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Abstract
As a key component of the plant secondary cell wall, lignin is crucial for mechanical support and water transport. The Rosaceae family, with its diverse life

forms, is an ideal group for studying the relationship between lignin biosynthesis and life form evolution. Based on genomic data from 37 Rosaceae species,

this  study  reconstructed  the  phylogenetic  history  and  analyzed  gene  family  expansion  and  contraction.  Results  show  that  woody  lineages  experienced

significant  expansion of  gene families  related to  lignin  biosynthesis  at  key  evolutionary  nodes,  while  herbaceous  plants  showed a  trend of  contraction.

Specifically, the CAD, COMT, and HCT gene families notably increased in copy number in woody plants, primarily through whole-genome duplication and

tandem  duplication  events.  Phylogenetic  analysis  revealed  a  woody  plant-specific  clade  in  the HCT family,  suggesting  functional  specialization  after

duplication.  Some  gene  clusters  exhibited  higher  Ka/Ks  ratios,  indicating  potential  positive  selection.  This  study  demonstrates  that  the  expansion  and

functional differentiation of lignin biosynthesis genes are key molecular mechanisms driving life form diversification in Rosaceae, providing new insights

into the evolution of plant mechanical traits.
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 Introduction

Based on the degree of lignification, plant life forms are classified into
herbs,  shrubs,  and  trees.  Plants  of  different  life  forms  exhibit  distinct
responses  to  external  environmental  changes.  Due  to  significant
ecological differences between herbaceous and woody plants in terms
of  adaptation to  abiotic  environments,  functional  traits,  and dispersal
capacity,  their  spatial  patterns  of  species  diversity  also  vary
accordingly[1−3].  These  differences  highlight  that  the  community
assembly mechanisms may vary across plant life forms. For instance, in
tropical  forests,  herbaceous  plant  communities  exhibit  a  stronger
environmental  filtering  effect  compared  to  woody  plant
communities[1,4].  Rosaceae  is  a  highly  distinctive  and  significant  plant
family,  encompassing a  vast  number  of  edible  fruit  trees,  ornamental
flowers,  and  medicinal  plants.  The  remarkable  diversification  within
Rosaceae makes it an excellent group for studying plant evolution. The
diversity  of  its  fruit  types  provides  exceptional  research  materials  for
investigating  the  formation  and  development  of  plant  fruits[5].
Similarly,  the  life  forms  of  Rosaceae  plants  are  highly  diverse.  The
genus Dryas is  currently  recognized  as  the  basal  lineage  within  the
family[5].  The  common  ancestor  of  Rosaceae  subsequently  diversified
into  herbs  (e.g.,  strawberry,  cinquefoil, Gillenia  trifoliata),  shrubs  (e.g.,
rose, rugosa rose, raspberry), and trees (e.g., apple, pear, peach) during
its evolutionary history. This remarkable diversity is the result of long-
term  evolution,  yet  the  underlying  genetic  mechanisms  remain
unclear.

Lignin, the second most abundant polymer on earth, is a product
of the phenylpropanoid biosynthesis pathway and serves as one of
the  most  critical  metabolites  for  plant  mechanical  properties[6].  It
plays a fundamental role in plant growth and development. Beyond
development,  lignin  also  fulfills  important  functions  in  plant
responses  to  both  biotic  and  abiotic  stresses[7−9].  Naturally  occur-
ring lignin polymers are composed of three basic monomeric units:
p-hydroxyphenyl  (H),  guaiacyl  (G),  and  syringyl  (S)  (Lignification:

Flexibility,  Biosynthesis  and  Regulation)[10].  The  biosynthesis  of
lignin primarily involves the following steps: Plants utilize phenylala-
nine  as  a  substrate,  which  enters  the  phenylpropanoid  pathway
catalyzed  by  enzymes  encoded  by  genes  such  as PAL (phenylala-
nine  ammonia  lyase), C4H (cinnamate-4-hydroxylase),  and 4CL (4-
coumarate:  CoA  ligase),  leading  to  the  generation  of  universal
precursor  compounds.  Subsequently,  through  the  regulation  of
genes  including HCT (hydroxycinnamoyl-CoA:shikimate/quinate
hydroxycinnamoyltransferase), COMT (caffeic  acid  3-O-methyltrans-
ferase),  and CCoAOMT (trans-caffeoyl-CoA  3-O-methyltransferase),
the three lignin monomers (G-type, S-type, and H-type) are synthe-
sized.  Finally,  these  monomers  are  oxidatively  polymerized  by
enzymes such as  peroxidases  (PRX)  and laccases  (LAC),  forming the
complex  lignin  polymer.  Therefore,  evolutionary  changes  in  plant
life forms are closely linked to the biosynthesis of lignin[11].

