Journal of Genetics (2020)99:23
https://doi.org/10.1007/s12041-020-1184-0

Ó Indian Academy of Sciences
(0123456789().,-volV)
(0123456789().,-volV)

RESEARCH ARTICLE

Evolutionary divergence of function and expression of laccase genes
in plants
MINGYUE LIU1,2, HUI DONG2, MEI WANG2 and QINGPO LIU2*
1The State Key Laboratory of Subtropical Silviculture, Zhejiang A&F University, Lin’an, Hangzhou 311300,
People’s Republic of China
2The Key Laboratory for Quality Improvement of Agricultural Products of Zhejiang Province, College of Agriculture
and Food Sciences, Zhejiang A&F University, Lin’an, Hangzhou 311300, People’s Republic of China

*For correspondence. E-mail: liuqp@zafu.edu.cn.
Received 23 December 2019; accepted 2 February 2020
Abstract. Laccases (LACs) are versatile enzymes that catalyze oxidation of a wide range of substrates, thereby functioning in regulation
of plant developmental processes and stress responses. However, with a few exceptions, the function of most LACs remains unclear in
plants. In this study, we newly identiﬁed 4, 12, 22, 26, 27, 28 and 49 LAC genes for Physcomitrella patens, Amborella trichopoda, Zea
mays, Ricinus communis, Vitis vinifera, Triticum aestivum and Glycine max, on the basis of exhaustive homologous sequence searches. In
these plants, LACs differ greatly in sequence length and physical properties, such as molecular weight and theoretical isoelectric point (pI),
but majority of them contain a signal peptide at their N-terminus. The originality of LACs could be traced back to as early as the emergence
of moss. Plant LACs are clearly divided into seven distinct classes, where six ancient LACs should be present prior to the divergence of
gymnosperms and angiosperms. Functional divergence analysis reveal that functional differentiation should occur among different groups
of LACs because of altered selective constraints working on some critical amino acid sites (CAASs) within conserved laccase domains
during evolution. Soybean and maize LACs have signiﬁcantly different exon frequency (6.08 vs 4.82), and they are unevenly distributed
and tend to form gene clusters on some chromosomes. Further analysis shows that the expansion of LAC gene family would be due to
extensive tandem and chromosomal segmental duplications in the two plant species. Interestingly, *81.6% and 36.4% of soybean and
maize LACs are potential targets of miRNAs, such as miR397a/b, miR408d, or miR528a/b etc. Both soybean and maize LACs are tissuespeciﬁcally and developmental-speciﬁcally expressed, and are in response to different external abiotic and biotic stressors. These results
suggest a diversity of functions of plant LAC genes, which will broaden our understanding and lay solid foundation for further investigating
their biological functions in plants.
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Introduction
Laccase (EC1.10.3.2; LAC), a type of multicopper containing oxidase belongs to ceruloplasmin oxidase family
(Hoegger et al. 2006), which was ﬁrst isolated from the sap
of Japanese lacquer tree (Rhus verniﬁfera) (Yoshida 1883). It
has three catalytic sites where four copper (Cu) ions combine
with and thereby is able to catalyze oxidation of various
aromatic and nonaromatic substrates, such as diamines,
Mingyue Liu and Hui Dong contributed equally to this work.

