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Abstract

Cinnamyl alcohol dehydrogenase (CAD) (EC 1.1.1.195) is an enzyme functioning in the reduction of various
phenylpropenyl aldehyde derivatives which are precursors in lignin and lignan production. Species-specific CAD
genes have been extensively identified in recent years. In this study, we used bioinformatics tools to characterize
and classify plant CADs. The amino acid and nucleotide sequences of 16 CADs from different plant species were
used to compare their physiological properties, phylogeny, and conserved motifs. For this purpose, sequence,
phylogenetical, structural analyses of proteins were conducted using various servers. All plant CADs had the
characteristic alcohol dehydrogenase (PF08240) and zinc-binding dehydrogenase domains (PF00107). According
to the physicochemical analysis, it was revealed that the most of plant CADs (81.25%) were in acidic character.
Sequence length (aa) and molecular weight (kDa) of CAD proteins were found in range of 356 -367 and 38.6-40.5
respectively. The highest sequence similarities were found between Sorghum bicolor and Zea mays (95.3%),
Panicum virgatum and Sorghum bicolor (90.9%), and Oryza sativa and Zea mays (87.1%) respectively. Plant
CADs showed divergent exon-intron structures in which exon numbers were ranged from two to six. Four monocot
species (S. bicolor, P. virgatum, Z. mays, and O. sativa) have four exons, whereas Brachypodium distachyon
contains only two exons. Phylogenetic analysis revealed that the CAD proteins mainly divided into two groups.
The highest bootstrap values were found as follows: Fragaria vesca-Prunus persica clade (100%), Glycine max-
Medicago truncatula (81%), and S. bicolor-Z. mays (72%). The 3D structures of plant CADs showed that Oryza
and Vitis had the most divergent structures when compared to the other plant species. Eventually, the data
represented here contribute to studies aiming at evaluating the plant CADs extensively and at identifying new CAD
genes in other plants.
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Yiiksek Bitki Tiirlerindeki Sinamil alkol dehidrogenaz (CAD)
Proteinlerinin Biyoinformatiksel Analizi

Oz

Sinamil alkol dehidrogenaz (CAD) (EC 1.1.1.195) lignin ve lignin iiretimindeki 6nciil ¢esitli fenil propenil aldehit
tirevlerinin indirgenmesinde gorev alan bir enzimdir. Tiirlere 6zgii olan CAD genleri, son yillarda 6nemli derecede
tanimlanmistir. Bu ¢aligmada CAD genlerinin (enzim veya proteinlerinin) bioinformatik araglar kullanilarak
karakterize edilip, smiflandirilmasi amaglanmustir. 16 farkl bitki tiirtiinden elde edilen CAD niikleotit ve amino
asit dizileri fizyolojik 6zellikler, filogenetik ve korunmus motif bolgelerinin karsilagtirilmasi igin kullanilmustir.
Bu amacla CAD proteinlerinin sekans, filojenik ve yapisal analizleri ¢esitli sunucular yardimiyla yapilmustir.
Biitiin incelenen CAD dizilerinin alkol dehidrogenaz (PF08240) ve ¢inko baglayici dehidrogenaz domainlerine
sahip olduklar1 gézlenmistir (PF00107). Fizyokimyasal analiz sonuglarina gére, CAD’lerin 6énemli bir kismimnin
(%81,25%1) asidik karakterde oldugu gézlenmistir. Bu proteinlerin amino asit uzunluklar1 (aa) ve molekiiler
agirhiklarinin (kDa) 356 -367 ve 38,6-40,5 arasinda sirastyla degismekte oldugu belirlenmistir. Dizi benzerlikleri
en yiiksek Sorghum bicolor ile Zea mays (%95,3), Panicum virgatum ile Sorghum bicolor (%90,9) ve Oryza sativa
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ile Zea mays (% 87,1) arasinda bulunmustur. incelenen CAD genlerinin intron ve ekzon yapilar1 birbirlerinden
farklilik géstermis oldugu ve ekzon sayilarmm iki ve alt1 arasinda degistigi belirlenmistir. Calismadaki tek ¢enekli
tirler olan S. bicolor, P. virgatum, Z. mays, ve O. sativa’nin dort ekzona sahip oldugu; Brachypodium
distachyon ‘un ise sadece iki ekzona sahip oldugu gozlenmistir. Filogenetik analiz neticesinde CAD proteinlerinin
sadece iki ana gruba ayrildig1 saptanmus; en yiiksek bootstrap degerleri sirasiyla su sekilde bulunmustur: Fragaria
vesca-Prunus persica grubu (%2100), Glycine max-Medicago truncatula (%81), and S. bicolor-Z. mays (%72).
Incelenen CAD’lerin 3 boyutlu analizlerine gére, Oryza ve Vitis CAD’leri, arastirmadaki diger bitki CAD’lerinden
en fazla ayrilma gostermistir. Son olarak bu ¢alismadaki veriler, farkli bitkilerdeki CAD genleri veya proteinlerinin
tanimlanmasi ve degerlendirmesini amaglayan yeni ¢alismalara katki saglayacaktir.