Lignin  is  a  key  component  of  plant  cell  walls,  with  its  primary
functions  including  enhancing  mechanical  strength,  providing
protection against pathogens, and regulating water transport path-
ways.  Significant  variations in  lignin content  and composition exist
among  plants  of  different  life  forms.  For  instance,  woody  plants
generally  exhibit  higher  lignin  content,  which  contributes  to  the
formation of  robust lignified cell  walls  that offer  structural  support,
enabling adaptation to long-term survival in complex environments
such  as  those  involving  wind  and  rain.  In  contrast,  herbaceous
plants  typically  possess  lower  lignin  content,  favoring  flexibility  to
accommodate  rapid  growth  and  development,  as  well  as  dynamic
environmental  changes[12,13].  Studies  have  also  shown  that  aquatic
plants often display further reduced lignin content, thereby conserv-
ing energy and resources to suit environments with low mechanical
strength  demands  and  submerged  growth  conditions[14].  The  rela-
tionship  between  lignin  content  and  plant  life  form  is  particularly
evident  in  adaptive  evolution.  Short-lived  plants,  regardless  of
their  habitat,  tend  to  have  lower  lignin  content  to  support  the
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completion  of  a  rapid  life  cycle,  whereas  long-lived  perennials  or
woody  plants  generally  exhibit  higher  lignin  content  to  enhance
mechanical support and durability[14,15].

In previous research, studies on lignin biosynthesis have primarily
focused on single species or individual gene families. Investigations
into  gene  families  related  to  lignin  biosynthesis  have  been
conducted  in  crops  such  as  rice[16],  wheat[17],  tea[18],  citrus[19],  and
walnut[20].  As  one  of  the  most  critical  factors  in  plant  terrestrializa-
tion,  the  origin  and  evolution  of  lignin  biosynthesis  during  this
process  have  been  examined,  providing  key  evidence  for  under-
standing  the  mechanisms  underlying  the  formation  of  plant
mechanical  traits[21].  However,  these  previous  studies  have  gener-
ally been conducted from a broad perspective across the plant king-
dom, lacking in-depth exploration within specific plant lineages. To
address  this  knowledge  gap  and  directly  investigate  the  role  of
lignin biosynthesis in the diversification of plant life forms, this study
conducted  comparative  genomic  analyses  using  the  Rosaceae
family, which encompasses herbaceous plants, shrubs, and trees, as
an ideal model. It was systematically revealed, for the first time, that
key gene families such as CAD, COMT,  and HCT have contributed to
the  evolution  of  lignification  traits  in  Rosaceae  through  lineage-
specific  expansions  and  functional  divergence.  These  findings
provide novel and critical molecular evidence for understanding the
genetic basis underlying the diversification of plant life forms.

 Materials and methods

 Construction of a phylogenetic tree and identification
of key evolutionary nodes for 37 Rosaceae species
The genomic data for the 37 Rosaceae species used in this study were
obtained  from  the  Genome  Database  for  Rosaceae  (GDR,
www.rosaceae.org),  and  other  publicly  available  genomic  databases
(Supplementary  Table  S1).  Protein  sequences  of  the  37  species  were
clustered using OrthoFinder v3.1[22]. Based on the OrthoFinder results,
only  nine  single-copy  gene  families  were  identified  among  the  37
species. Therefore, 274 low-copy gene families with a copy number of
less than three were selected, and one member from each family was
randomly chosen to infer phylogenetic trees using both concatenation
and  coalescent-based  methods.  To  estimate  the  divergence  times
across the Rosaceae family, fossil calibrations from the Rosoideae (33.2
MYA)  and  Amygdaloideae  (43.2  MYA)  subfamilies  were  used.  Subse-
quently,  based  on  the  evolutionary  relationships  in  the  phylogenetic
tree, expanded and contracted gene families for each species and key
evolutionary  nodes  were  identified  and  analyzed  using  CAFE5[23].
Finally, members of the expanded and contracted gene families at key
nodes  were  extracted  and  subjected  to  Gene  Ontology  (GO)  enrich-
ment analysis using the clusterProfiler software[24].