bisphenol, hydroxylamine, and monolignols, in presence of
oxygen (Yi Chou et al. 2018). LACs are widespread in
plants (McCaig et al. 2005; Lu et al. 2013; Wang et al. 2015;
Balasubramanian et al. 2016; Liu et al. 2017; Berni et al.
2019; Cheng et al. 2019; Xu et al. 2019), fungi (Jiao et al.
2018), bacteria (Diamantidis et al. 2000) and insects (Zhang
et al. 2018). Recently, LAC genes were constantly identiﬁed
and characterized at genomewide level using combination of
bioinformatics and molecular biology strategies from a
number of plant species, including Arabidopsis (McCaig
et al. 2005), rice (Liu et al. 2017), cotton (Balasubramanian
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et al. 2016), sweet cherry (Berni et al. 2019), pear (Cheng
et al. 2019), poplar (Lu et al. 2013), Citrus sinensis (Xu
et al. 2019), Brachypodium distachyon (Wang et al. 2015)
etc.
In plants, LAC plays important regulatory roles in biological processes involved in cell elongation, ligniﬁcation,
pigmentation, ﬂavonoid biosynthesis, secondary cell wall
(SCW) biosynthesis, cotton ﬁbre quality, rice seed setting,
stone cell formation and post-harvest stability of fruits (Cai
et al. 2006; Liang et al. 2006a; Turlapati et al. 2011; Zhang
et al. 2013; Schuetz et al. 2014; Fang et al. 2015; Balasubramanian et al. 2016; Yu et al. 2017; Swetha et al. 2018;
Cheng et al. 2019). In Arabidopsis, the LAC gene AtLAC15
is mainly involved in determining the seed coat colouration
and root elongation (Cai et al. 2006; Liang et al. 2006a),
while AtLAC8 and AtLAC2 regulate ﬂowering time and root
elongation under drought condition, respectively (Cai et al.
2006). Notably, three Arabidopsis AtLACs 4, 11 and 17
function primarily in lignin polymerization (Turlapati et al.
2011; Zhao et al. 2013). Similarly, Cheng et al. (2019)
demonstrated the involvement of PbLAC1 but not PbLAC14
in lignin biosynthesis and cell wall development through
genetic transformation in pear. In rice, a LAC gene OsLAC13
was crucial for seed setting rate by regulating sugars transportation and H2O2 production (Yu et al. 2017). Recently, a
miR397/OsLAC module was uncovered to be domesticationrelated in indica rice (Swetha et al. 2018). Transgenic indica
rice with overexpressed miR397, like wild rice, exhibited
dedomestication phenotypes with reduced ligniﬁcation
(Swetha et al. 2018). However, overexpression of miR397
extensively improved rice yield by increasing grain size and
promoting panicle branching in japonica rice via manipulating the brassinosteroid pathway (Zhang et al. 2013).
Further analysis reveals that miR397 interacts separately
with laccases OsLAC3 (Swetha et al. 2018) and Os05g38420
(Zhang et al. 2013) in indica and japonica rice to regulate
their expression level and lignin content and other physiological processes, and hence controlling rice yield.
In addition to the regulatory roles in plant development,
LACs take part in responding to a variety of abiotic and
biotic stresses in plants (Nitta et al. 2002; Liang et al. 2006b;
Cho et al. 2014; Liu et al. 2017; Pan et al. 2017; Hu et al.
2018; Zhang et al. 2019). Rice OsLAC10 catalyzing oxidation of monolignols to produce higher-order lignin is highly
induced after the treatment with different abiotic stresses,
such as salt, drought, and heavy metals (Liu et al. 2017).
Overexpression of OsLAC10 enhanced the Cu tolerance but
decreased Cu accumulation in roots of transgenic Arabidopsis plants (Liu et al. 2017). A rice LAC OsGhI1
(Os01g61160) positively regulates the salt and drought tolerance when ectopically expressed in Arabidopsis (Cho et al.
2014). Similarly, the Rhus RvLAC2 (Nitta et al. 2002) and
maize ZmLAC1 (Liang et al. 2006b) participate in wound
repair and salinity response. On the other hand, transgenic
cotton and Arabidopsis plants separately carrying the overexpressed GhLAC1 (Hu et al. 2018) and GhLAC15 (Zhang

et al. 2019) confer enhanced defense tolerance to Verticillium dahlia, cotton bollworm and cotton aphid (Hu et al.
2018), and Verticillium wilt (Zhang et al. 2019) via an
increase in defense-induced ligniﬁcation and other metabolites. Further, the miR397:LAC interaction has a role in
regulation of herbicides resistance in Beckmannia syzigachne and Oryza sativa (Pan et al. 2017). miR397-overexpressed transgenic plants are strongly tolerant, speciﬁcally
to fenoxaprop-p-ethyl but not to all herbicides by downregulation of expression of its target gene OsLAC
(Os05g38420) in rice (Pan et al. 2017).
In Arabidopsis genome, a total of 17 AtLACs are encoded and clustered into six distinct phylogenetic classes
where the differentiation of at least three of them predates
the gymnosperm–angiosperm divergence (McCaig et al.
2005); The AtLACs show signiﬁcant difference in expression pattern, with at least four (AtLACs 2, 6, 14 and 16)
being strongly induced or repressed by external hormone,
drought, heat, and/or salt stresses, suggesting diverse
functions (Turlapati et al. 2011). At present, with more and
more genomes being deeply sequenced and accurately
annotated, it greatly facilitates the identiﬁcation and evolutionary analysis of LAC genes at genomewide level in
plants. In this study, LACs from 10 plant species including
P. patens, A. trichopoda, and eight monocotyledonous and
dicotyledonous plants were identiﬁed on the basis of
exhaustive Basic Local Alignment Search Tool (BLAST)
searches. We further analysed their phylogenetic relationship, functional diversiﬁcation and expression pattern in
different tissues, and developmental stages as well as under
various environmental stresses, with emphasis on LACs
from two plant species G. max and Z. mays. These results
will provide solid foundation for further understanding the
evolutionary mechanisms of function and expression
diversiﬁcation of LAC genes in plants.

