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Abstract Lignin plays a vital role in plant adaptation to
terrestrial environments. The cinnamyl alcohol dehydrogenase (CAD) catalyzes the last step in monolignol biosynthesis and might have contributed to the lignin diversity
in plants. To investigate the evolutionary history and
functional differentiation of the CAD gene family, we
made a comprehensive evolutionary analysis of this gene
family from 52 species, including bacteria, early eukaryotes and green plants. The phylogenetic analysis, together
with gene structure and function, indicates that all members of land plants, except two of moss, could be divided
into three classes. Members of Class I (bona fide CAD),
generally accepted as the primary genes involved in the
monolignol biosynthesis, are all from vascular plants, and
form a robustly supported monophyletic group with the
lycophyte CADs at the basal position. This class is also
conserved in the predicted three-dimensional structure and
the residues constituting the substrate-binding pocket of the
proteins. Given that Selaginella has real lignin, the above
evidence strongly suggests that the earliest occurrence of
the bona fide CAD in the lycophyte could be directly
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correlated with the origin of lignin. Class II comprises
members more similar to the aspen sinapyl alcohol dehydrogenase gene, and includes three groups corresponding
to lycophyte, gymnosperm, and angiosperm. Class III is
conserved in land plants. The three classes differ in patterns of evolution and expression, implying that functional
divergence has occurred among them. Our study also
supports the hypothesis of convergent evolution of lignin
biosynthesis between red algae and vascular plants.
Keywords CAD/SAD  Gene family evolution 
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Introduction
In the evolutionary history of flora, the most significant
event that could be compared with the ‘‘Cambrian explosion’’ of marine faunas should be the origin and primary
radiation of land plants (also known as embryophytes,
comprising bryophytes, pteridophytes, and seed plants),
which live primarily in terrestrial habitats (Bateman et al.
1998). The conquest of the land by plants might be a long
process of slow adjustment to a new and inhospitable
environment, which not only needs morphological innovations, but also requires numerous physiological and
molecular adaptations, including metabolic pathways
leading to lignins, flavonoids, cutins, plant hormones, and
so on (Kenrick and Crane 1997; Waters 2003). The ability
to synthesize lignin has been widely accepted as a key
innovation in the evolutionary adaptation of plants from an
aqueous to a gaseous environment, which could provide
plants with mechanical support, water and solute transport,
biotic, and abiotic stress resistance (Whetten et al. 1998;
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Boerjan et al. 2003; Peter and Neale 2004; Vanholme et al.
2008). Lignins, deposited mainly in the secondarily thickened plant cell walls, are complex aromatic heteropolymers
derived mainly from three hydroxycinnamyl alcohol
monomers named p-coumaryl (H), guaiacyl (G), and
syringyl (S). The variation of monomer content and composition results in the lignin diversity among different plant
lineages (Whetten et al. 1998; Boerjan et al. 2003; Barceló
et al. 2007; Vanholme et al. 2008).
The cinnamyl alcohol dehydrogenase (CAD) plays a
vital role in the monolignol biosynthesis and catalyzes the
last step in this pathway that reduces hydroxycinnamyl
aldehydes into their corresponding alcohols (Gross et al.
1973; Mansell et al. 1974). The CAD is encoded by a
multigene family and its homologs have been detected
widely in bacteria and eukaryota except animals (e.g.,
Larroy et al. 2002; Kim et al. 2004; Mee et al. 2005; Tobias
and Chow 2005; Barakat et al. 2009; Saballos et al. 2009).
Tissue-specific expression analyses of CADs from Arabidopsis and Populus and enzyme kinetic characterization
studies of Arabidopsis CADs showed that different members of this gene family could have distinct expression
patterns and substrate specificities, implying that they
might play diverse roles during plant development (Kim
et al. 2004, 2007; Barakat et al. 2009). It is interesting that
the CAD orthologs from gymnosperms have high specificity for coniferaldehyde and low affinity for sinapaldehyde, unlike those from angiosperms that show high
affinity to the both substrates. This might have contributed
to the great difference in lignin content and composition
between gymnosperms and angiosperms (e.g., Kutsuki
et al. 1982; Goffner et al. 1992; Galliano et al. 1993a, b;
Hawkins and Boudet 1994). Has the CAD gene family
diverged in structure and function in non-seed plants?
On the other hand, the sinapyl alcohol dehydrogenase
(SAD), a homolog of CAD firstly reported in aspen
(PtSAD:AAK58693), was suggested as a key enzyme
involved in the sinapyl monolignol biosynthesis of angiosperms (Li et al. 2001). Recently, however, there is a hot
debate about whether SAD has played a role in the formation of S lignin (e.g., Kim et al. 2004, 2007; Sibout et al.
2005; Stephens 2005; Goldie 2006; Youn et al. 2006;
Barakat et al. 2009). To date, very little has been known
about the functional diversification of the CAD gene family, except that bona fide CADs, such as AthCAD4 (AtCADC:At3g19450) and AthCAD5 (AtCAD-D: At4g34230) from
Arabidopsis, are doubtlessly involved in the monolignol
biosynthesis and conserved between gymnosperms and
angiosperms (e.g., Sibout et al. 2005; Youn et al. 2006).
With the availability of genome sequence data, a couple
of phylogenetic analyses have recently been performed on
CAD/SADs from Arabidopsis, Medicago, Oryza, Populus,
Sorghum, and Vitis, as well as some other species without
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whole genome sequences (e.g., Raes et al. 2003; Tobias
and Chow 2005; Hamberger et al. 2007; Barakat et al.
2009; Saballos et al. 2009), indicating that CAD/SADs
could be divided into two to five clades (excluding some
species-specific homologs). In particular, Barakat et al.
(2009) constructed a phylogeny of this gene family using
sequences from five angiosperms having whole genome
sequence information and some gymnosperm ESTs as well
as some other angiosperm CAD/SADs, and classified the
CAD/SADs into three classes. Class I was weakly supported by a bootstrap value of 57%, but it included two
robustly supported subclades, one comprising sequences
from both gymnosperms and angiosperms and the other
comprising only gymnosperm sequences. Classes II and III
were angiosperm-specific, with \50 and 100% bootstrap
support, respectively. Although the three-class classification seems to have outlined the evolutionary relationship of
the CAD/SADs in seed plants, the study of Barakat et al.
(2009) did not include samples from basal land plants, and
thus it could not investigate the origin and early diversification of the CAD/SAD gene family. Moreover, the evolutionary relationships between bona fide CAD and its
homologs, as well as the correlations between evolutionary
patterns of the CAD gene family and variations of lignin
content and composition in different plant groups, are
poorly understood.
Very recently, a comparative genomic analysis was
performed for 14 plant and one fungal species to investigate evolution of the genes involved in the monolignol
biosynthesis (Xu et al. 2009a). The authors suggested that
the lignin biosynthesis pathway had been completely
established in moss, in consideration to its harboring of all
monolignol biosynthesis genes (except Ferulate 5-hydroxylase, F5H) and many more members of these gene families than green alga. However, this study did not explore
the phylogenetic history of the CAD genes that are
responsible for the last step of this pathway. Furthermore,
as lignin was also reported in the red alga Calliarthron
cheilosporioides (Martone et al. 2009), it was supposed that
the lignin biosynthesis pathway might have existed before
the divergence between green and red algae or have
experienced convergent evolution between red algae and
land plants (Xu et al. 2009a). It would be very interesting to
investigate the distribution of the lignin biosynthesis genes
such as CAD in red algae and other early eukaryotes.
A reliable phylogeny of a gene family is expected to
give important clues for understanding its evolutionary
history and functional differentiation. At the same time,
comparative genomic analysis has been proved as a very
efficient approach to retrieve the evolutionary histories of
some important gene families (e.g., Nam et al. 2004;
Bowman et al. 2007; Xu et al. 2009b). As more and more
genomes have been sequenced, we could compare gene
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families from different species thoroughly. In order to
investigate the evolutionary history and functional differentiation of the CAD/SAD gene family and its correlation
with the origin and evolution of lignin, here we made a
comprehensive evolutionary analysis of this gene family
from 52 species including bacteria, early eukaryotes and
main lineages of green plants (also known as Viridiplantae,
comprising green algae and land plants).