 Identification of genes in the lignin biosynthesis
pathway
Using the known lignin biosynthesis  gene members from Arabidopsis
thaliana as  query  sequences  (Supplementary  Table  S2),  a  BLASTP[25]

analysis  was  performed  against  the  protein  sequences  of  the  37
Rosaceae species  with stringent  parameters,  setting an e-value cutoff
of  1e-20.  The  resulting  hits  were  subsequently  annotated  for
conserved domains using the InterProScan software[26]. The databases
employed  in  this  study  were  Pfam  and  PANTHER.  Based  on  the
identification of these putative lignin biosynthesis gene members, the
complete  set  of  gene  sequences  involved  in  lignin  biosynthesis  was
obtained.  A  preliminary  phylogenetic  tree  was  constructed  using
FastTree  v  2.1.11[27],  and  members  with  anomalous  branch  lengths
were subsequently removed.

 Construction of syntenic networks and Ka/Ks analysis
To elucidate the genomic evolutionary history (e.g., duplication events
and ancestral relationships) of the CAD, COMT, and HCT families, intra-
and  inter-species  synteny  analyses  were  performed  for  all  identified
gene  members  across  the  37  Rosaceae  genomes  using  JCVI  (Python
version  of  MCScan)[28].  Two  genes  were  considered  syntenic  if  they
were  located  within  conserved  genomic  blocks.  A  syntenic  network
was  then  constructed  for  each  gene  family,  where  nodes  represent
individual  genes  and  connecting  edges  represent  detected  syntenic
relationships. Subsequently, tandemly and proximally duplicated gene
pairs were identified in the 37 plant genomes using DupGen_finder[29].
The  identified  gene  pairs  were  then  aligned,  and  their  sequence
alignment  formats  were  converted  using  ParaAT  v2.0[30].  Finally,  the
Ka/Ks  values  for  all  gene  pairs  were  calculated  using  KaKs_Calculator
3.0[31].

 Phylogenetic analysis of CAD, COMT, and HCT
proteins
The  protein  sequences  (A.  thaliana and  37  Rosaceae  species)  of  the
identified CAD (Cinnamyl alcohol dehydrogenase), COMT (Caffeic acid
3-O-methyltransferase),  and  HCT  (Hydroxycinnamoyl-CoA:shikimate/
quinate  hydroxycinnamoyltransferase)  gene  family  members  were
aligned  using  MAFFT  v7.505[32].  The  resulting  multiple  sequence
alignments  were  then  processed  with  Phyutility  software  using  the -
clean  0.5  parameter  to  trim  gap-rich  regions[33].  Subsequently,  the
best-fit  model  for  phylogenetic  tree  construction  was  selected  using
ProtTest  v3.4.2  with  the  parameters -all-distributions -F -AIC -BIC -tc
0.5[34]. Finally, phylogenetic trees for the CAD, COMT, and HCT protein
members were constructed separately using IQ-TREE v2.0 with the JTT
+ G + F, JTT + I + G + F, and JTT + G + F models, respectively, with 1,000
bootstrap replicates[35].  Conserved motifs  within the CAD,  COMT,  and
HCT  members  were  identified  using  MEME  v5.5.8  with  the  following
parameters:  maximum  number  of  motifs  =  15,  minimum  width  =  6,
maximum  width  =  50[36].  Finally,  the  frequency  of  each  motif  in
different  branches  of  the  gene  family  was  calculated  by  dividing  the
occurrence  count  of  each  motif  by  the  total  number  of  genes  in  the
corresponding branch.

