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Abnormal Lignin in a Loblolly Pine Mutant

John Ralph,* John J. MacKay, Ronald D. Hatfield,
David M. O’Malley, Ross W. Whetten, Ronald R. Sederoff

Novel lignin is formed in a mutant loblolly pine (Pinus taeda L.) severely depleted in
cinnamyl alcohol dehydrogenase (E.C. 1.1.1.195), which converts coniferaldehyde to
coniferyl alcohol, the primary lignin precursor in pines. Dihydroconiferyl alcohol, a mono-
mer not normally associated with the lignin biosynthetic pathway, is the major component
of the mutant’s lignin, accounting for ~30 percent (versus ~3 percent in normal pine) of
the units. The level of aldehydes, including new 2-methoxybenzaldehydes, is also in-
creased. The mutant pines grew normally indicating that, even within a species, extensive
variations in lignin composition need not disrupt the essential functions of lignin.

Lignins are complex phenolic plant poly--

mers essential for mechanical support, de-
fense, and water transport in vascular ter-
restrial plants (I, 2). They are usually de-
rived from three hydroxycinnamyl alcohol
precursors 2a through ¢ in varying propor-
tions (Fig. 1). In gymnosperms—for exam-
ple, pine and other conifers—lignin is poly-
merized from only two of the three mono-
mers, p-coumaryl alcohol 2a and coniferyl
alcohol 2b, with coniferyl alcohol being pre-
dominant (~90%). p-Coumaryl alcohol-
derived subunit levels are increased in com-
pression wood, which forms during mechan-
ical or gravitational stress and in wood knots
(3). In woody angiosperms, lignin is derived
from coniferyl alcohol 2b and sinapyl alco-
hol 2c¢ in roughly equal proportions. Precur-
sors and derivatives of hydroxycinnamyl al-
cohols also contribute to the lignin structure.
For example, acetylated monolignols (hy-
droxycinnamyl acetates) have been impli-
cated in kenaf (Hibiscus cannabinus) (4) and
woody angiosperms (5), and p-coumarate es-
ters are found in all grass lignins, implicating
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hydroxycinnamyl p-coumarates as precursors
(6, 7). Low levels (~5%) of cinnamalde-
hydes and benzaldehydes are present in all
isolated lignins and are responsible for the
bright crimson staining of lignified tissues by
phloroglucinol-HCI (8).

Removal of lignin from wood and plant
fibers is the basis of chemical pulping to
produce diverse pulp and paper products.
Genetic engineering of the lignin biosyn-
thetic pathway to lower lignin concentra-
tion or construct lignins more amenable to
extraction is an active area of current re-
search (9). However, several mutations
have been identified and characterized that
affect the lignin biosynthetic pathway (10).
In maize (Zea mays) and related grasses,
mutants characterized by a brown midrib
(bm or bmr) have modified lignin (11). The
bm phenotype can result from changes af-
fecting cinnamyl alcohol dehydrogenase
(CAD) (for example, bml of maize) (12,
13), O-methyl transferase (OMT) (for ex-
ample, bm3 of maize) (12, 13), or both
CAD and OMT (for example, bmr6 of sor-
ghum, Sorghum bicolor) (14). Mutations in
two other maize genes also result in brown
midrib phenotypes, but the products of
these genes remain unknown. A mutation
in the gene encoding ferulate-5-hydroxylase
has been identified in Arabidopsis thaliana,
but it does not result in a brown midrib
phenotype (15). No lignin mutants have
been previously identified in woody plants.

CAD catalyzes the last step of the lignin
precursor biosynthetic pathway (Fig. 1), re-
duction of hydroxycinnamaldehydes 1 to
hydroxycinnamyl alcohols 2 (the conven-
tional lignin monomers or monolignols)
(16). A reduction in CAD activity might
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lead to accumulation of hydroxycinnamal-
dehydes 1 that could copolymerize with
normal lignin monomers. Transgenic plants,
suppressed in the synthesis of CAD (9, 17),
sometimes have red-brown xylem tissue re-
sembling that of grass brown midrib mu-
tants. Such plants have increased aldehyde
levels, although little of the aldehyde may
actually be incorporated into the lignin (9,
17). The molecular basis for the color has
not been established, but higher order poly-
mers of coniferaldehyde 1b, synthesized in
vitro, have a wine-red color (18).