Materials and Methods
Plant Materials Used in the Sequencing
and in the Identification of CAD/SAD Sequences
Eleven species of gymnosperms were sampled to clone the
putative SAD gene (Supplementary Table S1). Voucher
specimens are deposited in the herbarium of Institute of
Botany, Chinese Academy of Sciences (PE). The DNA
sequences determined in this study are deposited in GenBank under accession numbers HM185279–HM185296.
Some additional CAD/SAD sequences of gymnosperms
were retrieved from GenBank. The tBLASTn searches
were performed in publicly available genome databases,
using all known Arabidopsis thaliana CAD/SAD protein
sequences (Kim et al. 2004) as queries. Besides plants,
CAD/SAD sequences were also obtained from bacteria,
fungi, and some other early eukaryotes (Supplementary
Table S2). We also searched the EST databases of most of
the above species from NCBI using the tBLASTn search,
since EST data could provide some gene expression
information. The target sequences were selected when the
pairwise amino acid identity between the queries and the
targets is over than 40% (Tian and Skolnick 2003). Finally,
we obtained the CAD/SAD sequences from 52 species, 39
of which are green plants, including green alga (2 species),
liverwort (1), moss (1), lycophyte (1), fern (2), gymnosperm (17), and angiosperm (15). All these species have
available whole genome sequences except the liverwort,
ferns, gymnosperms, and one angiosperm (Nicotiana
tabacum).
DNA and RNA Extraction, PCR and RT-PCR
Amplification, Cloning and Sequencing
Genomic DNA was extracted from leaves using the modified
cetyltrimethylammonium bromide (CTAB) method (Doyle
and Doyle 1987; Rogers and Bendich 1988). Total RNA was
prepared from fresh leaves using the Plant RNA Purification
Reagent (Invitrogen, Carlsbad, CA), digested with RNasefree DNase I (Promega, Madison, USA), and then purified
by Oligotex mRNA Mini kit (Qiagen, Hilden, Germany).
First-strand cDNA was produced using Superscript III
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Reverse Transcriptase (Invitrogen) according to the manufacturer’s instructions.
The primers used to amplify the SAD gene were
designed based on the EST sequences that were obtained
from the tBLASTn searches in the EST databases of
gymnosperms in GenBank with the aspen SAD protein
sequence (Li et al. 2001) as query. The PCR amplification
was conducted in a Tpersonal Thermocycler or a T1
Thermocycler (Biometra, Goettingen, Germany) using the
genomic DNA or cDNA as templates. The PCR products
were purified using the TIANgel Midi Purification kit
(Qiagen) and then cloned with the pGEM-T Easy Vector
System II (Promega). For each species, 24 clones were
screened by comparing restriction fragments of EcoRI or/
and HinfI. All distinct clones with correct insertion were
sequenced in both directions. Sequencing reactions were
performed with T7, SP6 and one internal primer SAD2F
(50 -AGAGGTGAAGAATTTCGCTGTT) using the ABI
Prism Bigdye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, CA, USA).
After precipitation in 95% EtOH and 10 M NH4Ac
(50:4 ll), the sequencing products were separated on a 96capillary 3730XL DNA analyzer (Applied Biosystems).
The species names, gene names, gene accession numbers,
sources of genome databases, and primers are listed in
Supplementary Tables S1 and S2.
Phylogenetic Reconstruction
Coding sequences of the CAD/SAD genes were aligned
using the program Clustal X version 2.0 (Thompson et al.
1997) and manually adjusted in BioEdit version 7.0.9 (Hall
1999). After removing unalignable sequences at the N- and
C-terminals, the poorly aligned positions in the alignment
were further eliminated using the Gblocks server (http://
molevol.cmima.csic.es/castresana/Gblocks_server.html).
DAMBE version 5.1.1 (Xia and Xie 2001) was used to
check for substitution saturation of each codon position and
the results indicated that the third codon positions were
saturated. Consequently, only the first and the second
codon positions were used in the phylogenetic reconstruction. The jModeltest 0.1.1 (Posada 2008) was used to
determine the best-fit model of nucleotide sequence evolution, and the GTR ? I ? G model was suggested as the
best using both Akaike Information Criterion (AIC) and
Bayesian Information Criterion (BIC). ProtTest version 2.4
(Abascal et al. 2005) was used to identify the best-fit model
of amino acid evolution, and the WAG ? I ? G model
was selected as the best using both AIC and BIC.
At first, the maximum-likelihood (ML) trees of the
CAD/SAD genes from all the 52 species were constructed
based on the deduced amino acid sequences (substitution
model, WAG; bootstrap, 100; gamma distribution
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parameter, estimated) and the first plus second codon
positions (substitution model, GTR; bootstrap, 100; gamma
distribution parameter, estimated), respectively, using
PhyML version 2.4.4 (Guindon and Gascuel 2003) with the
two members of bacteria as outgroups. The results indicated that both green and land plants are monophyletic
(Supplementary Fig. S1). Therefore, we further conducted
phylogenetic analyses with only the CAD/SAD genes from
land plants using the two green algae as outgroups.
Sequences from the liverwort and the fern Adiantum
capillus-veneris were also excluded since the short partial
EST sequences might mislead phylogenetic inference.
Finally, the phylogenetic trees were constructed based on a
land-plant CAD/SAD dataset comprising 35 land plant and
two outgroup species. For this dataset, the best-fit model of
nucleotide sequence evolution was the same as the former,
while that of deduced amino acid sequence evolution was
JTT ? I ? G. Bayesian and ML trees were constructed
based on nucleotide sequence (excluding the third codon
positions) with MrBayes version 3.1.2 (Huelsenbeck
and Ronquist 2001) (nst = 6; rates = gamma; ngen =
1000000) and PhyML (substitution model, GTR; bootstrap,
100; gamma distribution parameter, estimated), respectively. Also, the phylogeny of the CAD/SAD genes was
constructed based on the inferred amino acid sequences,
using MrBayes (prset aamodelpr = mixed; ngen =
1000000) and PhyML (substitution model, JTT; bootstrap,
100; gamma distribution parameter, estimated), respectively.
Selection Test
To identify the genes that have been subject to diversifying
selection, the maximum likelihood analysis was conducted
using both the Fitmodel program version 0.5.3 (Guindon
et al. 2004) and the codeml program in the PAML version
4.2b (Yang 1997, 2007). The Fitmodel program, which
allows the site-specific selection process to vary along
lineages of a phylogenetic tree, was performed for the landplant CAD/SAD dataset after removing all pseudogenes as
well as some low quality and short sequences. Models
conducted in this analysis included M0, M3, M3 ? S1, and
M3 ? S2. M0 assumes that all the sites have the same x
values (x = dN/dS; dN, non-synonymous substitution rates;
ds, synonymous substitution rates), whereas M3 assumes
three different x values (x1 \ x2 \ x3). If the switching
rates between x values (x1 to x2, x1 to x3, x2 to x3) are
equally imposed, the model is designated with S1, otherwise with S2. The likelihood ratio tests (LRTs) were performed between each pair of models M0/M3, M3/
M3 ? S1, and M3 ? S1/M3 ? S2, using a v2 to calculate
the significance of difference. The posterior probabilities
(PPs) were estimated by Fitmodel for placing the x3 value
of a site on different branches of the phylogenetic tree, and
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were visualized for each codon position using BASS4
(Bayesian Analysis of Selected Sites) provided by
J. Huelsenbeck.
The codeml program was performed for the four clades
resolved in the phylogenetic analyses (bona fide CAD,
Class III, angiosperm SAD and gymnosperm SAD), separately. The site models (model = 0; NSsites = 0, 1, 2, 3, 7,
8), which allow the x ratio to vary among sites (Nielsen
and Yang 1998), were performed for the four clades. The
likelihood ratio tests (LRTs) using a v2 with d.f. were
conducted to test positive selection between each of the
pairs of models M0/M3, M1a/M2a, and M7/M8, respectively. The four clades were also tested with the branch
models that allow the x ratio to vary among branches in the
phylogeny (Yang 1998) and the branch-site model (model
A, test 2) (model = 2, NSsites = 2) that allows to detect
positive selection at a small number of sites along a specific
lineage (Zhang et al. 2005), respectively. To set the foreground branches, we chose some trunk branches leading to
the major lineages of vascular plants (also known as tracheophytes comprising pteridophytes and seed plants, with
lignified tissues for conducting water, minerals, and photosynthetic products) and the branches in which ancestral
gene duplications have occurred. The LRTs were used to
compare the null model (in the branch model test:
model = 0, NSsites = 0; in the branch-site model test: fix
omega = 1 and omega = 1 in codeml.ctl) and the alternative model (in the branch model test: model = 2,
NSsites = 0; in the branch-site model test: fix omega = 0
in codeml.ctl).
Prediction of the Three-Dimensional Structure
of the CAD/SAD Protein
We selected several CAD/SAD protein sequences representing four main clades of non-flowering plants (green
algae, mosses, lycophytes, and gymnosperms) to predict
their three-dimensional models. These sequences were
submitted to the Swiss-Model homology modeling server
(http://swissmodel.expasy.org/workspace/) and were analyzed using the automatic modeling mode (Arnold et al.
2006).

