
possibly in other cells at other times following intercellular
transport (e.g. in phloem). Possible use of serine derived
directly from photosynthesis was ignored in this analysis.

Reaction sets for S-adenosylmethionine regeneration

If SAM is regenerated using formate, and formate is
produced from methanol, a range of potential SAM
regeneration requirements is given by eqns (S.25) and
(S.26) (Table 5). However, if SAM is regenerated using
serine, and that serine is produced from sucrose, a different
range of SAM regeneration requirements arises [eqns (S.27)
and (S.28), Table 5].

MAINTENANCE

Once formed, lignin does not turnover, so maintenance of
previously formed lignin (i.e. ‘structure’ maintenance,
sensu Penning de Vries et al., 1974) is negligible. Proteins
catalysing reactions producing lignin, however, do presum-
ably require maintenance (i.e. ‘tool’ maintenance, sensu
Penning de Vries et al., 1974).

The tool maintenance rate depends on tool amounts and
turnover rates. It was assumed that the turnover rate of
proteins supporting lignin biosynthesis was related to lignin
biosynthesis rate, although data are lacking. It was also
assumed that the complement of proteins in cells changes in
response to both the genesis and cessation of lignin
biosynthesis. Both these assumptions imply changes in
protein (re)synthesis rates associated with lignin biosynth-
esis and are considered tool maintenance herein.

Assigning costs to tool maintenance associated with
lignin biosynthesis is hindered by lack of data, but
speculative values are included for completeness. It was
conjectured that 1 ATP per 4-coumaryl alcohol synthesized
and added to lignin is required for tool maintenance
(releasing 1 ADP plus 1 P;). Tool maintenance costs for
coniferyl alcohol- and sinapyl alcohol-based lignin were
obtained by simple ratios as follows. On average, about 50
reactions were associated with conversion of sucrose to
4-coumaryl alcohol (depending on which routes are used)
and then adding that monolignol to a lignin polymer (Figs
1-3). In contrast, about 75 and 100 reactions were
associated with biosynthesis of coniferyl and sinapyl
alcohols and addition of those monolignols to a lignin
polymer, respectively, assuming that SAM was regenerated
from serine and that serine was produced from sucrose via
PEP (Figs 1-4 and 6). Thus, the tool maintenance cost for
coniferyl alcohol-based lignin was assumed to be 1.5 ATP
per monolignol, and that for sinapyl alcohol-based lignin
was assumed to be 2.0 ATP per monolignol. These values
were used to represent possible differences in tool main-

685

tenance costs for addition of different monolignols to lignin
polymers.

NET INPUT-OUTPUT STOICHIOMETRIES OF
LIGNIN BIOSYNTHESIS

Net input—output stoichiometries for lignin biosynthesis
were obtained by summing all summary equations associ-
ated with a particular pathway of lignin biosynthesis,
accounting for proper multiples of those summary equations
[e.g. dividing eqn (S.27) by two if only one SAH needs to be
converted to SAM per monolignol]. Differences between
the most and the least efficient reaction set input—output
stoichiometries are given in Table 6; the differences
between equations for most (summary equation numbers
with suffix ‘a’) and least efficient (summary equation
numbers with suffix ‘b’) cases were due to different
pathways of carbon metabolism and lignin biosynthesis.
ATP requirements are one gauge of differences between
most and least efficient reaction sets for lignin biosynthesis,
as are differences in NADPH and NADH inputs and outputs
(see Table 6). For example, depending on the reaction set
chosen, 6-:5-16-5 ATP were required per coniferyl alcohol
molecule synthesized and then added to a growing lignin
polymer [eqns (5-31a)—(5-34b)]. The corresponding range of
net NADPH requirements was 0-3, whereas 1-5-2-0 NADH
were produced per coniferyl alcohol synthesized and added
to a lignin polymer.

RESPIRATION SUPPORTING LIGNIN
BIOSYNTHESIS

All the summary equations for lignin biosynthesis in Table 6
include inputs of ATP, and most include inputs of NADPH.
At the same time, they all show net reduction of NAD™ to
NADH (i.e. net NADH production). Production of ATP and
NADPH needed for input, and consumption (or use) of
NADH produced, must be included in calculations of net
sucrose requirements for lignin biosynthesis. In particular,
ATP and NADPH requirements can be met by respiratory
oxidation of additional sucrose, whereas the NADH formed
can be oxidized to produce ATP via mitochondrial electron
transport and ADP phosphorylation by the mitochondrial
H*-transporting ATP synthase (EC 3.6.1.34). Importantly,
use of NADH from the right-hand side of the summary
equations (Table 6) to produce ATP decreases the amount of
sucrose needed for ATP production.

ATP production from sucrose catabolism

When complete catabolism of sucrose by combined
action of glycolysis and the tricarboxylic acid (TCA) cycle
is coupled to mitochondrial electron transport and ADP
phosphorylation by the mitochondrial H*-transporting ATP
synthase, only ATP, H,O, CO, and heat are produced. Only
sucrose, ADP, P; and O, are consumed. The ratio of ATP
produced per sucrose consumed during complete catabolism
of sucrose by glycolysis and the TCA cycle is herein called
YATP.sucrose (Mol ATP produced per mole sucrose catabo-
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lized), and is defined by (adapted from Amthor, 1994,
2000):