Keywords: 3 boyutlu yapi, Sinamil Alkol Dehidrogenaz (CAD’ler), karsilastrmali filogenetik, bilgisayar
simiilasyonlu analiz.

1. Introduction

Lignin, the polymer of subunit monolignols, including p-coumaryl, coniferyl, and sinapyl alcohols, is
the structural component of cell wall in vascular plants, supporting mechanical resistance against
hydrophobicity, plant growth, development, and responses to environmental stresses [1, 2]. The
cinnamyl alcohol dehydrogenase is used in the reduction of cinnamaldehydes into cinnamyl alcohols in
the last step of monolignol biosynthesis in the cell wall before oxidative polymerization [3, 4].

CAD exhibits different features between gymnosperms and angiosperms. Gymnosperm CAD is
encoded by single gene with highly characteristic for coniferyl aldehyde, whereas angiosperm CAD is
encoded by multiple genes having crucial affinity for coniferyl and sinapyl aldehydes [5]. The CAD
genes display nearly 80% and 70% nucleotide sequence identity in all published angiosperm and
angiosperms & gymnosperms sequences [6].

CAD and CAD-like genes have been reported in many plant genomes, including Populus
trichocarpa, [7] Oryza sativa, [8] Eucalyptus globules, [9] Arabidopsis thaliana [10], wheat [5],
sorghum, [11] maize, [12] Picea abies,[13] and Lolium perenne [14]. Nonetheless, in Arabidopsis, 9
CAD genes were identified in CAD multigene families. Among the AtCAD genes, only AtCAD1,
AtCAD4 and AtCADS5 were found to be related with lignin biosynthesis [3, 15, 39]. The anatomical parts
of AtCAD4 and AtCADS differs; as AtCAD4 is primarily expressed in leaves and flowers, AtCAD5
expression particularly higher in roots [38]. In the rice genome, 12 distinct genes showed higher
similarity to CAD genes [8]. It was reported that AtCAD4 and 5 were phylogenetically grouped in the
same clad with bona fide ZmCAD2 (maize), OsCAD2 (rice), SbCAD2 (sorghum) and BdCADS5
(Brachypodium). BACAD5 and BACAD3 had similar tertiary structures with AtCAD5; however, in
terms of kinetic parameters, BACADS was more involved in lignin biosynthesis [40]. In wheat, a total
of 11 wheat CAD sequences were identified within 6 groups based on the phylogenetic analysis.
TaCAD1 is very similar to the other bona fide CADs in lignin synthesis owing to resemblance of amino
acid sequence and three-dimensional structure [5]. As for TaCAD12, it was suggested to involve in plant
defense system against Rhizoctonia cerealis [39]. Presence of 15 PoptrCAD genes were reported in
poplar [7].

Based on gene structure analysis, three patterns were detected and 14 of the 15 CAD
genes distributed on duplicated regions. Also, CAD gene expressions exhibited different
patterns. In sorghum, 14 CAD-like genes at seven different loci were identified. Phylogenetic
analysis showed that SbhCAD genes clustered into four groups. SbCAD2 groups were similar to
bona fide CADs from other species [11]. Jun et al. [41] reported that SbCAD2 and SbCAD4
have high structural and functional resemblance with AtCAD5. Consequently, in this study we
performed in silico analysis of cinnamyl alcohol dehydrogenase nucleotide and protein
sequences from higher plant species to characterize and classify CAD genes. For this purpose,
we also include comparative motif and gene structure, physiochemical, and phylogenetic
analyses.
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2. Materials and methods
2.1. Sequence database searches