 Results

 Phylogenetic framework and lineage-specific gene
family dynamics in Rosaceae
The Rosaceae family encompasses a wide range of herbs, shrubs, and
trees.  To  investigate  the  evolutionary  mechanisms  behind  this
diversification,  this  study  collected  published  genomic  data  from  37
Rosaceae  species,  most  of  which  are  at  the  chromosome  level.  The
selected  species  include Dryas  drummondii from  the  basal  subfamily
Dryadoideae,  13  species  from  Rosoideae  (including  common  species
such  as  strawberry,  rose,  and Rosa  rugosa),  and  23  species  from
Amygdaloideae  (including  common  species  such  as  apple,  pear,  and
peach).  A  phylogenetic  tree  was  constructed  based  on  274  low-copy
gene  families  from  these  37  species,  and  gene  family  expansion  and
contraction  were  calculated  for  each  species  (Fig.  1).  The  results
indicate  that  Rosoideae  and  Amygdaloideae  diverged  approximately
83.82 million years ago. During subsequent evolution, Rubus and Rosa
successively  diverged  from Fragaria,  while Prunus, Malus,  and Pyrus
also  diverged  within  Amygdaloideae  (Supplementary  Fig.  S1).  There-
fore,  we hypothesize that the extensive gene gains and losses during
the diversification of  Rosaceae may have  contributed to  the  differen-
tiation into herbs,  shrubs,  and trees.  Accordingly,  11 key evolutionary
nodes  were  annotated  (A–K)  on  the  species  tree  of  the  37  plants  to
identify changes in gene families at these points.
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Furthermore,  expanded  and  contracted  gene  families  at  nodes
A–K  were  extracted  for  Gene  Ontology  (GO)  enrichment  analysis.
The results revealed that a substantial number of genes involved in
pathways  such  as  cellulose  synthesis,  lignin  biosynthesis,  and  cell
wall  biosynthesis  were  present  at  these  eleven  key  phylogenetic
nodes  (Fig.  2).  Within  the  highly  lignified  Amygdaloideae,  four  key
nodes were marked: A, C, D, and K. The analysis showed that nodes
A and D both exhibited significant expansion of gene families asso-
ciated  with  cellulose  synthesis,  lignin  biosynthesis,  and  cell  wall
biosynthesis pathways. In contrast,  nodes C and K showed contrac-
tion of gene families in these same pathways (Fig.  2).  In Rosoideae,
seven  nodes  were  annotated:  B,  E,  F,  G,  H,  I,  and  J.  Among  these,
only  nodes  E,  F,  and  G  demonstrated  expansion  of  gene  families
related  to  cellulose  synthesis,  lignin  biosynthesis,  and  cell  wall

biosynthesis  pathways.  The remaining nodes  exhibited contraction
of gene families in these biosynthetic pathways (Fig. 2). In summary,
the  findings  of  this  study  indicate  that  herbaceous  plants  lost  the
most gene families associated with cellulose synthesis, lignin biosyn-
thesis,  and  cell  wall  biosynthesis  during  evolution,  followed  by
shrubs, with woody plants showing the fewest losses.

 Lignin biosynthesis gene copy number variation
correlates with life form diversification
As  the  primary  pathway  for  synthesizing  lignin  monomers  in  plants,
understanding  the  lignin  biosynthesis  pathway  in  Rosaceae  species
can provide valuable insights into the diversification within this family.
This  study first  identified 10 genes involved in the lignin biosynthesis
pathway  and  illustrated  the  schematic  diagram  of  lignin  biosynthesis
in plants (Fig. 3a). Using the basal Rosaceae species Dryas drummondii
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Fig. 1    Phylogeny and gene family expansion/contraction analysis in 37 Rosaceae species.
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(herbaceous) as a reference, a significant increase in the copy numbers
of CAD (Cinnamyl  alcohol  dehydrogenase), COMT (Caffeic  acid  3-O-
methyltransferase),  and HCT (Hydroxycinnamoyl-CoA:shikimate/
quinate  hydroxycinnamoyltransferase)  gene  family  members  was
observed in the Rubus and Rosa plants within the Rosoideae clade. In
contrast,  the number of gene family members in Fragaria showed no
significant change compared to Dryas drummondii (Fig. 3b). Within the
Amygdaloideae  clade,  the  number  of  gene  families  associated  with
lignin  biosynthesis  generally  increased,  with  nearly  all  gene  families
exhibiting a significant expansion in copy number in Malus and Pyrus
(Fig.  3b).  However,  an  exception  was  noted  in Gillenia  trifoliata,  a
unique  species  within  Amygdaloideae.  Despite  sharing  a  common
ancestor and key expansion nodes with Malus and Pyrus,  the number
of  lignin  biosynthesis-related  gene  families  in Gillenia  trifoliata
remained  largely  similar  to  that  in Dryas  drummondii (Fig.  3b).  In
summary,  compared  to  herbaceous  plants,  both  shrubs  and  trees
exhibited  an  overall  increase  in  the  absolute  copy  number  of  lignin-
related gene families.