YATP,sucrose = (12 - 2l - 2f) + [(1 - S)(CI 16 I—I+I +
CrLIv 24 H+III,IV) - 8]/(1 + H+ATP)

for (1 —s)(cy 16 H* + cppv 24 HYypy) = 8 (1)

where i is the fraction, [0—1], of sucrose cleaved by invertase
[the fraction (1-i) is cleaved by sucrose synthase] (see
Fig. 1); fis the fraction (0-1) of fructose 6-P phosphorylated
by 6-phosphofructokinase [the fraction (1-f) is phosphoryl-
ated by PP;-fructose-6-P 1-phosphotransferase] (see Fig. 1);
the term (12 — 2i — 2f) is the number of ATP molecules
produced in substrate-level phosphorylations per sucrose
oxidized (including 4 ATP in the TCA cycle in the
mitochondrial matrix); s is the fraction (0-1) of protons
pumped into the mitochondrial intermembrane space by the
respiratory chain that re-enter the mitochondrial matrix
through membrane °‘leaks’; c¢; is the fraction (0-1) of
electrons from matrix NADH that pass through the NADH
dehydrogenase called Complex I (EC 1.6.5.3) [the fraction
(1—cy) pass through the second matrix-facing NADH
dehydrogenase, which does not pump protons into the
intermembrane space, but all electrons passing through
either Complex I or the second matrix-facing dehydrogen-
ase reduce ubiquinone to ubiquinol]; 16 is the number of
NADH molecules formed from NAD* in the TCA cycle (in
the mitochondrial matrix) per sucrose (i.e. 4 NADH per
pyruvate X 4 pyruvate per sucrose); H*| is the number of
protons pumped into the intermembrane space when a pair
of electrons from NADH passes through Complex I (one
electron pair per NADH); cyy v is the fraction (0-1) of
electrons that move from ubiquinol through Complexes III
(EC 1.10.2.2) and IV (EC 1.9.3.1), joined by reduction and
oxidation of cytochrome c, to O, forming H,O [the fraction
(1-cpy,1v) move from ubiquinol to O, via the mitochondrial
alternative oxidase, also forming H,O, but not pumping
protons into the intermembrane space]; 24 is the number of
cytosolic plus mitochondrial NADH and mitochondrial
FADH, molecules formed from NAD* and FAD, respect-
ively, per sucrose catabolized; H*yyv is the number of
protons pumped into the intermembrane space when a pair
of electrons from ubiquinol passes through both Complexes
IIT and IV (one electron pair per ubiquinol); 8 is the number
of protons that move back into the matrix along with P; (H*-
P; symport) to support substrate-level ADP phosphoryla-
tions in the matrix and along with pyruvate (H*-pyruvate
symport supplying the TCA cycle with substrate) (4 with P;
plus 4 with pyruvate per sucrose oxidized); 1 in the
denominator represents the proton entering the matrix via
H*-P; symport with each P; used for ADP phosphorylation
by the mitochondrial H*-transporting ATP synthase; and
H* o1p represents the number of protons moving through the
mitochondrial H*-transporting ATP synthase per ADP
phosphorylated. It is noted that ADP phosphorylation
catalysed by ATP synthase may be spontaneous (i.e. may
occur without major energy input); the energy supplied by
proton flux through the ATP synthase is used to dislodge the
resulting ATP from the enzyme so that additional ADP can
be bound by the enzyme and then phosphorylated (Boyer,
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1993). Use of eqn (1) assumes that PP; is freely available if
either i or f are less than unity.

Parameter values in eqn (1) (i.e. i, f, s, ¢1, v, Hmy
and H* ,1p) are somewhat uncertain. Available data indicate
that H*; is 4 protons per electron pair, H*p v may be 6
protons per electron pair, and H*51p is 3 protons per ADP
(Nicholls and Ferguson, 1992; Haraux and de
Kouchkovsky, 1998). The maximum value of Yarp sucrose
is obtained with i, fand s each equal to zero, and with both ¢;
and cqp v equal to unity. In that case (and with H*y = 4,
H*nrrv = 6 and H* atp = 3), Yatp sucrose = 62 (or 31 ATP per
hexose). With i and fboth equal to unity, and other values as
above, YaTpsucrose = 98 (or 29 ATP per hexose). The
minimum value of Yarpsucrose 15 12 ATP per sucrose,
according to eqn (1). In all uses of eqn (1) herein, i = 0-5,
f: 05, S = O, Ccp = l, v = 1, H+1 = 4, H+HT,TV =6 and
H*A1p =3, 50 YATP sucrose = 60 ATP per sucrose. Conversely,
all earlier analyses of (potential) efficiency of lignin
biosynthesis used ratios of 36 or 37 ATP per hexose (i.e.
the equivalent of Yarp sucrose = 72 Or 74), based on earlier
estimates of ATP yield from respiration [e.g. cf. Stryer
(1981) to Stryer (1995)].

The amount of CO; released during sucrose catabolism to
produce each ATP is given by 12/YA1p sucrose- The amount
of O, consumed during sucrose catabolism to produce each
ATP is also given by 12/Yatpsucroses» and 2 H,O are
produced per O, consumed.

Futile cycles of ATP production and use (e.g. Torres et al.,
1995) would reduce the ‘effective’ Yatpsucrose- Whether
futile cycle activity is associated with lignin biosynthesis is
unknown, and is not considered in this analysis.

ATP production from NADH oxidation

All pathways of lignin biosynthesis summarized in
Table 6 resulted in net reduction of NAD* to NADH. All
NADH was formed in plastids or cytosol. Cytosolic NADH
was assumed to have free access to the cytosol-facing
NADH dehydrogenase on/in the inner mitochondrial mem-
brane (Siedow and Umbach, 1995). The plastidic NADH
was also assumed to have free access to mitochondria,
through the cytosol, via a plastidic NAD*/NADH shuttle.
Hence, all the NADH that appeared on the right-hand side of
equations in Table 6 can drive ATP production (from ADP
and P;) according to the stoichiometry:

Yarp.eytnapn = (1 = s)(cupry Hrw)/(1 + Harp)  (2)
where Yarpcyinapu 1S the ratio of ATP formed per
cytosolic NADH oxidized.