Here we report that a viable loblolly
pine, homozygous for the mutant cad-nl
allele (19), incorporates novel monomers
into its lignin in response to a CAD defi-
ciency. The lignin structural changes were
extensive and not predicted by the current
view of the lignin biosynthetic pathway.
The wood of this mutant is brown-red (Fig.
2), similar to the color of the xylem in
brown midrib mutants (I11) and transgenic
plants suppressed in lignin biosynthetic en-
zyme activity (9, 17). The cad-nl allele is

H o OH
CAD
R EE—
(“1,2-reduction”)
R? R! R2 R
1 OH o OH
1}
1
H
* OH
(“1,4-reduction”
H Y followed by
“1,2-reduction”)
R? R R? R!
OH
3 OH 4
a R'=R2=H

b R'=0CH,;R?=H
¢ R'=R2= OCHj,
d R‘:()CHa,R2==OF

Fig. 1. Some precursors and products in the lignin
biosynthetic pathway. The normal lignin mono-
mers are the p-hydroxycinnamyl alcohols 2; p-
coumaryl alcohol 2a, coniferyl alcohol 2b, and
sinapyl alcohol 2¢. Coniferaldehyde 1b is normally
reduced regioselectively to produce coniferyl al-
cohol 2b. When CAD activity is depressed, conif-
eraldehyde 2b accumulates and could polymerize
or copolymerize into lignin. Dihydroconiferyl alco-
hol 4b, observed previously only as a minor com-
ponent of softwood lignins, is presumed to derive
from coniferaldehyde 1b via a 1,4-reduction fol-
lowed by a 1,2-reduction. However, no mecha-
nism for this conversion has been reported. p-
Coumaryl alcohol 2a is readily derived from its
aldehyde 1a in the mutant, implying that different
CAD enzymes are involved for 1a—2a versus
1b—2b.
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inherited as a Mendelian recessive gene
that maps to the same genomic region as
the cad locus. The cad-nl allele was identi-
fied in a well-characterized heterozygous
loblolly pine genotype (clone 7-56). In ho-
mozygous cad-nl plants, CAD activity is 1%
or less of wild type, and relative abundance
of cad mRNA transcript is greatly de-
creased. In mutant plants, free coniferalde-
hyde 1b (the CAD substrate) accumulates
to a high level. Unlike transgenic plants
suppressed in CAD, cad-nl mutant seed-
lings have decreased lignin content (19).

Milled wood lignins (20) were isolated
for nuclear magnetic resonance (NMR)
analysis from the wood of a 12-year-old
CAD-deficient mutant and a normal sibling
from the same cross (Fig. 2). An estimate of
the subunit composition of this unusual lig-
nin fraction, on the basis of quantitative
NMR and other analytical data, is given in
Table 1.

NMR spectra show that both coniferal-
dehyde 7 and vanillin 5 (21) end groups are
present in the lignin of the pine mutant, as
may be expected from the suppression of
CAD. Wood from the mutant also had a
higher extractable aldehydes content (19).
The HMQC-TOCSY (heteronuclear mul-
tiple-quantum coherence—total correlation
spectroscopy) spectrum reveals the side-
chain coupling network in which protons 7,
8, and 9 correlate with the aldehyde car-
bonyl carbon, C-9 in 7 and the simple
1-bond correlation between C-7 and H-7 in

Fig. 3. Aldehyde carbonyl group
correlations from the HMQC-

e s

Fig. 2. (Left) Wood chips from normal
wood and a homozygous mutant with re-
duced CAD activity showing the brown
wood phenotype. The mutant wood was
obtained from a field test containing prog-
eny from a cross between two half-sib
loblolly pines each heterozygous for the
mutant cad gene. (Right) Immediately after
debarking, 2-year-old trees. The cad-n1
mutant is readily identified by the red-
brown color of its wood.

5 (Fig. 3). However, such components are
also present in milled wood lignins from
normal loblolly pine (Fig. 3). From quanti-
tative NMR, these aldehydes each account
for ~15% of mutant lignin units and ~7%
in the normal pine lignin (Table 1). More
striking are 2-methoxybenzaldehyde com-
ponents 6 (22), the peaks at ~188 parts per
million (ppm), that are greatly enhanced in
the mutant (Fig. 3). The source of these
previously unreported 2-methoxybenzalde-
hydes in lignins is unknown. Lignins from
both the normal and mutant trees con-
tained higher than normal concentrations
of p-coumaryl alcohol units because of the
preponderance of knots.

Dihydroconiferyl alcohol units 8 are
present and predominant. The HMQC-
TOCSY experiment (23) (Fig. 4) identified
the coupling network for the aryl propanol
side chain (red and orange contours) that is
consistent with model compound data (24).
Products 8a,b (red) representing hetero-
coupling of dihydroconiferyl alcohol with a
conventional lignin monomer or oligomer
as well as dibenzodioxocins 8¢ (orange)
from initial 5-5-homo-coupling of dihydro-
coniferyl alcohol monomers are present in
roughly equal amounts, reinforcing the
claim that dihydroconiferyl alcohol is a ma-
jor monomer during lignification.