Materials and methods
Identiﬁcation and nomenclature of LAC family genes

The coding sequences (CDSs) and amino acid (AA)
sequences of 10 plant species were downloaded from the
GenBank (https://www.ncbi.nlm.nih.gov/genbank/) and
Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html)
databases. The examined plant species includes one moss
(P. patens), one gymnosperm (A. trichopoda), four monocots
(O. sativa, T. aestivum, Z. mays and S. bicolor) and four
dicots (A. thaliana, R. communis, V. vinifera and G. max).
The AA sequences of published LACs from O. sativa and
A. thaliana were used as query to perform BLASTp searches
against the protein sequences of other eight genomes mentioned above one-by-one. The conserved domains of candidate LACs were predicted using the Conserved Domains
Database (CDD; http://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi) in National Center for Biotechnology Information
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(NCBI), and InterProScan (https://www.ebi.ac.uk/interpro/
beta/). The LAC genes identiﬁed from each plant species
were named constantly according to their chromosomal coordinates, as previously described (Turlapati et al. 2011; Liu
et al. 2017). The ﬁve ZmLACs cloned previously (CaparrósRuiz et al. 2006; Liang et al. 2006b; Sun et al. 2018) were
renamed in this study based on our nomenclature rule
(table 1 in electronic supplementary material at http://www.
ias.ac.in/jgenet/).

Chromosomal distribution, gene structure and subcellular
localization of LACs

The genomic sequences and gene annotation information
(.gff3) of G. max and Z. mays were retrieved from the
Phytozome database. The Gene Structure Display Server
(GSDS v2.0; http://gsds.cbi.pku.edu.cn; Hu et al. 2015) was
used to determine the exon–intron structure of LAC genes by
comparing the CDSs and their corresponding genomic
sequences.
MapInspect
(https://mapinspect.software.
informer.com) was employed to project LAC genes onto
soybean and maize chromosomes. SignalP-5.0 (http://www.
cbs.dtu.dk/services/SignalP/; Armenteros et al. 2019), TargetP v1.1 (http://www.cbs.dtu.dk/services/TargetP/; Emanuelsson et al. 2000), and DeepLoc v1.0 (http://www.cbs.
dtu.dk/services/DeepLoc/; Armenteros et al. 2017) were
utilized to predict the presence of signal peptide and subcellular localization of each LAC protein. The Compute pI/
Mw tool (https://web.expasy.org/compute_pi/) implemented
in ExPASy server was adopted to calculate the theoretical
isoelectric point (pI) and molecular weight (MW) of LAC
proteins.
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Estimation of functional divergence

DIVERGE 3.0 (Gu et al. 2013) was used to detect functional divergence between groups of the plant LAC gene
family, where six gene clusters of interests were selected.
Group 6 was excluded from this analysis, because it contains only AtLAC1. The coefﬁcient of type-I functional
divergence hI between any two groups was calculated. If hI
is signiﬁcantly greater than 0, it means site-speciﬁc altered
selective constraints after gene duplication (Gu 1999). In
addition, a site-speciﬁc posterior analysis was performed to
predict AA residues being crucial for functional divergence. In this analysis, the multiple protein sequence
alignment treated with Gblocks Server v0.91b (Talavera
and Castresana 2007) and the phylogenetic tree reconstructed using MEGA v7 (Kumar et al. 2016) were used as
input for DIVERGE 3.0 (Gu et al. 2013). The advantage of
this method is to use AA sequences, and thereby is not
sensitive to saturation of synonymous sites (Gu 1999; Gu
et al. 2013).

Gene expression pattern and miRNA target sites prediction
of LACs

Gene expression datasets deposited in Genevestigator
(https://genevestigator.com/gv/; Hruz et al. 2008) were
analysed for LAC gene expression proﬁles in different tissues, developmental stages, and under various abiotic and
biotic stresses. The psRNATarget server (release 2017)
(http://plantgrn.noble.org/psRNATarget/; Dai et al. 2018)
with default parameters was employed to predict the miRNA:LAC interactions. The full-length cDNA sequences of
soybean and maize LAC genes were used to feed the
psRNATarget (Dai et al. 2018).