With parameter values as above, Yarp cy.NADH Can range
from 0 to 1-5 ATP formed per NADH oxidized. The
minimum value would occur if either all protons pumped
out of the mitochondrial matrix re-entered the matrix
through inner-membrane leaks (i.e. s = 1) or if all electrons
reducing ubiquinone were transferred to the alternative
oxidase (i.e. cyprv = 0), both of which are unlikely. The
maximum value of 1.5 ATP per NADH was used in this
analysis except for one special case described later. All
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NADH involved is oxidized to NAD*. One-half O, is
consumed, and 1 H,O is produced, per NADH oxidized.

ATP production from NADPH oxidation

In one case (i.e. 4-coumaryl alcohol-based lignin
biosynthesis via tyrosine), net NADPH production occurred
[egn (S.29a) in Table 6]. The NADPH was formed in a
plastid and could gain access to the cytosol via an NADP*/
NADPH shuttle. In this case, the NADPH could drive ATP
production (from ADP and P;) if it was oxidized by the
cytosol-facing NADPH dehydrogenase on/in the inner
mitochondrial membrane, which may be the same enzyme
that oxidizes cytosolic NADH. The stoichiometry is the
same as that for cytosolic NADH oxidation:

Y ATP,cyt-NADPH = (I = s)(ermv Hopv)/(1 + Hrap) - (3)

where Yarpcyinappu 1S the ratio of ATP formed per
cytosolic NADPH oxidized.

The range of possible values is again 0 to 1-5 ATP per
NADPH (as for NADH), and the maximum value of 1-5
ATP per NADPH was used in this analysis. All NADPH
involved is oxidized to NADP*. One-half O, is consumed,
and 1 H,O is produced, per NADPH oxidized.

NADPH production from sucrose catabolism

In all Table 6 summary equations except eqns (S.29)-
(S.31), NADPH is required as input for lignin biosynthesis.
It is convenient to assume that such NADPH is produced by
a closed cycle of the OPPP. Beginning with glucose 6-P,
operation of the OPPP in a closed cycle can be summarized
as (see Beevers, 1961, p. 33):

6 glucose 6-P + 12 NADP* + 6 H,O —
5 glucose 6-P + 12 NADPH + P; + 6 CO,

The glucose 6-P required as input can be produced from
sucrose as summarized by the following:

0-5 sucrose + i ATP + 0-5(1 — i)PP; + 0-5 i H,O —
glucose 6-P + i ADP

where, as above, i is the fraction (0—1) of sucrose cleaved by
invertase [the fraction (1-i) is cleaved by sucrose synthase]
(see Fig. 1). By combining these two equations, net
production of NADPH from sucrose can be written:

12 NADP* + 0-5 sucrose + i ATP +
0-5(1 = )PP; + (6 + 0-5 HH,0 —
12 NADPH + i ADP + P; + 6 CO,

Thus, for every NADPH produced, 1/24 sucrose, i/12 ATP,
(1 — i)/24 PP; and (0-5 + i/24) H,O are consumed. At the
same time, i/12 ADP, 1/12 P; and 0-5 CO, are produced as
by-products.

NET SUCROSE INPUT PER UNIT LIGNIN
FORMED

To estimate possible net stoichiometries between sucrose
consumption and lignin biosynthesis, the values chosen
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above for Yarpsucrose> YATP.cyt-NADHs YATPcyi-NaDPH and
YNADPH sucrose Were substituted into the summary equations

in Table 6 (Table 7). The resulting ratios of sucrose
consumed per unit of lignin formed varied between the three
monolignols and between the pathways used to produce
each monolignol and then add that monolignol to a growing
lignin polymer [e.g. cf. eqns (S.39a) and (S.46b) in Table 7].
The most efficient reaction sets for lignin biosynthesis
excluded the metabolic cost of monolignol transport to the
apoplast and net metabolic cost of polymerization (aside
from tool maintenance cost). In all cases, the conjectured
tool maintenance costs were small fractions of total lignin
biosynthesis costs. Depending on the monolignol involved,
and the reaction set used for conversion of sucrose to lignin,
between 0-975 and 1-724 mol sucrose were consumed per
mole monolignol formed and then added to a growing lignin
polymer (Table 7). The sucrose requirement increased as the
size of the monolignol (i.e. either 9, 10 or 11 carbon atoms)
increased.

For lignin derived from 4-coumaryl alcohol and coniferyl
alcohol, the most efficient reaction sets for biosynthesis
included PP; inputs (all reactions sets involving sinapyl
alcohol were net producers of PP;). For these reaction sets to
be valid, PP; must be ‘freely’ available from other areas of
metabolism. If it is not, small additional inputs of ATP (and
therefore sucrose) would be required.