Further  investigation  into  the  gene  duplication  events  responsi-
ble  for  these  additional  gene  copies  revealed  distinct  patterns
among herbaceous,  shrub,  and woody plants.  The CAD, COMT,  and
HCT gene families exhibited the highest numbers of whole-genome
duplications  (WGD),  tandem  duplications  (TD),  and  proximal  dupli-
cations  (PD),  respectively,  indicating  that  these  three  gene  families
may  play  critical  roles  in  the  development  of  woody  traits  in
Rosaceae.  Additionally,  the Ks values of  WGD-derived gene pairs  in
different  Rosaceae  life  forms  were  distributed  within  the  range  of
2–4.  While  herbaceous  and  shrub  plants  showed  distributions
primarily  within  this  range,  their  numbers  were  relatively  low.  In
contrast, woody plants such as apple and pear possessed a substan-
tial  number  of  WGD-derived  gene  pairs  with  Ks  values  distributed
between  0–1,  which  is  associated  with  polyploidization  events
(Fig.  3c).  Most  TD- and  PD-derived  gene  pairs  had  Ks  values
distributed  between  0–1,  with  herbaceous  plants  exhibiting  the
fewest  duplication events  (Fig.  3d, e).  The degree of  lignification in
plants increased with the rising number of gene copies, suggesting
that  the  origin  of  woody  traits  in  Rosaceae  is  linked  to  genome
duplication and additional gene duplication events.

 The CAD gene family expanded through duplication
and underwent positive selection in woody lineages
Based on the aforementioned research, a total of 790 CAD gene family
members  were  identified  from  the  37  plant  species.  A  phylogenetic

analysis  was  subsequently  conducted  by  integrating  these  790
members  with  nine CAD members  from A.  thaliana.  The  results
demonstrated that the CAD members in Rosaceae can be divided into
six  distinct  clades.  These  include  clades  shared  with Arabidopsis,
namely  CAD1,  CAD2/3/9,  CAD4/5,  CAD6/7/8,  and  two  clades  that
contained only Rosaceae sequences (hereafter referred to as Rosaceae-
lineage-specific  clades)  (Fig.  4a).  To  investigate  functional  divergence
among  different  clades,  the  frequency  of  15  conserved  motifs  was
analyzed. The results indicated that, with the exception of motif 15, the
occurrence  frequencies  of  the  other  motifs  were  largely  consistent
across clades. The significantly lower frequency of motif 15 in the CAD1
and  CAD4/5  clades  suggesting  potential  structural  and  functional
divergence  among  these  clades  (Fig.  4b).  Furthermore,  a  syntenic
network  of  the  CAD  gene  family  in  Rosaceae  was  constructed.  The
network revealed that the CAD genes can be grouped into four major
gene  clusters  (Fig.  4c),  indicating  that  the  Rosaceae  CAD  family  may
have  originated  from  four  ancestral  genes.  Additionally,  the  two
Rosaceae-specific  clades  share  a  common  origin  with  the  CAD6/7/8
clade. Ka/Ks analysis was performed on gene pairs within each cluster.
The median Ka/Ks values across the four clusters were generally similar;
however, Group I exhibited higher extreme Ka/Ks values than the other
three groups, suggesting that some genes in Group I have undergone
strong positive selection during evolution (Fig. 4d).

