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Abstract
The objectives of this project were to find novel genes that might be useful for
optimising plant biomass to facilitate biofuel production. Since the phenolic polymer,
lignin, surrounds and cross-links to other cell wall components, reducing the amount
of lignin or altering its structure to make it easier to extract have become major targets
for improving sugar release from plant biomass (saccharification). Previous published
work from our lab and others has shown that mutation in lignin biosynthesis genes can
improve saccharification but there are sometimes costs to plant growth and mutant
plants can be stunted. This project was designed to (1) determine whether greater
improvements in saccharification could be achieved by stacking new mutations on
top of lignin biosynthesis gene mutations; (2) explore whether the growth defect in
some lignin mutants could be repaired by secondary mutations; and (3) discover new
genes involved in lignin biosynthesis that could be manipulated to improve
saccharification. Several approaches were used towards these goals. Firstly,
mutagenic screens were performed to find mutants that improved the saccharification
potential of existing monolignol biosynthesis mutants. One screen involved EMS
mutagenesis of a weak Arabidopsis ref3 mutant in the lignin biosynthesis gene C4H
that already had a small reduction in lignin with no major growth defect [1] and some
increase in saccharification. In order to find re-mutagenised plants with further
increases in saccharification potential due to a second mutation, a high-throughput
saccharification assay at the University of York was used to screen progeny families of
the mutagenized ref3 population [2]. Using this screen, 26 potential high
saccharification and 30 potential low saccharification mutants were identified. These
potential mutants were then re-screened in replicate using the same saccharification
assay. Out of the 26 potential high saccharification mutants, seven had significantly
increased release of sugars compared to the ref3 mutant upon re-screening. Many of
these mutants had reduced lignin levels and most were mutations in different positions
within a single gene that has been mapped and identified using next generation
sequencing (NGS). The mapped mutants provide evidence that it is possible to stack
two genes, one in the lignin biosynthesis gene C4H and another on an interconnected
pathway, to optimise sugar release. We know from other work that we have been
involved in that this is quite a novel discovery as it is difficult to find combinations
of genes that act additively or synergistically to enhance sugar release without

adversely impacting on plant growth. This work is currently being written up for
publication. One of the low saccharification mutants from this screen has also been
mapped and will be the subject of an additional paper.
In a second, distinct, screen, 43 mutants were identified that rescued the reduced
size phenotype of the Arabidopsis irx4 mutant in the lignin biosynthesis gene CCR.
This mutant has reduced lignin and releases more sugar upon saccharification of stem
tissue, but has a severe growth defect [3]. This founder mutant was treated with EMS
and 80,000 plants from the resulting M2 generation were screened for increased plant
size. Of 71 mutants originally identified, 43 reproducibly rescued the plant size defect
of the founder mutant on repeated screening. A large portion of these restored mutants
still retain significant reductions in lignin and a corresponding increase in sugar
release upon saccharification. Many are mutants in the same second gene. One of
these mutants was selected for mutation mapping to identify the causal mutation and
we hope that this work will soon be the subject of a publication.
A third approach that we used to identify novel genes involved in lignin synthesis
and regulation was co-expression analysis. Over 65 mutants in genes identified as
being co-expressed with lignin biosynthesis genes were characterized in a variety of
assays. Two of these mutants were shown to contain both reduced lignin and elevated
sugar release in our saccharification assay. One of these was extensively studied (in
collaboration with Wout Boerjan’s group (VIB, Gent) who we discovered were
working on a similar mutant). The gene mutated in this mutant encodes an enzyme
that had no previously known connection to lignin biosynthesis. The mutant deposits
36% less lignin than wild-type plants, and the composition of the polymer is also
altered with H units increased over 30-fold (analysis performed by John Ralph,
University of Madison). The high levels of H units in the mutant suggested that the
normal gene is active in the lignin biosynthetic pathway at some point after the branch
leading to H units but before G and S units are produced. Using phenolic metabolite
profiling, our collaborators determined that the lignin pathway intermediate caffeoyl
shikimate accumulated in the mutant, suggesting it may be the substrate for the
enzyme encoded by the (mutant) gene. The recombinant wild-type enzyme was,
indeed, able to hydrolyze caffeoyl shikimate into caffeate and shikimate and so we
called the enzyme caffeoyl shikimate esterase, the product of the CSE gene. The
cellulose-to-glucose conversion of stems from the cse mutants without pretreatment
released 75% more glucose per plant than wild-type plants, illustrating the potential
value of the discovery for improving biomass processing. By manipulating the CSE
gene, it may be possible to release sugars more efficiently for fuel production from
crops such as switchgrass, poplar and eucalyptus that all appear to have similar CSE
genes. A patent [4] and a scientific paper [5] have been published on this work, and it
generated a lot of interest and additional commentary articles in the media [6] on
publication in Science magazine.
Finally, we have also used protein complex purification to identify interacting
partners of lignin biosynthesis proteins in the hope of identifying novel genes involved
in lignification. A known lignin biosynthesis enzyme, C4H, and the CSE enzyme
were used as baits for tagged purification strategies and several potentially interacting
proteins were identified that require further study.
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