One special case was the ‘overproduction’ of ATP from
an excess of NADH and NADPH production [eqn (S.29a) in
Table 6]. Specifically, the NADH and NADPH produced by
that reaction set supplied more ATP than was needed by the
reaction set. In that case, the ‘extra’ ATP was converted
back to sucrose and subtracted from the sucrose input
requirement. This does not imply that the extra ATP was
used to produce sucrose, but rather that the extra ATP could
be used in other biosynthetic reactions at the same place and
time (including production of other monolignols) and those
other reactions would therefore require less sucrose. This
might be important when concomitant biosynthesis of
several macromolecules is considered (see Penning de
Vries et al., 1974). But if a general excess of NAD(P)H
production occurs (which may be unlikely; Penning de
Vries et al., 1974), engagement of the alternative oxidase or
other changes in respiration, such as increased passive
proton leakage through the inner mitochondrial membrane
or engagement of the matrix NADH dehydrogenase bypass-
ing Complex I, could operate to oxidize NAD(P)H with
reduced yield of ATP, thus reducing values of Yatp sucrose
Yatpcyi-napa and Yartpcyenappu. In that case, the sucrose
requirement for lignin biosynthesis from 4-coumaryl alco-
hol via tyrosine increased from 0-975 sucrose per lignin
residue [eqn (S.39a)] to 1-000 sucrose per lignin residue
[eqn (S.392")].

The fraction of carbon in the substrate (either sucrose or
sucrose plus methanol) used for lignin biosynthesis that was
retained in the resulting lignin was estimated directly from
carbon contents of sucrose (and methanol) and hydroxy-
phenyl, guaiacyl and syringyl residues in lignin. That
fraction declined as the number of carbon atoms in the
lignin residue increased from nine to 11 when using the
most efficient reaction sets (Fig. 7; Table 7). The same result
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TABLE 7. Ranges of net sucrose consumption for lignin biosynthesis according to reaction sets considered in this analysis
(omitting exchanges of H,O)

Energy

No.* Summary equation ‘RQ’ C retention retention®
Using 4-coumaryl alcohol (via tyrosine)

S.39a 0-975 Sucrose + 1-450 O, + lignin,, + PP; —  lignin,,; + 2-700 CO, + 2 P; 1-86 0-769 0-816

S.39a’%  1.000 Sucrose + 1-750 O, + lignin, + PP; —  lignin,,; + 3-:000 CO, + 2 P; 171 0-750 0-796

S.39b  1-104 Sucrose + 3-000 O, + lignin, + 4 P; —  lignin,,; + 4250 CO, + 2 PP; 142 0-679 0-721
Using 4-coumaryl alcohol (via phenylalanine)

S.40a  1-025 Sucrose + 2:050 O, + lignin,, + PP; —  lignin,; + 3:300 CO, + 2 P; 1-61 0-732 0-777

S.40b  1-154 Sucrose + 3-600 O, + lignin, + 4 P; —  lignin,,; + 4-850 CO, + 2 PP; 1-35 0-650 0-690
Using coniferyl alcohol (via tyrosine; SAM regeneration from serine)

S.41la  1-183 Sucrose + 2:950 O, + lignin, + 0-375 PP; —  lignin,,; + 4-200 CO, + 0-75 P; 1-42 0-704 0-745

S.41b  1-354 Sucrose + 5-000 O, + lignin, + 8 P; — lignin,,; + 6-250 CO, + 4 PP; 1-25 0-615 0-651
Using coniferyl alcohol (via phenylalanine; SAM regeneration from serine)

S.42a  1-268 Sucrose + 3-967 O, + lignin, + 0-417 PP; lignin,,; + 5217 CO, + 0-833 P; 1.32 0-657 0-695

S.42b  1-439 Sucrose + 6-017 O, + lignin, + 7917 P; lignin,,; + 7267 CO, + 3-958 PP; 1-21 0-579 0-612
Using coniferyl alcohol (via tyrosine; SAM regeneration from formate)

S.43a  1:117 Sucrose + methanol + 3-658 O, + lignin, + 0-021 PP; —  lignin,,; + 4-408 CO, + 0-042 P; 121 0-694 0-703

S.43b 1-280 Sucrose + methanol + 5-608 O, + lignin, + 7-958 P; —  lignin,,; + 6-:358 CO, + 3-979 PP; 113 0-611 0-622
Using coniferyl alcohol (via phenylalanine; SAM regeneration from formate)

S.44a  1-202 Sucrose + methanol + 4-675 O, + lignin,, + 0-063 PP; —  lignin,,; + 5:425 CO, + 0-125 P; 0-648 0-659

S.44b 1-365 Sucrose + methanol + 6-625 O, + lignin, + 7-875 P; —  lignin,,; + 7-375 CO, + 3-938 PP; 0-575 0-587
Using sinapyl alcohol (via tyrosine; SAM regeneration from serine)

S.45a  1-426 Sucrose + 4-867 O, + lignin, + 0-417 P; —  lignin,,; + 6:117 CO, + 0-208 PP;  1-26 0-643 0-678

S.45b 1-639 Sucrose + 7-417 O, + lignin, + 11-917 P; lignin,,; + 8-667 CO, + 5958 PP; 1-17 0-559 0-589
Using sinapyl alcohol (via phenylalanine; SAM regeneration from serine)

S.46a  1-511 Sucrose + 5-883 O, + lignin, + 0-333 P; lignin,,; + 7-133 CO, + 0-167 PP; 1-21 0-607 0-639

S.46b  1.724 Sucrose + 8433 O, + lignin, + 11-833 P; —  lignin,y + 9:683 CO, + 5917 PP;  1-15 0-532 0-560
Using sinapyl alcohol (via tyrosine; SAM regeneration from formate)

S.47a 1-294 Sucrose + 2 methanol + 6-283 O, + lignin, + 1-833 P; — lignin,,; + 6-533 CO, + 0917 PP; 1-04 0-628 0-617