CAD protein sequences were collected from NCBI protein database
(http://www.ncbi.nlm.nih.gov/protein) by using BLASTP program. The CAD sequences of nine
Arabidopsis [15] and 12 Oryza [8] were retrieved from TAIR (http://www:.tair.org) and TIGR
(http://www.tigr.org), respectively and they were used as queries. The sequences were selected as
predicted proteins if their E-value satisfied smaller than e™. Also, all candidate sequences were analyzed
in the Pfam database [16] to detect alcohol dehydrogenase (PF08240) and zinc-binding dehydrogenase
(PF00107) domains. Thus, 16 higher plant species (Arabidopsis thaliana, Brachypodium distachyon,
Sorghum bicolor, Panicum virgatum, Zea mays, Oryza sativa indica, Solanum lycopersicum, Glycine
max, Citrus sinensis, Vitis vinifera, Fragaria vesca, Prunus persica, Cucumis sativus, Ricinus
communis, Medicago truncatula, and Populus trichocarpa) were used to analyze CAD protein
sequences. The nucleotide sequences of plant CAD proteins were obtained from the Joint Genome
Institute (JGI) (http://www.phytozome.net).

2.2. Prediction of conserved motifs and gene structures of CADs

Physiochemical data were generated from the Expasy’sProtParam server [17] including sequence
length, molecular weight, and theoretical isoelectric point (pl) values. Conserved motifs of CAD
proteins were identified by using MEME suite (http://meme.sdsc.edu/meme4_4_0/intro.html) [18]. The
following parameters were adopted: the optimum motif width was set to >6 and <50; the maximum
number was set to identify 15 motifs. The sub-cellular distribution and potential N-glycosylation sites
of the CAD proteins were predicted by using TargetP 1.1 (http://www.cbs.dtu.dk/services/Target/) [19]
and NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/). A structural figure of CAD
genes, including exon and intron numbers, was determined using the Gene Structure Display Server
(GSDS) (http://gsds.cbi.pku.edu.cn/) [20]. All CAD protein sequences were aligned with the ClustalW
multiple sequence alignment tool. Full protein sequences were taken to display the consensus sequence
analysis. Weblogo 3 program was used to compare the conserved motifs of the species [21, 22]
.Interacting partners of Arabidopsis CAD and its co-expressed genes were predicted using String 9.1
software (http://string-db.org/) [23].

2.3. Secondary and tertiary structures analysis

Secondary and tertiary structures of CAD proteins were predicted by using a web-based tool, PSIPRED
v2.5 (http://bioinf.cs.ucl.ac.uk/psipred/) and BioSerf (http://bioinf.cs.ucl.ac.uk/psipred/?bioserf=1) [24,
25]. The tertiary structures of the most divergent CADs were compared to analyze the structural and
possible functional differences. Swiss-PdbViewer (DeepView v4.1) program was used to design the
CAD protein models (https://swissmodel.expasy.org)[26].The stereochemical qualities of the modeled
proteins wereevaluated by RAMPAGE server [27].

2.4. Phylogenetic analysis

Amino acid sequences of the CAD proteins were aligned using Clustal W [28]. Phylogenetic analysis
were performed by MEGA 5.1 program [29] using a neighbour-joining (NJ) tree method, based on the
multiple sequence alignment with following parameters: Poisson correction, pair-wise deletion, and
bootstrap analysis with 1000 replicates.

3.Results and discussion

3.1. Physicochemical analysis

We used totally 16 CAD protein sequences from 16 different plant species for in silico comparative
analysis (Table 1). Physicochemical analysis showed that many CAD proteins (81.25%) were in acidic
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character (pl<7), while only three proteins belonging to S. lycopersicum, G. max, and P. persica had in
basic character (pI>7). The average molecular weights and sequence lengths of CADs were calculated
as 39.10 kDa and 361 amino acids, respectively. Previous studies are in agreement with our findings,
including Cameliasinensis [30], strawberry [31], Eucalyptus globules [9] and Pyrus bretschneideri [38].
Sub-cellular localizations were predicted and only three of 16 CAD proteins were found to be resided
in mitochondria (S. bicolor, and Z.mays), and chloroplast (M. truncatula).