Dihydroconiferyl alcohol products are
seen in synthetic lignins that are prepared
from impure monomers. The best syntheses
of hydroxycinnamyl alcohols 2 (25) from

AT i, S W

Normal

TOCSY (23) spectrum of lignin from ,J

the cad-n7 mutant plant showing

the presence of cinnamaldehyde }
@

o Mutant

(with correlations to the three side-
chain protons) and benzaldehyde
(single correlations) units in the lig- 7=~
nin. The normal pine lignin carbon !
section is shown to the left. The '3C

186
188
190
F192
F194
196
198

spectra shown on projections to
the left of the figure are normalized
to the same methoxyl level; cinna-
maldehyde 7 and benzaldehyde 5

& ppm

signals are about twice as abun-
dant in the mutant. The higher field
aldehydes markedly increased in

7
Benzaldehyde 2-Methoxybenzaldehyde Cinnamaldehyde

the mutant have now been identified as 2-methoxybenzaldehydes 6 (22); their source is unknown.
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hydroxycinnamate esters or hydroxycinna-
maldehydes 1 still produce small amounts of
1,4-reduction products 4. Purification of co-
niferyl alcohol is difficult because dihydro-
coniferyl alcohol cocrystalizes with it. A
synthetic lignin prepared (26) from co-
niferyl alcohol 2b containing a few percent
dihydroconiferyl alcohol 4b provides a con-
venient model for the lignin in the pine
mutant. Ies HMQC-TOCSY spectrum (Fig.
4C) shows the same dihydroconiferyl alco-
hol side-chain signals as in the pine lignins.
A parallel between the lignins isolated from
the mutant tree and hydride reduction
product synthetic lignins is apparent. A
small amount of the initial dihydroconiferyl

alcohol homo-coupling product 8c (orange)
is seen in the spectrum of the synthetic
lignin (Fig. 4C)—the saturated compound
is quickly and efficiently dimerized via rad-
ical processes. Normal softwood lignins
contain small amounts of dihydroconiferyl
alcohol units (Fig. 4B). The source of these
subunits is unknown. Although dihydroco-
niferyl alcohol and its glucoside have been
detected in young plant tissues including
pine (27) and may function as growth fac-
tors (28), they are not considered part of
the normal lignin biosynthetic pathway.
CAD normally effects a regioselective
“1,2-reduction” (at C-9) of coniferaldehyde
1b to produce coniferyl alcohol 2b. Our
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results suggest that the loss of CAD activity
activates or up-regulates pathways on the
basis of “1-4 reduction” (at C-7) and subse-
quent 1,2-reduction during lignin formation
to produce the dihydroconiferyl alcohol
monomer 4b (Fig. 1). Analogously, synthet-
ic preparation of coniferyl alcohol versus
dihydroconiferyl alcohol can be selected by
hydride reactions with 1,2- versus 1,4-regio-
chemistry (Fig. 1) (25). An alternative pos-
sibility is that a small structural change in
the enzyme (for example, a disulfide bridge)
affecting the active site of the CAD en-
zyme might be enough to provide the
“hydride” equivalent to the 7-carbon site.
This possibility is unlikely, and an alterna-
tive enzymatic activity is probably required
because the relative abundance of steady-
state cad mRNA transcripts is greatly de-
creased in the mutant, and the amount of
CAD enzyme activity is reduced to <1% of
wild type (19). If the biochemical reduc-