 COMT gene duplication and functional divergence
correlate with lignification
A total of 450 COMT gene family members were identified from the 37
Rosaceae  species  and  subjected  to  phylogenetic  analysis.  The  results
showed that the COMT members in Rosaceae clustered into four major
clades (Fig.  5a).  Analysis  of  motif  frequencies  across  these four  clades
revealed  generally  consistent  distributions  for  most  motifs.  However,
the  frequencies  of  motifs  7,  10,  11,  12,  13,  and  15  were  significantly
lower in Clade I compared to the other clades. Similarly, the frequency
of  motif  13  was  reduced  in  Clade  IV,  suggesting  potential  functional
divergence  of  members  in  these  two  clades,  particularly  in  Clade  I
(Fig.  5b).  Furthermore,  a  syntenic  network  of  the COMT gene  family
was  constructed  in  Rosaceae.  The  network  revealed  that  the COMT
genes  can be divided into  four  gene clusters  (Fig.  5c),  indicating that
the Rosaceae COMT members may have originated from four ancestral
genes,  which  is  consistent  with  the  phylogenetic  clustering.  Ka/Ks
analysis of gene pairs within the different clusters showed that Group I
and Group IV exhibited higher Ka/Ks ratios compared to the other two
groups,  indicating  that  some  genes  in  Group  I  and  Group  IV  have
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undergone positive selection during evolution,  which may be related
to the observed motif evolution (Fig. 5d).

 A woody-specific HCT clade originated from gene
duplication and was retained in lignified species
A total  of  318 HCT gene family  members were identified from the 37
plant  species.  Phylogenetic  analysis  revealed  that  the  Rosaceae HCT
genes  are  divided  into  three  clades,  with  Clade  II  being  specifically
unique  to  woody  Rosaceae  species  (Fig.  6a).  Analysis  of  motif
frequencies  among  the  three  clades  showed  that  Clade  I  had  the
lowest motif  frequency, while Clade III  exhibited the highest (Fig.  6b),
indicating that the gene sequences in Clade III are the most conserved,
whereas those in Clade I are the least conserved. The syntenic network
of HCT genes demonstrated that the three clades are grouped into two
distinct clusters,  with Clade I  and Clade II  originating from a common

ancestral  source  (Fig.  6c).  Furthermore,  Clade  II,  which  is  specifically
present  in  woody  Rosaceae  species,  likely  originated  from  a
duplication  event  of  Clade  I.  Comparison  of  Ka/Ks  values  between
Group I and Group II showed that Group I has a higher average Ka/Ks
value than Group II, which suggests that Group I may have been under
stronger selective pressure during evolution.

 Discussion

Lignin,  as  a  key  component  of  the  plant  secondary  cell  wall,  plays  a
central  role  in  mechanical  support,  water  transport,  and  stress
response[37].  This  study  has,  for  the  first  time,  systematically
investigated the evolutionary history of key gene families in the lignin
biosynthesis  pathway  within  Rosaceae,  a  family  characterized  by
remarkable  life  form diversity.  The  findings  provide  new insights  into
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the  genetic  mechanisms  underlying  the  divergence  of  herbaceous,
shrub, and tree life forms.

This  study  demonstrates  that  the  evolution  of  life  forms  in
Rosaceae,  particularly  the  acquisition  of  woody  traits,  is  closely
linked  to  the  expansion  of  gene  families  in  the  lignin  biosynthesis
pathway and specific gene duplication events. Phylogenomic analy-
ses  revealed  that  at  key  nodes  (Nodes  A  and  D)  within  woody
lineages  (such  as  apple  and  pear  in  Amygdaloideae),  significant
expansions occurred in gene families  related to cellulose synthesis,
lignin biosynthesis, and cell wall biogenesis. In contrast, these gene
families predominantly exhibited a contraction trend in herbaceous
lineages.  In  bamboo  evolution,  whole-genome  duplication  events
have led to the expansion of gene families involved in cellulose and
lignin  biosynthesis,  promoting the emergence of  bamboo varieties
with  high  lignification  and  enhanced  mechanical  resistance,  which