S.47b  1-490 Sucrose + 2 methanol + 8:633 O, + lignin, + 11.833 P; — lignin,,; + 8-:883 CO, + 5917 PP; 1.03 0-553 0-549
Using sinapyl alcohol (via phenylalanine; SAM regeneration from formate)

S.48a 1-379 Sucrose + 2 methanol + 7-300 O, + lignin, + 1750 P; — lignin,,; + 7-550 CO, + 0-875 PP; 1.03 0-593 0-586

S.48b  1:575 Sucrose + 2 methanol + 9-650 O, + lignin, + 11-750 P; —  lignin,,; + 9-900 CO, + 5-875 PP; 1.03 0-526 0-523

These equations correspond to the summary equations in Table 6. Equation numbers with suffix ‘a’ indicate most efficient pathways, whereas
summary equations with suffix ‘b’ indicate least efficient pathways, for reaction sets shown in Figs 1-5. ‘Lignin,’ indicates a lignin polymer
composed of n monolignol residues. PP; is assumed to be freely available when shown as an input. When net PP; production occurs, some additional
carbon and energy retention may occur at the whole plant level if that PP; is usefully used (e.g. in the place of ATP for active transport processes). All
input requirements (or net production) of ATP, NADH, and NADPH were converted to appropriate inputs of sucrose and O, and outputs of CO,. ‘RQ’

is the ratio of CO, released : O, consumed, and is analogous to respiratory quotient.

* Summary equation numbers (No.) are used elsewhere in analysis.

 Based on heats of combustion of 5-641, 0-7645, 4-49, 4.97 and 5-45 MJ mol-! for sucrose, methanol, hydroxyphenyl residue, guaiacyl residue and

syringyl residue, respectively (Table 1).

¥ Net NAD(P)H produced in excess of that needed to produce ATP was oxidized by the alternative oxidase (i.e. without H* translocation across the

inner membranes of mitochondria and the opportunity for ATP synthesis).

occurred when least efficient reaction sets were used (Fig. 8;
Table 7). When lignin was produced from sucrose only (no
methanol input), and most efficient reaction sets were used,
the energy retention during biosynthesis was significantly
greater than the carbon retention (Fig. 7), but this difference
was reduced when SAM regeneration involved formate
derived from methanol (Table 7). Lignin biosynthesis was
potentially less efficient when both sucrose and methanol
were used as substrates (compared with using only sucrose),
but the use of methanol reflected the recovery or retention of
carbon that would otherwise presumably have been lost
from the plant to the atmosphere. That recovery of methanol
would therefore reduce total photosynthesis needed to
synthesize a unit of lignin (i.e. a smaller sucrose input would
be needed even though the total carbon input is greater).
Determination of whether sufficient methanol could be

available to meet a significant fraction of the SAM
regeneration needed for lignin biosynthesis in a given
plant is beyond the scope of this study. Assuming efficient
respiration and accounting for different pathways that could
be used to synthesize monolignols and then add them to a
growing lignin polymer, between 52:6 and 76:9 % of the
carbon in the substrate(s) of lignin biosynthesis was retained
in the end product (Table 7). The range for energy retention
was even larger, at between 523 and 81-6 % (Table 7).

DISCUSSION

Lignins are expensive to synthesize from sucrose. They are
more reduced than other major fractions of phytomass
(which is reflected in their high carbon concentrations;
Table 1) and the biosynthesis of coniferyl and sinapyl
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F1G. 7. Efficiency of biosynthesis of fractions of lignins associated with
the three main monolignol residues containing nine (hydroxyphenol), 10
(guaiacyl) or 11 (syringyl) carbon atoms per residue when the most
efficient reaction sets of biosynthesis were used. Efficiency was
quantified by the retention of carbon (solid lines) and energy (dashed
lines) in lignin per unit carbon (or energy) contained in the sucrose
substrate of lignin biosynthesis (Table 7) (reaction sets including
methanol as cosubstrate were not considered here). Energy retention was
larger than carbon retention because lignins are more reduced (more
energy per carbon atom) than sucrose. All calculations were based on
YAtp sucrose = 60 ATP per sucrose, Yarpcyinapu = 1-5 ATP formed per
NADH oxidized, and Yarpcynappy = 1-5 ATP formed per NADPH
oxidized.

alcohols involves one and two methoxylation reactions,
respectively, which in turn involve inputs of carbon and
energy.

No single ratio of sucrose consumed per unit lignin
formed can be derived from present knowledge because:
(1) lignins are composed of variable mixtures of mono-
lignols; (2) different pathways with different metabolic
requirements can produce each of the three main mono-
lignols; (3) different possibilities for monolignol storage,
mechanisms of monolignol transport to apoplast and
polymerization reactions required to add monolignols to
growing lignin polymers exist; and (4) there may be
considerable flexibility in efficiency of respiration supply-
ing ATP and NADPH needed for lignin biosynthesis. As a
result, even if the efficiency of respiration were constant, the
ranges of the fraction of carbon (or energy) in the substrates
of lignin biosynthesis that can be retained in the end product
(a lignin polymer) are large. This implies that before
estimates of the substrate requirement of lignin biosynthesis
can be applied to any particular circumstance, information
about the composition of the lignin involved, and the
pathways used to synthesize that lignin, must be obtained.
For example, based on the reaction sets considered in this
analysis, the possible efficiency of lignin biosynthesis from
coniferyl alcohol (derived exclusively from sucrose via
phenylalanine, and with efficient respiration) would be
somewhere within the range 0-579-0-657 mol C (mol C)!
(Table 7), but from available measurements of plant growth,
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F1G. 8. Efficiency of biosynthesis of fractions of lignins associated with
the three main monolignol residues containing nine (hydroxyphenol), 10
(guaiacyl) or 11 (syringyl) carbon atoms per residue when the most
efficient (solid lines) and the least efficient (dashed lines) reaction sets of
biosynthesis were compared. Efficiency was quantified by the retention
of carbon in lignin per unit carbon contained in the sucrose substrate of
lignin biosynthesis (Table 7) (reaction sets including methanol as
cosubstrate were not considered here). All calculations were based on
Yatp,sucrose = 60 ATP per sucrose, Yarpcyi-napu = 1-5 ATP formed per
NADH oxidized, and Yartpcyinappa = 1-5 ATP formed per NADPH
oxidized.