Fig. 4. Regions of the HMQC-TOCSY spectra (23)
of milled wood lignins from (A) the pine cad-n1
mutant, (B) from a cad normal wood, and (C) from
a synthetic lignin (26). Structure assignments are
most easily seen in spectrum (C) from the synthet-
ic lignin that derived from coniferyl alcohol 2b con-
taining ~2% dihydroconiferyl alcohol 4b (26). Al-
though synthetic lignins of this type have quite
different substructure ratios from plant lignins,
they contain all of the structural units and are valu-
able for spectral assignment. Thus, in (C), B-aryl
ether units 10, «,B-diaryl ethers 11 (scarce in plant
lignins), phenylcoumarans 12, and resinols 13 are
readily identified, along with coniferyl alcohol end
groups 9 and the dihydroconiferyl alcohol units 8
(and the aldehyde units 5 and 7 in Fig. 3). Red-
and orange-colored contours show the unambig-
uously identified components 8 arising from dihy-
droconiferyl alcohol monomers 4. NMR provides a
convenient distinction between products of het-
ero-coupling of 4 with conventional lignin mono-
mers or oligomers to give 8a,b (red) and those
from initial 5-5-homo-coupling of dihydroconiferyl
alcohol monomers to give 8¢ (orange). Both are
equally represented in the cad-n1 mutant, where-
as the normal pine has only the higher field com-
ponent, and the synthetic lignin has a trace of the
lower field component. NMR data from cross-
coupled dimeric models for 4-O-B structures 8a
and 5-B/4-O-a. (phenylcoumaran) structures 8b
and the dibenzodioxocin 8¢ coincide with the lig-
nin data observed here (24). In the CAD mutant,
dihydroconiferyl units are dominant, displacing
much of the intensity from the normal coniferyl
alcohol-derived region. Some of the minor units
can be seen in the pine samples when looking at
lower contour levels (not shown). The normally
predominant B-aryl ether (blue) and phenylcou-
maran (green) components (B) are severely re-
duced in the cad-n1 mutant, with only some
B-ether peaks being observable at comparable
contour levels—these may also arise from p-cou-
maryl alcohol (in addition to coniferyl alcohol).
Gray contours are from intense methoxyl signals,
carbohydrate impurities, and other lignin struc-
tures not discussed in this paper.
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tion is not totally regioselective, the small
amounts of 4b producing the dihydroco-
niferyl units 8 seen in normal pine lignins
could be explained, but this rationale would
not allow production of 4b in such major
proportions without a significant shift in
enzyme activity or without enhanced activ-
ity of an alternate enzyme. At least one new
enzyme would be required to explain these
results. It is also possible that coniferalde-
hyde is not the precursor to dihydroco-
niferyl alcohol, and that its synthesis is
up-regulated from other sources in the
plant.

The amount of subunits derived from
p-coumaryl alcohol 2a in the mutant is
unchanged (Table 1), whereas the amount
of coniferyl alcohol subunits 2b is greatly
reduced (29). These results imply that the
formation of p-coumaryl alcohol 2a uses an
independent mechanism such as an addi-
tional enzyme with “1,2-reductase activity”
specific for p-hydroxycinnamaldehyde 1a.
Furthermore, few dihydro-p-coumaryl alco-
hol 4a units were detected (29). The 1,4-
reductase activity proposed for the forma-
tion of dihydroconiferyl alcohol is therefore
equally specific for coniferaldehyde 1b.

Incorporation of novel monomers into
lignin is inconsistent with the high level of
enzymatic specificity recently extended to
lignin formation from observations of spec-
ificity in lignin biosynthesis (30). Indepen-
dence from rigid enzymatic control is fur-
ther supported by other examples of incor-
poration of nontraditional monomers into
lignins: (i) ferulates and diferulates actively
incorporate into lignins of grasses, effecting
significant lignin-polysaccharide cross-link-
ing (31); (ii) acylated monomers are impli-
cated in a variety of species (4-7); (iii)
5-hydroxyconiferyl alcohol 2d-derived sub-
units are readily assimilated into a lignin
polymer in OMT-deficient plants that have
a reduced ability to produce sinapyl alcohol

(32).

Table 1. Estimates of subunit compositions [from
guantitative '3C-NMR and DFRC (29) data] of the
normal (cad) and mutant pine (cad-n7) isolated
lignins. 2a, p-coumaryl alcohol units; 2b, coniferyl
alcohol units; 1, cinnamaldehyde units (p-hy-
droxycinnamaldehyde and coniferaldehyde units
are not distinguished); 3, benzaldehyde units (p-
hydroxybenzaldehyde and vanillin units are not
distinguished); (*) aldehydes at ~188 ppm in 13C-
NMR spectra are identified as 2-methoxybenzal-
dehydes 6 (22) from unknown sources—the other
substituents on the aromatic ring are unknown;
4b, dihydroconiferyl alcohol (+ traces of dihydro-
p-coumaryl alcohol 4a), the major component of
the cad-n1 mutant lignin.