Results
Sequence Characterization
The CAD/SAD genes obtained from the 52 studied species
are shown in Supplementary Table S2. The numbers of the
genes we discovered in some species (e.g., Physcomitrella,
Selaginella, Oryza, and Populus) were different from those
reported in some previous studies (e.g., Barakat et al. 2009;
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Xu et al. 2009a). Only one member was found in the
genome sequence of some early eukaryotes such as the red
alga Cyanidioschyzon merolae and the three protist species.
The CAD/SAD gene coding sequences of the sampled plant
species range from 1044 to 1131 bp in length. Most of the
length variation occurred at the N- and C-terminals (Supplementary Table S3). Copy number of this gene family is
very variable in green plants, from three in green alga (only
one or two of them were used in the final analysis), and
moss to eighteen in Medicago. Vascular plants have many
more members than green alga and moss (Table 1).
Moreover, there is great variation in the gene structure.
This gene has seven to eight introns in green algae, and
fewer than six introns in land plants, which is consistent
with the previous finding that early eukaryotic genes are
often very complex in structure (Roy and Gilbert 2005)
(Fig. 1; Supplementary Table S3). The number of introns
also varied among different members of the gene family,
especially in moss (1, 4, and 5 introns in Physcomitrella
patens) and angiosperm (1–5 introns). However, all
members from the lycophyte Selaginella moellendorffii

have five introns, and those from gymnosperms have four
or five introns (Fig. 1; Supplementary Table S3).