composition and respiration, it would be impossible to
determine where inside that range actual plant lignin
biosynthesis from coniferyl alcohol occurs, or even if it
occurs within that range at all. Nonetheless, clear differ-
ences in potential efficiency of lignin biosynthesis from
each of the three main monolignols are apparent (Figs 7 and
8).

If other factors are equal, the efficiency of producing
lignin is greater via tyrosine than it is via phenylalanine
(Figs 7 and 8). The tyrosine pathway appears to be limited to
monocots, but if it could be introduced into other plants then
the efficiency of their lignin biosynthesis might be
improved. For example, the maximum efficiency of lignin
biosynthesis from coniferyl alcohol (derived from sucrose
only) via tyrosine is more than 7 % greater in terms of both
carbon retention and energy retention than it is via
phenylalanine (Table 7). The unanswered question is: why
do only monocots take advantage of this considerable
increase in the amount of lignin that can be produced from a
unit of photosynthate?

Previously published estimates of the cost of lignin
biosynthesis

Four estimates of the mass of glucose required to
synthesize 1-0 g lignin (i.e. the ‘glucose requirement’)
composed mainly of guaiacyl residues were published
between 1974 and 1984, with values ranging from 1-897 to
2-320 g glucose g! lignin (Table 8). Later, Williams er al.



Amthor — Efficiency of Lignin Biosynthesis: a Quantitative Analysis 691

TABLE 8. Prior and present estimates of substrate requirements for lignin biosynthesis in higher plants

Glucose requirement [g glucose (g lignin)~']

Lignin residue:

Hydroxyphenyl Guaiacyl Syringyl Notes Reference
Previously published estimates
2-104 1,2,3 Penning de Vries et al. (1974)
1.897* 1,2, 4 Chung and Barnes (1977)
2-119 1,5 Penning de Vries et al. (1983)
2-320% 1,2, 4 Merino et al. (1984)
2431 2-488 2-528 4,6 Williams et al. (1987)
1-867 1-811 1-770 4,6,7 Thornley and Johnson (1990)
2-078 1-981 1-912 8 Thornley and Johnson (1990)

This analysis with most efficient pathways of biosynthesis and options for polymerization, and high efficiency of respiration

2-353 2:377 2-454 Via tyrosine, 9
2413 Via tyrosine, 9, 10
2473 2547 2-600 Via phenylalanine, 9

This analysis with least efficient pathways of biosynthesis and options for polymerization, but high efficiency of respiration
2664 2-720 2-820 Via tyrosine, 9
2784 2-891 2967 Via phenylalanine, 9

Values shown are grams of glucose required for the biosynthesis of 1-0 g of lignin using the indicated lignin residues. For the present analysis, it
was assumed that 1-0 mol sucrose is equivalent to 2-0 mol glucose (180 g mol™!) to provide direct comparisons between the present analysis and
previous publications.

Notes:

(1) Based on 37 ATP produced during complete respiratory oxidation of 1 glucose (i.e. the equivalent of Ya1p sucrose = 74 ATP per sucrose).

(2) Includes ATP cost of glucose import into a cell.

(3) Calculated from Table 6 in Penning de Vries et al. (1974), using the ratio 0-166 g glucose per 0-08 g lignin for carbon skeleton production (i.e.
from ‘PV’ in Penning de Vries et al., 1974). The production of 0-00034 mol NADH during biosynthesis of 0-08 g lignin was assumed, and that such
NADH was oxidized to produce 0-00102 mol ATP (i.e. Yarpcynapu = 3 ATP per NADH). The total ATP requirement for biosynthesis of 0-08 g
lignin was 0-00150 mol, so an additional (i.e. in addition to that produced during oxidation of the NADH formed) 0-00048 mol ATP was needed from
oxidation of glucose, meaning that an additional 0-002335 g glucose was oxidized to CO, (assuming the ratio 37 ATP formed per glucose oxidized),
for a total glucose requirement of 0-1683 g glucose per 0-08 g lignin.

(4) May exclude tool maintenance cost.

(5) Cost of glucose uptake into a cell was excluded to allow a direct comparison to present results.

(6) Based on 36 ATP produced during complete respiratory oxidation of 1 glucose (i.e. the equivalent of Ya1p sucrose = 72 ATP per sucrose).

(7) Assumes that polymerization reactions produce NADH. Also, Thornley and Johnson (1990) added an oxygen atom to each alcohol monomer
during polymerization rather than removing a hydrogen atom, so their estimates of the molecular masses of the lignin residues exceeds that shown in

Table 1 and used in other analyses (e.g. in Williams et al., 1987).

(8) Recalculated from Thornley and Johnson (1990) based on lignin residue molecular masses in Table 1.
(9) Biosynthesis from sucrose only; no input of methanol. With Yarpsucrose = 60-0 ATP per sucrose, Yarpcyinapa = 1-5 ATP per NADH, and

Yatpcyt-nappa = 1-5 ATP per NADPH.