Lignin 1 2a 2b 3 4b *

cad-nt 15 10 15 15 30 15
cad 7 10 73 7 3 Trace
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Well-characterized differences in lignin
subunit composition have long been
known between major taxonomic groups
of higher plants—for example, between
lignins of hardwood and softwood trees
(33). However, the narrow range of vari-
ation in lignin compositions within groups
(10) has suggested structural constraints
imposed for vascular function and support.
The ability of this pine mutant to produce
a functional lignin polymer from unex-
pected subunits extends the limit of “met-
abolic plasticity” for the formation of lig-
nin, within an individual species. Con-
cepts of lignin function based on the pre-
vious range of lignin compositions must
now be reexamined in view of the unusual
structure and composition of lignin in this
mutant pine. A greater understanding of
these processes should increase our oppor-

tunities to modify lignin content or com-

position through genetic engineering.
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Coding the Locations of Objects in the Dark

Michael S. A. Graziano,* Xin Tian Hu, Charles G. Gross

The ventral premotor cortex in primates is thought to be involved in sensory-motor
integration. Many of its neurons respond to visual stimuli in the space near the arms
or face. In this study on the ventral premotor cortex of monkeys, an object was
presented within the visual receptive fields of individual neurons, then the lights were
turned off and the object was silently removed. A subset of the neurons continued to
respond in the dark as if the object were still present and visible. Such cells exhibit
“object permanence,” encoding the presence of an object that is no longer visible.
These cells may underlie the ability to reach toward or avoid objects that are no longer

directly visible.

A scientist sitting in her office reaches for
a book on the shelf. She knows where the
book is located and does not need to look in
order to guide her hand. Later, while driv-
ing home, she adjusts the car radio while
her eyes are fixed on the road. That night,
in darkness, she reaches toward a box of
tissues on the bedside table. How does the
brain keep track of the locations of objects
that are no longer in sight, and how does it
guide movements toward or away from
those objects? Piaget (I) was the first to
emphasize the importance of object perma-
nence, that is, the knowledge that an object
is still present even though it is no longer
visible. More recently, researchers have em-
phasized the more specific problem of how
movements toward these unseen objects are
guided (2). Here we describe visually re-
sponsive neurons in the ventral premotor
cortex (PMv) of the monkey brain that
appear to solve the problem of object per-
manence. These neurons keep track of the
locations of objects near the monkey’s body,
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even after the lights are turned off and the

~ monkey is in darkness.

PMyv, the area of cortex just posterior to
the lower limb of the arcuate sulcus, is
thought to be involved in the sensory guid-
ance of movement (3). Its neurons respond
to tactile and visual stimuli and also during
movements of the head and the arms (4).
About 40% of the neurons in PMv have
both a tactile and a visual receptive field
(RF). For these bimodal cells, the visual RF
extends from the approximate region of the
tactile RF into the immediately adjacent
space (Fig. 1). For most cells with a tactile
RF on the arm, when the arm moves, the
visual RF moves with it, and for most cells
with a tactile RF on the face, when the
head is rotated, the visual RF moves with it
(5). In contrast, when the eyes move, the
visual RFs do not move but remain an-
chored to the body surface (5, 6). These
visual RFs, therefore, encode the locations
of nearby stimuli relative to different parts
of the body. One suggestion is that the
bimodal neurons help to guide movements
of the head and arms toward or away from
nearby stimuli (7).

We tested whether the bimodal neurons
in PMv encode the locations of nearby
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stimuli that are no longer visible. Responses
of single neurons in PMv were studied in
two tame male Macaca fascicularis (4.6 and
5.0 kg). For details of the experimental
procedures, see (5). Daily recording sessions
were conducted on each monkey while the
animal was seated in a primate chair with
the head fixed. A hydraulic microdrive was
used to lower an electrode into PMv. Once
a neuron was isolated, it was tested for
somatosensory and visual responsiveness.
Somatosensory RFs were plotted by manip-
ulating the joints and stroking the skin, and
visual RFs were plotted with objects pre-
sented on a wand. In addition, we made the
unexpected observation that neurons with a
tactile RF extending onto the back of the
head often responded to auditory stimuli;
therefore, we also routinely tested for audi-
tory responsiveness. :

Of 153 isolated single neurons, 6 (4%)
responded only to visual stimuli, 34 (22%)
responded only to somatosensory stimuli, 55
(36%) were bimodal, responding to visual
and tactile stimuli, and 11 (7%) were tri-

Fig. 1. Receptive fields of two bimodal, visual-
tactile neurons in PMv. (A) The tactile RF (shaded)
is on the snout, mostly contralateral to the record-
ing electrode (indicated by the arrowhead) but
extending partially onto the ipsilateral side of the
face. The visual RF (boxed) is contralateral and
confined to a region of space within ~10 cm of the
tactile RF. (B) The tactile RF for this neuron is on
the hand and forearm contralateral to the record-
ing electrode (indicated by the black dot), and the
visual RF (outlined) surrounds the tactile RF.
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