Phylogenetic Analyses
Both Bayesian and ML analyses were performed on the
nucleotide sequence (excluding the third codon positions)
and deduced amino acid sequence datasets of the CAD/
SAD gene family from land plants, respectively. The four
phylogenetic trees generated are topologically identical
except the positions of some branches with low bootstrap
supports (Fig. 1, Supplementary Fig. S2). The ML tree of
the amino acid sequences is shown in Fig. 1. The land
plants are monophyletic with 100% bootstrap support
(Fig. 1). Except two members of moss (PpaCAD1 and
PpaCAD2), all the CAD/SADs of land plants could be
divided into three classes based on the phylogenetic relationships as well as the gene structure and function (Fig. 1,
Supplementary Fig. S3). For the convenience of discussion,
the class names used in this study followed previous

Table 1 Information of the CAD/SAD gene family in the 18 green plant species with whole genome sequences analyzed in this study
Species

Copy number
Class I

Class II

Class III

Website

References

Total

Chlamydomonas
reinhardtii

–

–

–

3

http://genome.jgi-psf.org/Chlre3/
Chlre3.home.html

Merchant et al. (2007)

Volvox carteri
f. nagariensis
Physcomitrella patens
ssp patens

–

–

–

3

–

–

–

1

3

http://genome.jgi-psf.org/Volca1/
Volca1.home.html
http://genome.jgi-psf.org/
Phypa1_1/Phypa1_1.home.html

Selaginella moellendorffii

2

5

4

11

http://genome.jgi-psf.org/Selmo1/
Selmo1.home.html

Wang et al. (2005)

Arabidopsis thaliana

2

6

1

9

http://www.ncbi.nlm.nih.gov

Kim et al. (2004)a

Rensing et al. (2008)

Brachypodium distachyon

1

6

1

8

http://www.phytozome.net

Vogel et al. (2010)

Carica papaya

2

11

1

14

http://www.ncbi.nlm.nih.gov

Ming et al. (2008)

Cucumis sativus

2

4

1

7

http://www.ncbi.nlm.nih.gov

Huang et al. (2009)

Glycine max
Manihot esculenta

2
3

11
12

2
1

15
16

http://www.phytozome.net
http://www.phytozome.net

Schmutz et al. (2010)
–

Mimulus guttatus

1

6

1

8

http://www.phytozome.net

–

Medicago truncatula

1

16

1

18

http://www.medicago.org/genome

Cannon et al. (2006)

Oryza sativa ssp japonica

1

9

2

12

http://www.ncbi.nlm.nih.gov

Goff et al. (2002)

Phoenix dactylifera

2

5

2

9

http://www.ncbi.nlm.nih.gov

–

Populus trichocarpa

1

11

5

17

http://genome.jgi-psf.org/
Poptr1_1/Poptr1_1.home.html

Hamberger et al. (2007)a

Ricinus communis

2

5

1

8

http://castorbean.tigr.org/

–

Sorghum bicolor

1

8

5

14

http://genome.jgi-psf.org/
Sorbi1/Sorbi1.home.html

Paterson et al. (2009)

Vitis vinifera PN40024

2

9

3

14

http://www.genoscope.cns.fr/
externe/GenomeBrowser/Vitis

Jaillon et al. (2007)

a

Sequences that were directly downloaded with gene accession numbers from the reference papers, while the others were obtained by the blast
search
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classifications for this gene family (e.g., Raes et al. 2003;
Hamberger et al. 2007; Barakat et al. 2009; Saballos et al.
2009). Class I (bona fide CAD) comprising AthCAD5 and
its closest relatives is monophyletic (100% bootstrap support) and conserved in vascular plants, with the lycophyte
at a basal position. Class II (SAD: members more similar to
PtSAD than to AthCAD5) is not monophyletic, which
includes three groups corresponding to lycophyte (S-SAD),
gymnosperm (G-SAD), and angiosperm (A-SAD), respectively (Table 2, also see ‘‘Discussion’’). Class III is conserved from moss to angiosperm (Fig. 1), and it consists of
members that are a little more similar to PtSAD than to
AthCAD5, but relationships among the members from seed
plants are far from being resolved due to the high sequence
similarity (Table 2). Moreover, the three classes of the
CAD/SAD genes we designated were also recovered in the
ML trees of all the 52 species constructed based on the
deduced amino acid sequences and the first plus second
codon positions, respectively (Supplementary Fig. S1). The
only one member (CmeCAD) found in the red alga
Cyanidioschyzon merolae is distantly related to the CAD/
SADs of green plants. The phylogenetic positions of the
four EST sequences obtained from the liverwort Marchantia polymorpha are uncertain. It is interesting that the
fern Adiantum capillus-veneris also harbors members from
all of the three classes of the CAD/SAD genes (Supplementary Fig. S1).
Duplication and extinction events, both ancient and
recent, occurred frequently in the evolutionary history of
the CAD/SAD gene family, especially in putative SADs of
angiosperm (A-SAD) (Fig. 1). In the A-SAD (Class II)
clade, two duplications in the early evolution of angiosperms and one duplication in the common ancestor of
monocots, as well as other duplications in the deep
branches of some families such as Poaceae and Fabaceae,
could have occurred. Additionally, many intraspecific
duplications might have occurred, particularly in the core
eudicots subclade. For instance, most members of this
subclade are likely to have been generated by tandem
repeat, including all members of Arabidopsis and some of
the other species (e.g., Kim et al. 2004; Barakat et al.
2009; Saballos et al. 2009). At the same time, the putative
SAD gene was frequently lost, such as the loss of members of Arabidopsis in subclade A and Cucumis, Manihot,
and Ricinus in rosids I. In contrast, duplication and
extinction events were much fewer in the other two
classes. Except Manihot esculenta, no species has more
than two copies of bona fide CAD (Class I), and most
species has only one to three copies of Class III (both
Sorghum and Populus have five copies of Class III, but
some of them are too short to be included in the final
phylogenetic analysis) (Table 1; Fig. 1). Nevertheless, one
duplication in the early evolution of angiosperm bona fide
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CAD and subsequent loss of one copy in many species
have occurred (Fig. 1).
Three-Dimensional Structure Modeling
The prediction of three-dimensional structure for CAD/
SAD proteins indicated that AthCAD5 (PDB number:
2cf5A) was the most homologous template for SmoCAD1
and SmoCAD2 (Class I, bona fide CAD), while PtSAD
(PDB number: 1yqdA) was the best template for CreCAD1
(green alga), PpaCAD1, PpaCAD3 (Class III of moss),
SmoCAD3 and SmoCAD4 (lycophyte SADs, Class II), and
PbaSAD1 (G-SAD, Class II) (Table 2). The similarity and
identity of amino acid sequences between SmoCAD1 and
AthCAD5 are as high as 77 and 62%, respectively
(Table 2). Furthermore, among the twelve residues which
constitute the proposed substrate-binding pocket (Youn
et al. 2006), ten of SmoCAD1 and nine of SmoSAD2 are
identical to those of AthCAD5, whereas there are six different residues between the two subclades of angiosperm
bona fide CADs. Additionally, most of these residues are
different from those of the members in Classes II and III
(Supplementary Fig. S3).
Selection Test
The LRT tests between nested models in the Fitmodel
program suggested that the M3 ? S2 model was significantly better than the other models for the land-plant
CAD/SAD dataset. The switching rate between x2 (moderate purifying selection) and x3 (relaxed selection)
(R23 = 5.86) was significantly higher than that between
x1 (strong purifying selection) and x2 (R12 = 0.89), and
that between x1 and x3 (R13 = 0.21) (Table 3). Using the
M3 ? S2 model, 14% of the codons were inferred to be
under relaxed selection (x3 = 1.01) (Table 3), of which
some might have been under positive selection. For the 380
trees corresponding to all codon positions in the alignment,
relaxed selection was only detected in some branches of
136 trees. Among the 377 branches across the gene tree,
the number of sites under relaxed selection on each branch
varied from 0 to 44, and branches with a large number of
sites under relaxed selection were mainly detected in the
A-SAD clade (Figs. 2, 3). Interestingly, the pattern of shift
to relaxed selection at the twelve codon positions, which
constitute the proposed substrate-binding pocket (Youn
et al. 2006), was very different among the CAD/SAD gene
classes. Relaxed selection was detected at 9, 5, 5, and 2
codon positions in A-SAD, G-SAD, Class III, and bona fide
CAD, respectively (Fig. 4). Of the two codon positions
under relaxed selection in bona fide CAD, one only
occurred in a subclade of angiosperm (Fig. 4d), and the
other in a subclade of core eudicots (Fig. 4e).
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b Fig. 1 Maximum-likelihood tree of the CAD/SAD genes constructed