N-linked glycosylation cause a basic post-translational modification over proteins with
formation of a covalent bounding on asparagine residues owing to oligosaccharide attachment in the
polypeptide chains. The N-X-S/T consensus sequence is known as a general recognition element [32].
In our study, nine plants contained putative N- glycosylation sites (Table 1) suggesting that these sites
may regulate protein structures of CADs with relation to various metabolic or physiological conditions.
Pfam analyses revealed that all plant CADs had alcohol dehydrogenase GroES-like (PF08240) and zinc-
binding dehydrogenase domains (PF00107) (Figure 1, Figure 2).

Table 1. Characteristics of CADs in higher plant species, including ORF length, exon and intron number, Pfam
family, protein sequence length, molecular weight, predicted subcellular localizations, and N-
glycosylation sites.

. ORF Seq. N-
Species Accession length Exon Pfam length M. wi. pl SL glycosylation
Num. Num. family (Da) -
(bp) (aa) sites
B. XP_00358 Alcohol 6 NHTQ, 82
distachyon 1549 1098 5 dehydrogenase 361 314615 - NVST
Shicolor ~ BAJ09366 1086 2 ‘ncondl 365 3865 584 M .
dehydrogenase
P.virgatum  ACX50073 1008 4  Alcool 364 3869 584 - .
dehydrogenase
Z. mays CAA74070 1104 4  Alcohol 367 3874 595 M .
dehydrogenase
Os.indica ABBO4029 1104 4  “neohol 363 3864 594 -  26NYTL
dehydrogenase
S. .
. XP_00423 GroES-like 83 NVSH, 258
:T):copersmu 3912 1092 4 domain 360 3956 8.2 - NHSL.
G. max AEIS433T 1083 5 orooiike 360 3902 709 -  320NITA
C.sinensis  ABM6769 1483 5 CroESike 357 3893 588 - :
5 domain
- XP_00227 GroES-like
V. vinifera 3147 1074 5 domain 357 3897 6.01 - 108 NQSL
GroES-like 86 NFSV, 271
F.vesca XP00429 1074 &  domain 370 4054 616 -  NGTM,320
1336
NITC
GroES-like 7 NHTQ, 271
P. persica EMJ23293 1122 6 domain 361 39.30 724 - NGTM, 320
NITC
C.sativus 00416 y5g5 5 CroESike 356 3028 591 - 179 NKSG
6963 domain
R Egrageo0 1071 5 OroESike 357 3884 575 - :
communis domain
Athaliana  NP-18857 g7 5 GroESike 365 3010 533 - .
6 domain
M. AET03358 1083 5 GroE_S—Ilke 360 3865 616 C 110 NESL
truncatula domain
P. GroES-like

. EEE87830 1074 5 357 3896 576 - -
trichocarpa

domain

M: Mitochondria, C: Chloroplast
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Figure 1. Comparison of critical domains of CAD proteins among 16 plant species. Logo analysis represents
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a-helix and p-sheet structures were predicted according to PSIPRED program and sequences
represent those motifs were labeled with magenta and yellow, respectively. Lines indicated in the upside
position shows the predicted loop regions. It gives evident that some CAD proteins’ secondary structure
differ among others which can affect their three dimensional structures and hence their conformations.
Critical domains on CADs were shown into dashed frames: Zinc binding domain-Zn2 (A), Zinc binding
domain-Znl (B), coenzyme specific domain (C), and NADPH binding domain (D) (Also, for the logo
analysis, see in Figure 1).

3.2. The conserved motifs and sequence divergence of plant CADs

Conserved motif analysis of 16 plant CADs revealed that a total of 15 motifs were detected (Table 2 and
Figure 3). The motif 1, 2, 3, 4, 5, 6, 7, and 9 were observed in all CADs. The motif 10 was only absent
in P. persica, while motif 8 was not present in both B. distachyon and S. lycopersicum. The motif 12 (3
members), motif 13 (9 members), and motif 14 (2 members) were located in the first position.
Interestingly, motif 15 was only observed in Brachypodium and Solanum, whereas motif 14 was only
found in Glycine and Medicago. These unique motifs (motif 12, 13, 14, and 15) in CADs may be related
to domain binding structures and be specific to these plants.