Multiple sequence alignment and phylogenetic tree
reconstruction

The multiple sequence alignment of 239 LAC protein
sequences from 10 plant species was performed using
MAFFT v7 (Katoh and Standley 2013) with default
parameters. The divergent and ambiguously aligned regions
within the resulting alignment were eliminated using
Gblocks Server v0.91b (http://molevol.cmima.csic.es/
castresana/Gblocks_server.html; Talavera and Castresana
2007). A phylogenetic tree was reconstructed using the
neighbor–joining (NJ) algorithm implemented in MEGA v7
(Kumar et al. 2016), with the default parameters except for
‘Model: p-distance; Gaps/Missing Data Treatment: Pairwise
deletion’. The bootstrap test with 5000 replications was
conducted to evaluate the integrity and reliability of reconstructed phylogenetic tree. In addition, the LAC proteins
derived from soybean and maize were used as input to
inquire the PlantDGD database (Qiao et al. 2019) to examine
whether they were generated by tandem and/or chromosomal
segmental duplications.

Results
Genomewide identiﬁcation of LAC genes in lower and higher
plants

Based on the exhaustive BLASTp searches, a total of 239
LAC candidates were identiﬁed from 10 plant genomes
(table 1 in electronic supplementary material), with four and
12 from P. patens and A. trichopoda, 28 each from O. sativa
and T. aestivum, 26 each from R. communis and S. bicolor,
27, 22, 17, and 49 from V. vinifera, Z. mays, A. thaliana and
G. max. Both of the LAC candidates possess all of the LAC
speciﬁc conserved domains, such as laccase (TIGR03389),
CuRO_1_LCC_plant (cd13849), CuRO_2_LCC_plant
(cd13875) and CuRO_3_LCC_plant (cd13897) that were
predicted through searching the CDD database. These proteins were further conﬁrmed for the presence of multicopper
oxidase type 1 (IPR001117), multicopper oxidase type 2
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(IPR011706), multicopper oxidase type 3 (IPR011707), and
laccase (IPR017761) domains using InterProScan.
The four P. patens LAC genes (PpLACs) are largely
different in respects to their sequence length, theoretical pI
and MW. The PpLACs range from 564 to 689 AAs in
length. Their theoretical pI and MW are from 4.89 to 9.51
and from 62.55 to 77.58 kDa, respectively. All the four
PpLACs contain a signal peptide (SP), three of which are
secretory proteins (table 1 in electronic supplementary
material). Comparatively, the length of 12 A. trichopoda
AtrLACs falls in between 556 and 589 AAs. Their theoretical pI values are 6.30–9.48, but majority of them
(91.7%) have values greater than 7.0. The MW of AtrLACs
ranges from 61.22 to 65.15 kDa. All but two AtrLACs (6,
7) are predicted to be extracellular (table 1 in electronic
supplementary material).
The four monocot plants totally encode 104 LAC genes
(table 1 in electronic supplementary material), with the
longest (681 AAs, OsLAC12) and shortest (467 AAs,
OsLAC19) LAC proteins presenting in rice. The three
LACs following OsLAC12 in length are wheat TaLAC14
(677 AAs), rice OsLAC30 (659 AAs), and sorghum
SbLAC11 (649 AAs). The average length of monocot
LACs is 581.75 AAs. They have theoretical pI and MW
values ranging from 4.79 (TaLAC11) to 9.81 (ZmLAC18),
and from 52.19 (OsLAC19) to 74.62 kDa (TaLAC14).
However, the theoretical pI values of 57.7% monocot
LACs are less than 7.0. Notably, 86.5% LACs are potential
extracellular proteins, while the other 14 LACs are nonsecretory or organelle localized (table 1 in electronic supplementary material).
Overall, 119 LACs are characterized from four dicot
plants, of which VvLAC22 (624 AAs) and RcLAC7 (492
AAs) are the longest and shortest, respectively (table 1 in
electronic supplementary material). These dicot LACs are of
570.76 AAs on average. Moreover, large difference in theoretical pI values ranging from 4.89 (VvLAC25) to 9.96
(GmLAC41) is found among dicot LACs. Compared with
monocot LACs, 91 of the 119 (76.5%) dicot LACs have
theoretical pI values greater than 7.0. As for MW, RcLAC7
(55.49 kDa) and VvLAC22 (70.31 kDa) are the smallest and
largest, respectively, LAC proteins in the examined dicot
species. Most of the dicot LAC proteins (*88.2%) should
participate in the secretory pathway (table 1 in electronic
supplementary material).