based on the amino acid (aa) sequences with two green algae as
outgroups. Numbers above branches refer to bootstrap values higher
than 50%. The genes without available EST sequences are indicated
by triangles. The big and small stars denote the inferred early and
recent duplication events, respectively. The genes with different
structures are indicated in different colors, with their detailed
structures shown in the diagrams at the upper-left corner (exons in
boxes and introns in lines). The genes shaded in different colors have
been functionally studied regarding their roles in lignin biosynthesis:
gray undoubtedly involved, yellow not involved, light green debated.
A-SAD putative SAD of angiosperm, G-SAD putative SAD of
gymnosperm, S-SAD putative SAD of Selaginella, Aho Abies
holophylla, Ath Arabidopsis thaliana, Bdi Brachypodium distachyon,
Car Cathaya argyrophylla, Cde Cedrus deodara, Cja Cryptomeria
japonica, Cpa Carica papaya, Cpi Chamaecyparis pisifera, Cre
Chlamydomonas reinhardtii, Cri Ceratopteris richardii, Cru Cycas
rumphii, Csa Cucumis sativus, Gbi Ginkgo biloba, Gma Glycine max,
Mes Manihot esculenta, Mgl Metasequoia glyptostroboides, Mgu
Mimulus guttatus, Mtr Medicago truncatula, Nta Nicotiana tabacum,
Osa Oryza sativa, Pab Picea abies, Par Pinus armandii, Pba Pinus
banksiana, Pda Phoenix dactylifera, Por Platycladus orientalis, Ppa
Physcomitrella patens, Psi Picea sitchensis, Pra Pinus radiata, Pta
Pinus taeda, Ptr Populus trichocarpa, Rco Ricinus communis, Sbi
Sorghum bicolor, Smo Selaginella moellendorffii, Tdo Thujopsis
dolabrata, Tdu Tsuga dumosa, Vca Volvox carteri, Vvi Vitis vinifera.
Gene names and identifiers are shown in Supplementary Table S2

The branch-site test showed that most sites of the CAD/
SAD genes experienced purifying selection (x \ 1), but
some branches could have experienced neutral (x = 1) or
positive selection (x [ 1) at a few sites (Supplementary
Fig. S4; Table S4). In Class I (bona fide CAD) and Class
III, positive selection was detected from most of the trunk
branches leading to the major lineages of vascular plants.
In A-SAD of Class II, positive selection was detected on
branches where ancestral gene duplications occurred. Only
two inner branches of the G-SAD (Class II) were suggested
to have been positively selected (significance at 5%)
(Supplementary Fig. S4; Table S4). However, the results of
the branch model tests indicated that all branches, except
one of bona fide CAD, one of G-SAD and three of A-SAD,
were under purifying selection after removing branches
with dS below 0.005 that could lead to uncertain estimates
(Palmé et al. 2009) (Supplementary Fig. S4). The site
model tests also indicated that no sites were under significant positive selection except one of G-SAD (344 S) and
one of bona fide CAD (97 N).

Discussion
Phylogenetic History of the CAD/SAD Gene Family
in Plants
Plant CAD/SADs have attracted the most interest due to
their important roles in monolignol biosynthesis (e.g.,
Galliano et al. 1993a; Brill et al. 1999; Li et al. 2001; Kim
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Table 2 The similarity and identity between the inferred protein
sequences of the CAD/SAD genes and the automated models
(AthCAD5 and PtSAD) in predicted three-dimensional structure
Protein

AthCAD5 (%)

PtSAD (%)