(10) NADH and NADPH produced in excess of that required to provide needed ATP was oxidized without producing ATP (i.e. oxidized via the

alternative oxidase).
* Spruce lignin.

(1987) and Thornley and Johnson (1990) produced esti-
mates for lignin synthesized from all three of the main
monolignols, with an even larger range of values for
guaiacyl-based lignin (i.e. 1-811-2-488 g glucose g~! lignin;
Table 8).

Williams et al. (1987) estimated that the mass-based cost
of lignin biosynthesis increased with molecular mass of the
lignin monomer, whereas Thornley and Johnson (1990)
calculated that the mass-based cost of biosynthesis
decreased with increasing monomer molecular mass
(Table 8). The present analysis indicates that the mass-
based cost does increase with increasing molecular mass of
the monomer, in agreement with the result of Williams et al.
(1987).

This analysis differs from all previously published values
of the cost of synthesizing lignin because up-to-date
considerations of the efficiency of ATP production in
respiration were used. This resulted in a smaller amount of
ATP produced from ADP and P; per unit of sucrose (or

glucose) oxidized. In addition, different reactions were used
in the present analysis to regenerate glutamate and assimi-
late NH; compared with those used in previous analyses,
and estimates of tool maintenance costs were made explicit
in the present analysis. The present analysis also explicitly
compared costs of lignin biosynthesis via tyrosine vs.
phenylalanine. Moreover, it considered alternative path-
ways and reactions of SAM regeneration and lignin storage,
transport and polymerization. All these factors contributed
to differences in results between the present and previous
studies. In addition, the present analysis produced a range of
estimates, rather than a single value, for the cost of lignin
biosynthesis for each monolignol.

According to the present analysis, glucose requirements
for lignin biosynthesis (based on an equivalency of
2 glucose per sucrose) using the most efficient pathways
thought to be associated with lignin biosynthesis were
similar to glucose requirements estimated by Williams et al.
(1987) (Table 8). This was the case in spite of a number of
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improvements in the present analysis, including lower
values of YAtp sucrose (OF the ‘equivalent’ yield of ATP from
glucose oxidation) and the use of GS/GOGAT instead of
GDH to regenerate glutamate from 2-oxoglutarate and NHj;.
Costs of tool maintenance (though speculative) and
polymerization were included in the present analysis, but
were apparently excluded from the analysis of Williams
et al. (1987). The present analysis also explicitly compared
substrate requirements for lignin biosynthesis via phenyla-
lanine with tyrosine, whereas Williams et al. (1987) stated
that ‘values for alternate pathways were averaged’, but did
not specify whether both pathways were considered for
lignin biosynthesis, or whether only the phenylalanine
pathway was used.

In contrast to the general agreement between the end
result of the present analysis and the results of Williams
et al. (1987), glucose requirements for lignin biosynthesis
derived from the present study were considerably larger
than values given by Thornley and Johnson (1990), even
after comparing results on the basis of identical monolignol
residues (Table 8). Thornley and Johnson (1990) assumed
that monolignol polymerization produced NADH (one per
monomer residue), whereas the present analysis assumed
that in the most efficient case polymerization neither
produced nor consumed NADH. In less efficient, but
physiologically possible and perhaps probable cases, the
present analysis implied that polymerization requires input
of NADH and/or ATP, which increases the overall cost of
lignin biosynthesis compared with the calculations of
Thornley and Johnson (1990). The inclusion of tool
maintenance costs in this analysis accounted for only a
small part of the difference between the present estimates
and those of Thornley and Johnson (1990). The large
differences between results of the present analysis and those
of Thornley and Johnson (1990) that occurred for guaiacyl-
and syringyl-based lignins (Table 8) were due, in the most
part, to what may have been overly efficient methoxylation
reactions assumed by Thornley and Johnson (1990). In
particular, glucose requirements for lignin biosynthesis
(mass per mass) declined as the number of carbon atoms per
lignin residue increased in the Thornley and Johnson (1990)
analysis because they assumed that methoxylation resulted
in a net production of reductant, with no ATP requirement,
and the net gain in monolignol mass was greater than the
increase in glucose requirement as monolignol size
increased. In the present analysis, SAM regeneration
required significant ATP input [eqns (S.25)—(S.28)], and
the substrate requirements (their mass) for methoxylation
exceeded the mass increase in monolignols resulting from
methoxylation.

According to the present analysis, when the most costly
(i.e. least efficient) pathways thought to be active in plants
were used, glucose requirements for lignin biosynthesis
were significantly larger than glucose requirements esti-
mated in all previously published studies (Table 8). The
difference between present results based on most costly
pathways and previous analyses may be important because
the most costly pathways included in the present analysis
were derived from reaction sets that are thought to occur in
plants. The most costly reaction sets considered in the
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present analysis might therefore be as close, or closer, to
actual (as opposed to minimum potential) costs of lignin
biosynthesis in plants as the most efficient reaction sets
considered.

Improving efficiency of lignin biosynthesis

This analysis indicates possibilities for improving the
efficiency of lignin biosynthesis. Two approaches can be
distinguished. One is to increase the fraction of lignin
synthesized from p-coumaryl alcohol (and coniferyl alcohol
respective to sinapyl alcohol). The other is to improve the
efficiency of producing a given monolignol and/or adding it
to a growing lignin polymer.

Increasing the fraction of lignin derived from p-coumaryl
(and coniferyl) alcohol could be successful if the function-
ing of lignin is not reduced by such a change in composition.
Data currently available do not allow a quantitative
assessment of the relationship between lignin composition
and function.