Based on the sequence identity matrix data (data not shown), the highest identity values were
found among the monocot (grass) species; Sorghum, Panicum, Zea, and Oryza. The highest identity was
observed between Sorghum-Zea (95.3%) followed by Panicum-Sorghum (90.9%), and Oryza-Zea
(87.1%), respectively. It can be thought that CAD genes are well conserved in monocots. Surprisingly,
Brachypodium had no higher similarity with the other monocots and this species had the highest identity
with Citrus (27.7%) followed by Arabidopsis (26.8%), and Vitis (21.8%), respectively. In the
Brachypodium genome, pseudo CAD genes may cause this identity. ArabidopsisCAD (AtCAD4), bona
fide CAD, is related to lignin biosynthesis [10] and showed the highest identity with CucumisCAD
(70.1%) suggesting that CucumisCAD gene may take part in lignifications. In dicots, the highest identity
value was found between Citrus and Ricinus (86.2%), followed by Populus-Ricinus (84.8%), and
Prunus-Fragaria (81.8%) respectively.

3.3. Predicted secondary and tertiary structure analysis of plant CADs

To compare the secondary and tertiary structures of plant CADs, the amino acid sequences were aligned
to each other and possible critical domains were shown. Recent reports indicate that CAD proteins are
composed of four critical domains: structural zinc binding domain-2 (Zn2), catalytic zinc binding
domain-1 (Znl), coenzyme specific domain, and NADPH binding domain. In this study, fourcritical
domains were shown in the secondary and tertiary structure analysis (Figure 1 and Figure 5). NADPH
binding domain, comprised of GLGGLG residues in TaCAD12, was reported to bond with
pyrophosphate group of NADP [39].

Also, some CAD proteins’ secondary structures differ affecting their three dimensional
structures and hence their conformations. According to the Ramachandran plot obtained with the
RAMPAGE server, 89.1% and 88.7% residues in favoured region, 9.2% and 8.7% in allowed region,
and 1.7% and 2.6% in outlier region in Oryza and Vitis, respectively, indicating that the 3D models were
reliable and good quality.

It is important to note that the secondary structure of zinc binding domain-Zn2 (Figure 4) was
variable among plant CADs. For instance, half of the plant CADs was composed of only single S-sheet
structure while the remaining plant CADs included j-sheet with an additional a-helix structure (Figure
1). Since this domain is very critical for the enzyme activity, the conformational alteration of CAD
proteins may affect the enzyme activity positively, or vice versa. Also, in the phylogenetic analysis of
CAD proteins, except the C. sativus, plants with an additional a-helix structure were grouped into the
same clade (Figure 8). The similar domain organizations can make the plant CADs functionally
identical.

As it was stated in Figure 2, the most divergent CAD genes were found between O. sativa and
V. vinifera. To compare the tertiary structures of those CADs, we modeled their three dimensional
configurations (Figure 4A and 4B). It was observed that V. vinifera CAD (VwCAD) has a complete a-
helix (Helix-A) structure between the two main dimeric structures where may serve as a catalytic site.
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Instead, O. sativa (OsCAD) has a fragmented a-helix (Helix-A) structure and this critical structural
difference may cause functional differentiation between the plant CADs. Also, the models exhibited that
an additional p-sheet structure was resided in the Zn-binding motif of OsCAD protein. However,
WCAD did not (Figure 5). This may affect the enzyme-substrate interaction and consequently the
enzymes’ activity. Moreover, six residues (Gly68, His69, Glu70, Gly73, Gly79, and Val82) were found
to be interacting with Znion (Figure 5). Although the residues were exactly similar between the VWCAD
and OsCAD, their locations were found to be slightly different that may be the consequence of one-base
insertion or deletion in the grapevine CAD protein, or vice versa.

Table 2. The most conserved protein motifs in CAD protein sequences of different plant species