Identity Similarity Identity Similarity

Automated
model

PpaCAD1

47.1

67.8

54.6

70.1

PpaCAD3

43.5

59.9

46.3

62.0

PtSAD
PtSAD

SmoCAD1 62.0

77.0

54.0

54.0

AthCAD5

SmoCAD3 48.5

67.8

55.9

55.9

PtSAD

SmoCAD8 44.1

63.7

48.8

66.7

PtSAD

CreCAD1

47.0

67.0

55.5

71.6

PtSAD

PbaSAD1

51.8

63.9

63.3

73.5

PtSAD

et al. 2004, 2007; Tobias and Chow 2005; Hamberger et al.
2007; Barakat et al. 2009; Saballos et al. 2009), although,
CAD/SAD homologs have been found in bacteria and fungi
(e.g., Larroy et al. 2002; Valencia et al. 2004; Mee et al.
2005), as well as some protists (Peacock et al. 2007). Most
previous studies focused on functions of the CAD/SAD
genes, while evolution of the CAD/SAD gene family and its
correlation with the origin and the evolution of lignin
remains unresolved, although, there have been some phylogenetic analyses of this gene family from different species (e.g., Raes et al. 2003; Tobias and Chow 2005;
Hamberger et al. 2007; Barakat et al. 2009; Saballos et al.
2009; Ma 2010).
In this study, the evolutionary history of the CAD/SAD
gene family was reconstructed based on a sampling of 39
species representing most major lineages of green plants
(chlorophyte, bryophyte, lycophyte, fern, gymnosperm, and
angiosperm). All phylogenetic analyses, using the amino
acid sequences or the first plus second codon positions,
consistently indicate that land-plant CAD/SADs form a
monophyletic group, in which three classes could be recognized when gene structure and function are also considered. Class I, i.e., bona fide CAD, is conserved in
vascular plants. Class II comprises three groups, i.e.,
A-SAD, G-SAD, and S-SAD. Class III is conserved in land
plants (Fig. 1, Supplementary Fig. S1). The three classes
designated in our study are different from those recognized
in Barakat et al. (2009), although, some similarities can be
found between the two classifications.
Our Class I corresponds to one subclade of Barakat
et al.’s Class I, and includes CAD genes not only from seed
plants but also from the lycophyte Selaginella and the fern
Adiantum capillus-veneris. The functions of our Class I
CAD genes would be very conserved given their highly
conserved substrate-binding sites, as proposed in Youn
et al. (2006), and evolution under strong purifying selection
(Figs. 3, 4, Supplementary Fig. S3), as well as the results of
previous functional studies on some members of this class
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(Fig. 1). The other subclade of Barakat et al.’s Class I,
represented by sequences from only gymnosperms, was
recognized by us as G-SAD, a lineage of Class II. Members
of this lineage are more similar to PtSAD (Class II) than to
AthCAD5 (Class I) in sequence similarity, three-dimensional structure of protein, and substrate-binding sites
(Table 2; Supplementary Fig. S3). Our Class II contains
members from lycophyte (S-SAD), fern (AcaCAD1),
gymnosperm (G-SAD), and angiosperm (A-SAD), but
Barakat et al.’s Class II is angiosperm-specific. Frequent
gene duplications and losses have occurred in our Class II,
especially in A-SAD (Fig. 1). Genes of this class might
have been under much more relaxed selection than the other
two classes (Fig. 3), showing diverse expression patterns
and enzyme activities (e.g., Kim et al. 2007). Most branches
with a number of sites under relaxed selection (PP [ 0.9)
belong to clades A-SAD and G-SAD (data not shown), and
most of the twelve putative substrate-binding sites are relatively variable and under more relaxed selection in Class II
or its members (Fig. 4, Supplementary Fig. S3). Therefore,
we grouped all the putative SADs into Class II due to their
differences from Class I to Class III genes in evolution and
function, although, they are not monophyletic. In addition,
different from Barakat et al.’s Class III that is also angiosperm-specific; our Class III includes members from liverwort, moss, lycophyte, fern, gymnosperm, and
angiosperm. The Class III genes are highly conserved in
sequence and gene structure, and differ from the other two
classes in sequence similarity (Table 2), substrate-binding
sites (Supplementary Fig. S3), and enzyme activity (Kim
et al. 2004). All the above evidence, together with the
number of CAD/SAD genes found in each species (Supplementary Table S2), indicates that the radiation of the
CAD/SAD gene family occurred at least before the divergence of vascular plants rather than in the early ancestry of
angiosperms as suggested by Barakat et al. (2009). The EST
database of the fern Ceratopteris richardii is very small,
and thus only one member of this gene family was found in
the species (Fig. 1; Supplementary Table S2).
Evolutionary Mode and Functional Divergence
of the CAD/SAD Gene Family
The birth-and-death evolution might be the most popular
evolutionary mode of multigene family (Nei and Rooney
Table 3 Results of the LRT
test of the models in the
Fitmodel program for the landplant CAD/SAD gene sequence
data

2005). However, there is a great variation in the rate of
gene duplication and loss among different gene families or
even different clusters of the same gene family (e.g., Nam
et al. 2004; Xu et al. 2009b). Gene families encoding
ancient ‘‘conserved biological functions,’’ such as DNA
metabolism, nuclease activity, and RNA binding, often
have conserved copy numbers and gene structure whereas
the copy number and structure might be dramatically variable in those gene families encoding transcription factors,
protein kinases, and ribosomal proteins (Nei 2007; Freeling
2009). Moreover, a strong correlation between evolutionary pattern and gene function might exist among different
gene families or even within the same gene family. That is,
genes with conserved functions tend to experience strong
purifying selection and little or no change in copy number
and structure, while those with specific functions usually
experience rapid duplication and relaxed selection
(e.g., Nam et al. 2004; Nei 2007; Yang 2007; Freeling
2009; Xu et al. 2009b). In this study, we found a great
variation in the rate of gene duplication and loss among the
three classes of CAD/SAD genes. Class I (bona fide CAD)
comprises members from lycophyte to angiosperm (Fig. 1),
and the substrate-binding pockets of this class members
(e.g., AthCAD5) are significantly different and smaller
when compared to that of Class II (e.g., PtSAD), with
highly conserved residues (Bomati and Noel 2005;

M0

M3

M3 ? S1

M3 ? S2

ln L
x1 x2 x3

-89310.68
0.16

-87076.92
0.03 0.16 0.41

-85956.6
0.00 0.21 0.85

-85820.37
0.01 0.12 1.01

p1 p2 p3

1.00

0.35 0.42 0.24

R12 R13 R23
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Fig. 2 Distribution of branches with different numbers of sites under
relaxed selection across the CAD/SAD gene tree. Gray bars refer to
branches with the number of sites under relaxed selection in the 95th
percentile. The number on the panel represents the percentage of sites
under relaxed selection in the whole alignment

