(1)
sEkE | e (0 omo ) ﬁg Pingping Ji

Studies on Metabolic Engineering Approaches to Manipulate Lignin Aromatic
ww L H | Composition in Grasses (A X FHEMICI T D U 7 =0 O F5FEHEARK % il
HT 20O LFHT 7o —FICET 5iF58)

G XHNBEDEE)

Lignin, a complex aromatic biopolymer produced in the secondary cell walls of vascular
plants, is a key recalcitrant component of lignocellulosic biomass. In general, lignins
produced by gymnosperms and eudicots are derived from the polymerization of
monolignols, mainly coniferyl and sinapyl alcohol, which give rise to guaiacyl (G) and
syringyl (S) units, respectively, in the final lignin polymer. On the other hand, lignins
produced by monocotyledonous grasses additionally utilize monolignol p-coumarate
conjugates, i.e., coniferyl and sinapyl p-coumarate, as canonical lignin monomers, which
give rise to G and S units appended with grass-specific p-coumarate (P) decoration units.
The complex aromatic composition of lignin, primarily determined by the types of lignin
monomers used for lignification, significantly impacts the utility of lignocellulosic
biomass. Accordingly, numerous efforts have been dedicated to genetically manipulating
lignin aromatic composition in both eudicot and grass model plants. In eudicots, transgenic
and mutant lines highly enriched in G or S lignin units have been successfully generated by
manipulating the expression level of CONIFERALDEHYDE 5-HYDROXYLASE (CAld5H,
or FERULATE 5-HYDROXYLASE, F5H). This demonstrated the key role of CAId5H in
channeling the biosynthesis of G- and S-type monolignols, the conserved lignin monomers.
However, the same bioengineering approach proved less effective in grass rice likely due to
the presence of a CA/d5H-independent pathway leading to the G- and S-type monolignol p-
coumarate conjugates, the grass-specific lignin monomers. In this study, the author further
explored bioengineering approaches to manipulate lignin aromatic composition in rice by
simultaneously targeting key enzyme genes involved in both conserved and grass-specific
lignin monomer biosynthesis. Newly developed rice mutant and transgenic lines, highly
enriched in G and S lignin units, were subjected to in-depth lignin structural analyses and
evaluations of lignocellulose deconstruction properties.

In Chapter 1, the author aimed to develop rice mutants highly enriched in G lignin
via stacked mutations blocking both conserved and grass-specific S lignin biosynthesis.
Based on the hypothesis that grasses possess a CAld5H-independent pathway leading to the
monolignol p-coumarate conjugates, the author generated genome-edited rice mutants
harboring stacked mutations in a rice CAId5H gene along with genes encoding p-
COUMAROYL-COENZYME A:MONOLIGNOL ACYLTRANSFERASE (PMT) which is
required for the generation of monolignol p-coumarate conjugates. Chemical and two-
dimensional (2D) nuclear magnetic resonance (NMR) analyses of the cell walls from the
developed mutants revealed that, as anticipated, they produced altered lignin highly
enriched in G units by eliminating S units along with P decoration units, further strongly
supporting the existence of a CAld5H-independent S lignin pathway in rice. Further in-
depth structural analyses of G-dominated lignins produced in the developed rice mutants
along with other G-dominated lignins from CAIld5H-deficient eudicot Arabidopsis, natural
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gymnosperm pine, and in vitro polymerization, revealed unique features of G lignins
produced in different plant lineages. These findings highlight the influence of the lineage-
specific cell wall environment on the polymerization of the G-type lignin monomer
(coniferyl alcohol) in planta.

In Chapter 2, given the potential of more easily processable S lignin to enhance
lignocellulosic biomass valorization, the author aimed to develop rice transgenic lines
enriched in S lignin by boosting its biosynthesis in the PMT7-deficient mutant. As
anticipated, the overexpression of a rice CAId5H gene in the PMT-deficient mutant
background produced rice lines highly enriched in S lignin units by eliminating G units
along with P decoration units. Comparative structural analysis of S-dominated lignins from
the S-lignin-enriched rice transgenic lines along with those from CAld5H-overexpressing
Arabidopsis and natural hardwoods (eucalyptus and acacia woods), as well as previously
generated G-lignin-enriched rice and Arabidopsis lignins, revealed distinct features of S-
and G-lignins produced in different plant species, reflecting how S- and G-type
monolignols (sinapyl and coniferyl alcohol) undergo polymerization in different cell wall
environments in planta.

In Chapter 3, the author conducted a comparative assessment of lignocellulose
deconstruction properties in the rice mutant and transgenic lines developed in Chapter 1
and Chapter 2. It was revealed that the S-lignin-dominated lines exhibited particularly high
glucose production yields in enzymatic saccharification, especially when combined with
liquid hot water pretreatment. On the other hand, G-lignin-dominated lines showed
significant improvement with alkaline pretreatment. Furthermore, enrichment of G and S
lignins proved beneficial in increasing the respective yields of G- and S-type phenolic
monomers in the complex product mixtures released by the oxidative depolymerization of
lignin. Notably, the S-lignin-enriched lines displayed greater total yields of aromatic
monomers from oxidative lignin degradation than both wild-type and G-lignin-enriched
lines. Overall, these data demonstrate that precise manipulation of G and S lignin units,
achieved through the simultaneous engineering of conserved and grass-specific lignin
biosynthetic pathways, offers a promising approach to enhance grass lignocellulose
valorization.
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