Motif Width Protein sequences

1 50 PYTYTRRNTGPEDVTIKVLYCGICHTDIHQAKNDWGMSMYPMVPGHEIV

2 50 NDVYWDGRPTQGGFASMMVVDQRFVVRIPDNMPPEQAAPLLCAGVTVY

3 50 LGGVGHMAVKFAKAMGHHVTVISSSPKKREEAMEHLGADDYLVSSDQQ

4 50 GSFIGSMKETQEMLEFCKEHNITCQIEVIKMDYINEAWERLERNDVRYRF

5 50 QAAADSLDYIIDTVPAHHPLEPYLSLLKLDGKLILMGVINQPLQFPSPML

6 36 NVSKFKVGDRVGVGCIVGCCRECEPCKQNQEQYCNK

7 15 RTVFGWAARDPSGHL

8 15 HFGLTQPGLRGGILG

9 8 MLGRKAIT

10 8 VIDVAGSN

11 6 EVVEVG

12 8 MAQTTPNH

13 6 MGSLES

14 8 MAKSPETE

15 8 QNGMGDQR

Name g Motif Location
Arabidopsis 3.04e gz i . | IS e
Brachypodium  2.53e-235 — | [ | I | DN 000000000
Sorghum 0.00e+pp N il .| IS =
Panicum 0.00e+0p = m | - IS i
Zea PRI  S— = m [ B e
Oryza 0.00e+pp I i . [ I
Selanum 2.58e 50 o m ___ _ml Il
Glycine 3.31ep3y N 1 I . | - I
Citrus 0.00e+pp I il . [ B s
Vitis 0.32e 005 — I [ | I e 00000000
Fragaria 6.45e057 N 1 I w0 I e R
Prunus 5.03e-24; I 1 T m I . I
Cucumis 2.01en7s W i .| IS
Ricinus FETULTI  — [ | m | - I e
Medicago 1.20e-2z0 LI o I I 0000000
Populus 0.00e+0p | . | - IS =

[motits  [motc2 [lrotiz [WllMotta [ Jmotts [motre [Jmotiiz [merte [ vorte [Jmotrio  [mort 1 [ motic 12 [ motir 13

Wl votit 12 [ |motif 15

Figure 3. Schematic representation of conserved motifs of plant CADs by MEME server
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Zn1-Zn2 domain . Zn1-Zn2 domain

ety Helix-A

Figure 4. Tertiary structures of CAD proteins in O. sativa (A) and V. vinifera (B) having the most divergent
secondary structures among the 16 CAD proteins. The predicted CAD models were obtained using the BioSerf
automated homology and de-novo modeling server. N-terminal (blue) and C-terminal (red) residues were labeled
according to rainbow color mode. Also, a partial a-helix structure can be clearly observable on OsCAD protein

(A) and a complete a-helix (Helix-A) structure in VVCAD

Figure 5. Representation of rice (O. sativa) (A) and grapevine (V. vinifera) (B) Zn-binding motif structures.
Prosite patterns of the CAD proteins were searched for the zinc-binding alcohol dehydrogenase enzyme
(PS00059) and the corresponding 6 residues interacting with Zn ions were determined (Gly68, His69, Glu70,
Gly73, Gly79, and Val82 for OsCAD). Also, it is clearly observable that an additional S-sheet structure was
available in OsCAD motif (A) which may affect the enzyme-substrate interaction and the enzymes’ activity

3.4. The Gene structure and phylogenetic analysis of plant CADs

The ORF length of plant CADs were ranged between 1071 bp (C. sativus) and 1122 bp (F. vesca) (Table
1). There were no intronlessCAD genes. Exon numbers were varied in range oftwo and six (Figure 6).
The exon numbers was found two (one member), four (four members), five (eight members), and six
(three members). All monocots had four exons, except Brachypodium (2 exons). Exon-intron structure
analysis of OsCAD genes revealed that OsCADs had two, four, five, and six exons [8].
BrachypodiumCADs were similar to OsCADS8A, B, C, and D with two exons. In this study, plant CADs
exhibited various gene structures with diverse exon-intron numbers. Divergences in exon—intron
structure have been observed in duplication events. Structural divergences may generate new protein
domain with new biochemical functions [33]. Collectively, CADs in plants may be subjected to gene
duplication that causes divergence in their numbers and structures.
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lines, respectively. Intron phases 0, 1 and 2 are indicated by numbers 0, 1 and 2 in the figure. UTRs are