0.54 0.32 0.14

0.47 0.39 0.14

1.71 1.71 1.71

0.89 0.21 5.86
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Fig. 3 Shifts of selection across all sites on branches of the CAD/SAD gene tree. Branches under relaxed selection (gray bars in Fig. 2) are
shown in bold lines
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b Fig. 4 Shifts of selection at the twelve residues (a–l) which constitute

the proposed substrate-binding pocket of bona fide CAD (Youn et al.
2006) on the CAD/SAD gene tree. Branches under relaxed selection
are shown in red (PP greater than 90% for placing a branch in the x3
selection class). Branches under strong purifying selection are shown
in blue (PP lower than 20%). Branches shown in the rest colors are
under moderate purifying selection (PP from 21 to 89%). Numbers in
(a–l) correspond to the positions of the twelve residues in the whole
alignment

Youn et al. 2006). Except Manihot esculenta, no more than
two Class I members were detected in the same species,
which might be due to the conserved function that they
perform in the lignin formation. Class III genes are also
highly conserved in sequence and structure, with all
members having six exons except PpaCAD3 (5 exons),
PsiCAD, and PtaCAD2 (uncertain) (Fig. 1), and thus this
class might also have a conserved function. Interestingly,
Class II includes three subgroups without clustering together, and shows a remarkable variation in gene copy
number (5–16) and the number of exon (2–6) (Table 1;
Fig. 1). All the four modes of gene duplication (tetraploid,
segmental, transpositional, and tandem) (Freeling 2009)
seem to have occurred in this class (e.g., Tobias and Chow
2005; Barakat et al. 2009). Moreover, rapid accumulation
of tandemly arrayed gene duplicates usually induced by an
environmental stressor (Demuth and Hahn 2009) was
detected in this class, suggesting that these genes could be
defense-related or play roles in plant adaptation.
The maximum likelihood analysis is widely used to
identify genes that have been subject to diversifying
selection, especially using Fitmodel (Guindon et al. 2004)
and PAML (Yang 1997, 2007). In this study, both the
Fitmodel program and the codeml program in PAML were
performed to detect selective constraints on the evolution
of the CAD/SAD genes. Both the results showed that most
branches and sites were under purifying selection. However, some discrepancies also exist between results of the
two analyses. First, unlike PAML, the Fitmodel analysis
did not detect any significant positive selection (Table 3,
Supplementary Table S4), although, it is possible that some
sites placed in the x3 class have actually experienced
positive selection (Shan et al. 2009). Secondly, greatly
relaxed selection has occurred on many branches of the
A-SAD clade according to the Fitmodel analysis, but it was
not detected by the PAML analysis (Fig. 3; Supplementary
Fig. S4, Table S4). The branch or branch-site model in
PAML assumes that the variation pattern of selective
constraint is different between the foreground and the
background branches (Yang 1998; Zhang et al. 2005), so it
is very difficult to specify the foreground branch when the
functions and evolutionary histories of the genes under
study are poorly understood (Guindon et al. 2004;
Anisimova and Yang, 2007 and references cited therein),
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such as the A-SAD and G-SAD genes in this study. In
contrast, the Fitmodel program does not require a priori
knowledge of lineages evolving under positive selection
(Guindon et al. 2004). In addition, the total branch length,
defined as number of nucleotide substitutions per codon, is
higher than 55 in the A-SAD clade, which also suggests
that sequences of this clade are too divergent to be analyzed with PAML (Anisimova et al. 2001, 2002; Anisimova and Yang 2007) (Supplementary Table S4). Finally, in
Class I (bona fide CAD) and Class III, the branch-site test
indicates that most of the trunk branches leading to the
major lineages of vascular plants have been under positive
selection, while the Fitmodel analysis suggests purifying
selection in these two classes (Fig. 3, Supplementary Fig.
S4). This difference might be due to that the very variable
mode and strength of selection on the background branches
has lead to unreliable inferences for the foreground branches in PAML or that the Fitmodel has less statistical
power than the branch-site analysis (Shan et al. 2009).
However, the fact that the distribution of sites under
positive or relaxed selection is more regular in the Fitmodel
than in the branch-site analysis (Table S4) indicates that the
Fitmodel program is more suitable for our dataset. Moreover, the reliability of the branch-site model is still hotly
debated (e.g., Zhang et al. 2005; Nozawa et al. 2009; Yang
et al. 2009). Therefore, the following discussion about the
evolution and functional diversification of the CAD/SAD
gene family is based on the results of the Fitmodel analysis.
According to the Fitmodel analysis, the lineages with a
large number of sites under relaxed selection include the
ancestral branch of land plants as well as many deep
internal branches in the A-SAD clade (Class II), implying
that the function of Class II genes might not be very conserved, which is consistent with previous experimental
studies (e.g., Kim et al. 2004, 2007; Stephens 2005; Goldie
2006; Barakat et al. 2009). In contrast, stronger purifying
selection has acted on Classes I and III, suggesting conserved functions of the two classes (Fig. 3). Additionally,
the selective constraints on the twelve residues, which
constitute the proposed substrate-binding pocket of bona
fide CAD (Youn et al. 2006), are very different among the
three classes of CAD/SAD genes. Only two residues were
detected to be under relaxed selection in Class I (Fig. 4d,
e), of which some members of gymnosperms and angiosperms have been confirmed to be involved in the monolignol biosynthesis (Fig. 1). Unlike in Class I, much more
residues in Classes II and III have been under relaxed
selection (Fig. 4), indicating that the two classes may have
obtained other functions. As discussed above, the three
classes of CAD/SAD genes differ in evolutionary mode,
conserved in Classes I and III but variable in Class II,
which might associate with the functional divergence
among them.