aligns  with  the  findings  of  this  study[38].  This  pattern  clearly  indi-
cates  that  enhanced  lignin  biosynthesis  capacity  represents  a  key
genetic basis for the evolution of woody life forms in Rosaceae. This
finding  is  consistent  with  previous  studies  demonstrating  that
whole-genome  duplication  serves  as  a  major  driving  force  in  plant
evolution,  influencing  multiple  plant  traits[39,40].  Further  in-depth
analysis  of  three  key  gene  families, CAD, COMT,  and HCT,  revealed
that  the  increase  in  gene  copy  numbers  in  woody  plants  primarily
originated from whole-genome duplication (WGD), tandem duplica-
tion  (TD),  and  proximal  duplication  (PD)  events.  Particularly  note-
worthy, in typical woody plants such as apple and pear, we detected
gene pairs derived from recent WGD events (with Ks values between
0–1),  which provided them with a substantial number of additional
gene  copies.  These  copies  may  have  further  optimized  lignin  syn-
thesis  and  deposition  through  functional  divergence  or  expression
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specialization,  thereby  supporting  their  arborescent  traits.  Whole-
genome duplication events  and various types of  gene duplications
serve as major mechanisms for gene family expansion. Throughout
evolution,  genes  that  are  retained  following  expansion  and  loss
events  are  those  preserved  because  they  confer  adaptive  advan-
tages for plant growth and development[41,42].

This  study  identified CAD, COMT,  and HCT as  the  three  most
frequently duplicated gene families in the lignin biosynthesis path-
way of Rosaceae, whereas previous research on these gene families
has  been  confined  to  single-species  analyses,  offering  limited
insights into their contribution to plant life forms[43−45]. CAD, involv-
ed in the final crucial step of the plant lignin biosynthesis pathway,
exhibits  a  multi-gene  characteristic,  suggesting  that  its  members
may  have  functional  differentiation  or  redundancy  across  different
tissues,  developmental  stages,  and  environmental  conditions[46].  In
rice and sorghum, CAD members can be classified into several func-
tional  subgroups,  with  different CAD genes  showing  differential
expression  based  on  tissue  (root,  stem,  leaf)  or  stress  conditions
(drought,  high  salinity)[47,48].  Furthermore,  studies  have  indicated

that CAD also  plays  significant  roles  in  plant  biotic  stress
responses[48,49].  The elevated Ka/Ks ratio observed in Group I in this
study (Fig. 4d) suggests that certain members have undergone posi-
tive  selection,  indicating  that CAD genes  in  Group  I  might  have
acquired  new  or  enhanced  functions  through  adaptive  changes  in
specific Rosaceae species. For instance, responses to environmental
pressures such as low temperature,  drought,  or pathogen infection
could  be  the  primary  driving  factors.  The  functions  of COMT in
plants  are  also  diverse,  playing  important  roles  in  secondary
metabolism and stress responses[50,51]. The connection to functional
differentiation in lignin synthesis and secondary metabolism implies
complex  gene  duplication  events  during  evolution[52].  The  distinct
motif  patterns  and  higher  evolutionary  rates  observed  in  Clades  I
and  IV  (Fig.  5b, d)  suggest  that  these  duplicated  clades  may  have
separated ancestral functions, potentially refining the spatiotempo-
ral  control  of  S-lignin  biosynthesis.  The HCT gene  family  plays  key
roles in secondary metabolism, lignin synthesis,  and environmental
adaptation[53−55]. Previous studies have observed that the HCT gene
family is widely distributed across various plant lineages[56] and has
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expanded in land plants through genome duplication[57]. The emer-
gence  of  Clade  II  observed  in  this  study,  which  is  retained  only  in
woody Rosaceae species and originated from a duplication of Clade
I  (Fig.  6a, c),  may  represent  a  key  molecular  adaptation  in  woody
Rosaceae plants.

In summary, this study, through comparative genomic analysis of
37 Rosaceae species,  reveals  that the expansion and contraction of
gene  families  in  the  lignin  biosynthesis  pathway,  along  with  the
duplication and functional differentiation of key genes (CAD, COMT,
HCT), serve as important molecular driving forces behind the diversi-
fication  of  life  forms  from  herbs  to  shrubs  and  trees  within  the
family.  These  findings  not  only  deepen  our  understanding  of  the
genetic basis underlying the evolution of plant mechanical traits but
also  provide  valuable  genetic  resources  and  a  theoretical  founda-
tion for molecular breeding in Rosaceae.
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