Increasing the potential efficiency of synthesizing a given
monolignol would require a change in the pathways
considered in this analysis, whereas a change in the actual
efficiency might be obtained by changing actual pathways to
the most efficient considered in this analysis if actual
biosynthesis does not now follow the most efficient
pathways considered herein.

One possibility for improving potential efficiency of
lignin biosynthesis involves altering 2-oxoglutarate recyc-
ling. As outlined above, 2-oxoglutarate recycling is prob-
ably catalysed by GS/GOGAT, although GDH could
potentially perform the same function more efficiently.
For example, if GDH replaced GS/GOGAT during
biosynthesis of coniferyl alcohol (via phenylalanine) and
that monolignol was added to a growing lignin polymer, the
potential efficiency of carbon retention associated with that
monolignol would increase from 0-657 [see eqn (S.42a)] to
0-670 (a 2-0 % increase). In other terms, energy retention
would increase from 0-695 to 0-709, and a requirement of
1268 sucrose per coniferyl alcohol-based monomer added
to lignin would decline to 1-243 sucrose. These calculations
involved replacing GS/GOGAT activity with GDH activity
during biosynthesis of arogenate (Fig. 2) and serine (Fig. 6).
Such an increase in efficiency of lignin biosynthesis (though
small) might be obtained through bioengineering for
activity of GDH in preference to GS/GOGAT for 2-
oxoglutarate recycling when secondary cell wall growth
occurs. All other (i.e. non-lignin) synthetic activities
involving 2-oxoglutarate recycling would also benefit
from such bioengineering, at least from a biosynthetic
efficiency viewpoint and as long as such GDH activity was
free of detrimental consequences for plant growth and
health.

Another possibility of a changed reaction contributing to
improved potential efficiency of lignin biosynthesis would
be the use of NADH rather than NADPH by 5,10-
methylene-THF reductase (EC 1.5.1.20) (Fig. 4). In this
analysis it was assumed that NADPH was used, but NADH
could also be the reductant. When use of NADPH was
replaced by NADH use, the efficiency of biosynthesis of
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coniferyl alcohol-based lignin produced via phenylalanine
and using serine to regenerate SAM increased from 0-657 to
0-666 mol C (mol C)! (slightly more than 1 %).

Because the actual pathways used during lignin biosynth-
esis (among the alternative pathways considered in this
analysis) are unknown, it is currently impossible to estimate
the scope for improvement in the efficiency of lignin
biosynthesis by changing actual pathways to more efficient
pathways included in Figs 1-4. One exception is lignin
biosynthesis via the tyrosine pathway, which is presumably
limited to monocots, compared with the phenylalanine
pathway (Fig. 2). If use of the tyrosine pathway for lignin
biosynthesis was introduced into non-monocots, assuming
that this was accomplished without detriment to the plant
(e.g. through phenylalanine deficiency), lignin biosynthesis
might be more efficient.

Lignin polymerization should be more efficient if
catalysed by laccase compared with peroxidase (0-5
NADH per monolignol in this analysis). Thus, if peroxidase
is involved in actual lignin polymerization, maximum
efficiency might not be obtained, and a small gain in
biosynthetic efficiency might be realized if plants were
selected for laccase-mediated polymerization.

Penning de Vries et al. (1974) noted that the efficiency of
biosynthesis of ‘standard plant biomass’ is hardly affected
by the P : O ratio (the number of ADP molecules
phosphorylated per NADH molecule oxidized by mitochon-
dria) in the range of two to three. In this analysis a
comparison was made between biosynthetic efficiency with
and without activity of the alternative oxidase. For example,
for lignin biosynthesis summarized by eqn (S.42b) (Table 7),
which excludes any alternative pathway activity but which
uses the most costly pathways of biosynthesis, carbon
retention during lignin biosynthesis from sucrose was
579 %, and 1-439 mol sucrose were consumed per mole
monolignol synthesized and added to a lignin polymer.
(Effects of alternative oxidase activity on biosynthetic
efficiency are larger, with more costly pathways of
biosynthesis, compared with more efficient pathways of
biosynthesis.) Using the same pathways of biosynthesis and
respiration, but with all electrons in the respiratory chain
transferred to the alternative oxidase (i.e. cypyy = O,
Yatpsucrose = 24 ATP per sucrose, Yatpcynapu = 0),
carbon retention declined to 444 % and the sucrose
requirement increased to 1-878 mol sucrose (mol
monolignol)-!, an increase in sucrose requirement of nearly
31 %. Thus, alternative oxidase activity had a larger effect
on YAtp sucrose a0d Yatp cyi-napu than on efficiency of lignin
biosynthesis, though the effect on biosynthesis was consid-
erable.

CONCLUSIONS

Present theoretical (biochemical pathway-based) estimates
of the efficiency of lignin biosynthesis are less than most
previously published values (i.e. the cost of producing lignin
may exceed previously published estimates). The present
analysis indicates that a broad range of possible efficiencies
of lignin biosynthesis exists; there may be no general value
of the ‘cost’ of lignin biosynthesis. The relative in situ
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activity of alternative reactions and pathways potentially
associated with lignin biosynthesis will need to be better
characterized before more precise (or more certain) values
than those derived in the present study can be given for the
efficiency of lignin biosynthesis. Until that time, the ranges
of values associated with each monolignol derived in this
analysis, accounting for the possible activity of the tyrosine
pathway in monocots but not in other plants, will need to be
used. Such use should be judicious when applied to
quantitative estimates of plant growth costs or respiration
(i.e. CO, release or O, uptake) amounts associated with
lignin biosynthesis.
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