123

214

The Occurrence of Bona Fide CAD is Very Likely
Correlated with the Origin of Lignin
Lignin plays a vital role in plant adaptation to terrestrial
environments and represents a major obstacle in paper
pulping, forage digestibility, and processing of plant biomass to biofuels (Vanholme et al. 2008). Of great importance is to investigate the molecular basis for the lignin
biosynthesis. It has been clear that monolignol biosynthesis
is one of the two branches derived from the general phenylpropanoid pathway (Ferrer et al. 2008). The CADs
catalyze the last step in monolignol biosynthesis (Gross
et al. 1973; Mansell et al. 1974). Most researchers agreed
that Class I (bona fide CAD) is essential for the biosynthesis of monolignols, since bona fide CAD mutants in
several plants have distinct phenotypes and different lignin
contents and compositions when compared to the wildtype, such as cad-n1 of Pinus taeda (MacKay et al. 1997;
Ralph et al. 1997; Gill et al. 2003), cad-c cad-d double
mutant of Arabidopsis thaliana (Sibout et al. 2005), gh2 of
Oryza sativa (Zhang et al. 2006), and midrib6 of Sorghum
bicolor (Saballos et al. 2009).
This study shows that the bona fide CAD exists in all
main lineages of vascular plants, including lycophyte, fern,
gymnosperm, and angiosperm, and represents a monophyletic clade (Fig. 1, Supplementary Fig. S1). The bona
fide CADs we recognized are also supported by the prediction of the three-dimensional structure of protein, the
identity of amino acid residues in the proposed substratebinding sites and the strong purifying selection on these
genes (Table 2; Fig. 3, Supplementary Fig. S3). Therefore,
it is very likely that the lycophyte has the earliest bona fide
CAD involved in the monolignol biosynthesis. This inference is consistent with the fact that Selaginella has real
lignin (Weng et al. 2008). In bryophytes, only some ligninrelated compounds were detected (Ligrone et al. 2008),
indicating that the monolignol biosynthesis pathway might
have not been completely established in the earliest land
plant due to the lack of bona fide CAD.
Previous studies showed that some upstream genes of
the monolignol biosynthesis pathway are highly conserved
from bryophytes to angiosperms, such as the genes
encoding the phenylalanine ammonia lyase (PAL)
(Emiliani et al. 2009), cinnamate 4-hydroxylase (C4H),
and p-coumaroyl shikimate/quinate 30 -hydroxylase (C30 H)
(Weng et al. 2008). Also, three of the four gene members
encoding 4-coumarate: CoA ligase (4CL) from the moss
Physcomitrella patens were found to have substrate activity similar to Arabidopsis 4CLs, although, the evolutionary
history of the 4CL gene is still ambiguous (Silber et al.
2008; Souza et al. 2008). Xu et al. (2009a) suggested that
the monolignol biosynthesis pathway had been completely
established in early land plants based on the fact that all the
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nine gene families involved in the pathway occur in moss
and have many more members in moss than in green alga,
and even considered moss as the turning point—the host of
‘‘original lignin’’. However, it is very common that a
specific character appeared much later than the origin of
the gene families responsible for it. For example, the main
types of the MADS-box genes that control diverse developmental processes in flowering plants, in particular the
development of flower, originated before the divergence of
seed plants, and its homologs have been reported in green
alga, moss, and so on (Becker and Theissen 2003; Riese
et al. 2005; Riaño-Pachón et al. 2008), but the flower first
appeared in angiosperms. In addition, the sudden expansion
of the monolignol biosynthesis gene family members in
moss might not directly cause the origin of lignin. Some of
the upstream genes with number expansion, such as PAL,
C4H, and 4CL, also participate in the flavonoid biosynthesis, the other branch of the general phenylpropanoid
pathway (Ferrer et al. 2008). Moreover, some gene copies
reported in Xu et al. (2009a) might be family-like members. For instance, 11 and 26 4CLs, respectively, were
detected in Physcomitrella and Selaginella in their study,
but only four and eight, respectively, were proved to be the
real 4CLs in these two species by Silber et al. (2008) and
our unpublished data. Nevertheless, it cannot be completely ruled out that the bryophyte had lost the Class I
CAD genes or some of its extant members of the CAD/SAD
gene family might play some roles in the monolignol
biosynthesis. Further studies are needed to attribute specific
functions to these members of bryophytes.
One may argue that lignin has been found in the red alga
Calliarthron cheilosporioides (Martone et al. 2009). However, although, the genome sequence of this species is
unavailable right now, only one CAD/SAD homolog
(CmeCAD) was found in the whole genome sequence of
another red alga Cyanidioschyzon merolae, and it is phylogenetically distantly related to the CAD/SADs of green
plants (Supplementary Fig. S1). In addition, the blast search
did not find significant homologs of the other monolignol
biosynthesis gene families from the red alga C. merolae
(unpublished data). The above information strongly supports the hypothesis of convergent evolution of the lignin
biosynthesis between red alga and vascular plants (Martone
et al. 2009). All the above evidence strongly suggests that
the occurrence of bona fide CAD, the primary gene for the
monolignol biosynthesis in vascular plants, is very likely
directly correlated with the origin of lignin.
Up to now, the functions of Classes II and III still
remain controversial. Though several studies indicated that
some members of Class II [e.g., PtSAD, AthCAD7, 8,
OsaCAD7 (FC1)] might have played important roles in
lignin biosynthesis (Li et al. 2001, 2009; Kim et al. 2007;
Barakat et al. 2009), it has also been reported that the Class
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II genes could be involved in plant stress resistance such as
AthCAD7 (AtELI3-1), AthCAD8 (AtELI3-2), NtaSAD (e.g.,
Somssich et al. 1996; Kim et al. 2004; Stephens 2005;
Goldie 2006). Especially, the lignin content and composition did not change when expression of the tobacco SAD
(NtaSAD) was suppressed, suggesting that SAD might not
play a major role in lignin biosynthesis (Stephens 2005;
Goldie 2006). In addition, some investigations showed that
different members of Class II have different expression
patterns and enzyme substrate specificities (Kim et al.
2004, 2007; Barakat et al. 2009), which may imply that the
function of this class is not as conserved as that of bona fide
CAD. Nevertheless, the many lineage-specific duplications
and extinctions in Class II (Fig. 1) as well as the higher
substrate versatility of the proteins caused by the larger
substrate-binding pocket, such as in PtSAD (Bomati and
Noel 2005; Youn et al. 2006), seem to suggest that this
class of genes have had relatively specialized functions,
such as stress resistance (Somssich et al. 1996; Kim et al.
2004; Stephens 2005; Goldie 2006; Xu et al. 2009b). The
Class III genes are strongly supported as a monophyletic
clade, and comprise members from the five main clades of
land plants (bryophyte, lycophyte, fern, gymnosperm, and
angiosperm) (Fig. 1, Supplementary Fig. S1). Functional
studies indicated that some members of this class lack
detectable CAD catalytic activities in vitro but express
widely (Kim et al. 2004, 2007; Barakat et al. 2009).
Additionally, the twelve residues in the proposed substratebinding sites (Youn et al. 2006) of these class members are
distinct from those of both Class I and II members (Supplementary Fig. S3). Hence, Class III might not be
responsible for the lignin biosynthesis. Nevertheless, it is
very likely that Class III has important functions during
plant development and is necessary for the adaptation of
land plants, given its ancient origin and high conservation,
like PAL, C4H, and C30 H, and wide expression. Further
studies are needed to attribute specific functions to this
class.
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