displayed by thick blue lines at the two ends

The interacting partners of Arabidopsis CAD (AtCAD4) was predicted using String server and several
annotated proteins were found, including cinnamoyl-coA reductase 1 (CCR1), cytochrome P450,
cinnamoyl-coA reductase 2 (CCR2), ferulic acid 5-hydroxylase 1 (FAH1), 3-chloroallyl aldehyde
dehydrogenase, UDP-glycosyltransferase, peroxidase 17 (PER17) (Figure 7). Cinnamoyl-CoA
reductase is a key enzyme in lignin biosynthesis and the cinnamolyl-CoA esters are converted into
monolignols by two enzymes with cinnamoyl-CoA reductase (CCR) and cinnamyl alcohol
dehydrogenase (CAD) [34]. Ferulate 5-hydroxylase belongs to cytochrome P450-dependent
monooxygenase in phenylpropanoid metabolisms and plays important roles in sinapic acid and syringyl
lignin biosynthesis [15]. Peroxidases (class 11l plant peroxidases, EC 1.11.1.7) are the major enzymes
involved in the process of monolignol assembly in lignin biosynthesis [35].
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O cer1 CCR1 (CINNAMOYL COA REDUCTASE 1); cinnamoyl-CoA reductase; Encodes a cinnamoyl CoA reductase. I [...] (344 aa) e e 0.980
© CYP98A3 CYP98A3 (cytochrome P450, family 98, subfamily A, polypeptide 3); monooxygenase/ p-coumarate 3- [...] (508 aa) e e e 0966
© At1g80820 CCR2 (CINNAMOYL COA REDUCTASE); cinnamoyl-CoA reductase; Encodes an cinnamoyl CoA reductase iso [...] (332 aa) e e 0954
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© UGT72E1 UGT72E1 (UDP-glucosyl transferase 72E1); UDP-glycosyltransferase/ coniferyl-alcohol glucosyltra [...] (487 aa) . 0.904
© UGT72E3 UGT72E3; UDP-glycosyltransferase/ coniferyl-alcohol glucosyltransferase/ transferase, transferr [...] (481 aa) . 0.902
® CYP98A8 CYP98AS; electron carrier/ heme binding / iron ion binding / monooxygenase/ oxygen binding; mem [...] (497 aa) . 0.902
© CYP98A9 CYP98A9; electron carrier/ heme binding / iron ion binding / monooxygenase/ oxygen binding; mem [...] (487 aa) . 0.902

© PER17 peroxidase 17 (PER17) (P17); peroxidase 17 (PER17) (P17); FUNCTIONS IN- electron carrier activi [...] (329 aa) | . 0.901
Figure 7. In-silico prediction of interacting partners for CADgene of Arabidopsis by using STRING 9.1. The box
shows list with putative interacting partners of barley MoCo sulfurase gene. STRING automatically highlighted
the corresponding nodes in the network and the interactions contain direct (physical) and indirect (functional)
associations [23]

Phylogenetic analysis of plant CADs revealed that plant CADs were divided into two main
groups (Figure 8). The group | had nine species, while group 1l were composed of seven species. The
most of monocots (4 of 5 species, except Brachypodium) was belonged to group I. The highest bootstrap
value (100%) was found between Fragaria and Prunus (in Rosaceae family) followed by Glycine-
Medicago (in Fabaceae family) (81%) and Sorghum-Zea (in Poaceae family) (72%). These clades with
the highest bootstrap values share the same gene pool due to their belongingness to the same family.
Thus, they have similar genetic background and those clades may be related to functional conservation
of CAD genes.

It is noteworthy that the monocot Brachypodium clustered in group Il with Solanum, Fragaria,
and Prunus with the highest bootstrap value (100%). This close relationship may be related to similar
physiological roles. Oryza clustered to Panicum, Zea, and Sorghum clade with the 100% bootstrap value
accordingly. The previous studies showed that the monocot CADs were grouped together [7, 8, 11].
This data is consistent with our findings and it may prove that CADs were conserved well in monocots.

In this study, some sequences from various species grouped close to each other in phylogenetic
tree. Gene duplication may play critical role for diversification [36]. The copy number variation and
changes in gene family size affects genetic variations among closely related species and individuals
[37]. Gene duplication events in CADs may result new catalytic functions that can create similar protein
sequences.

In conclusion, CAD genes play significant role in various metabolic pathways such as
lignification, pathogen defense, growth, and abiotic and biotic stress mechanism [39]. Consequently, the
results presented here support to understand CAD genes functions in various biological processes in
plants and to contribute to in silico and experimental studies about CADs involvement to these
processes.
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Figure 8. Phylogenetic tree of CAD protein sequences in higher plant species. Sequence alignment was
performed using ClustalX and phylogenetic tree was drawn by Neighbour Joining method with MEGA 5.1
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