Phylogenetic analysis of LAC family genes

To explore the evolutionary relationship among LAC family
genes, a phylogenetic tree was reconstructed using the 239
plant LAC AA sequences, where the four PpLACs formed a
monophyletic clade in the root of the tree (ﬁgure 1). This
would facilitate to trace the originality of plant LAC genes
back to as early as the appearance of the lower plant moss.

The existence of four PpLACs indicates that ancient gene
duplications were retained in the moss genome, but the
extensive proliferation and diversiﬁcation of LACs should
have occurred after the moss–gymnosperm divergence
(ﬁgure 1).
The LAC genes derived from the higher plants were
clearly placed into seven distinct groups with strong bootstrap supports (ﬁgure 1). Group 6 contains only one LAC
gene from Arabidopsis (AtLAC1). The 12 A. trichopoda
AtrLACs were dispersed into other six groups, with six
AtrLACs in group 1 and two in group 2 and one AtrLAC
each in groups 3–5 and 7, suggesting that there should have
at least six ancestral LAC genes whose emergence time
would predate the divergence of gymnosperms and angiosperms, *330 million years ago (Mya; Martin et al. 1993)
(ﬁgure 1). Within these groups, AtrLACs were usually evolutionarily closer to dicot LACs. In group 1, six AtrLACs
tightly clustered together, indicative of ancient gene duplications. Interestingly, besides AtrLAC12, group 7 comprises
only ﬁve dicot LACs (AtLAC6, VvLAC15, RcLAC18,
GmLAC9 and GmLAC10), suggestive of gene losses in
monocots. Within each of groups 1–5, monocot and dicot
LACs formed separate clusters. These results are indicative
of extensive species-speciﬁc and/or lineage-speciﬁc gene
proliferations and/or gene losses after the split of monocot–
dicot plants (*200 Mya).

Functional divergence analysis of plant LAC proteins

The type-I functional divergence between gene groups of the
LAC family was estimated by posterior analysis using
DIVERGE 3.0 that evaluates shifted evolutionary rate after
gene duplication (Gu 1999; Gu et al. 2013). It is observed
that the hI values between any two clusters are 0.272–0.600,
both being statistically signiﬁcantly greater than 0 (P\0.05;
table 1). Thus, the null hypothesis (no functional divergence) could be strongly rejected, indicating that remarkably
different AA site-speciﬁc selective constraints should operate on different groups of LAC genes, leading to a groupspeciﬁc functional evolution after their diversiﬁcation.
Group 2/4 has the largest hI value (0.600), followed by
groups 4/5 (0.526), and 1/7 (0.476), suggesting strong evolutionary divergence between genes of the corresponding
groups, especially between LACs belonging to groups 4 and
2, and 5 (table 1). In addition, the hI values between group 7
and others are found to be generally larger than 0.400, with
the exception of group 2/7 (0.349; table 1). This suggests
that LACs belonging to group 7 should be signiﬁcantly
divergent in function from genes in other groups.
The posterior probability (Qk) of divergence was determined for each site to identify critical AA sites (CAASs)
being responsible for functional divergence between LAC
genes. According to Gu et al. (2013), an AA site having larger
Qk indicates a higher possibility that the corresponding site
was under distinct shifted evolutionary rate between two
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Figure 1. Phylogenetic tree of LAC family genes in plants. This tree is reconstructed based on 239 LAC proteins from 10 plant species
using MEGA v7 with the NJ method. The number beside the branches represents bootstrap value C60% based on 5000 resamplings. LAC
genes from P. patens, A. trichopoda, monocot and dicot plants are highlighted with orange, cyan, blue and red coloured branches,
respectively. To identify the species of origin for each LAC gene, a species acronym is included before the gene name: At, Arabidopsis
thaliana; Atr, Amborella trichopoda; Gm, Glycine max; Os, Oryza sativa; Pp, P. patens; Rc, Ricinus communis; Sb, Sorghum bicolor; Ta,
Triticum aestivum; Vv, Vitis vinifera; Zm, Zea mays.

groups. Here, Qk [ 0.95 was used as cutoff to identify
functional divergence-related residues between gene groups.
A total of 19 and 14 CAASs were supposed to be responsible
for the functional divergence between groups 2/4 and 4/5,
respectively (table 1). Besides, there were 7, 6, 5 and 5
CAASs between groups 2/5, 3/4, 1/5, and 1/4, respectively.
These observations support the notion that altered selective
constraints should have worked on different group LAC
genes, resulting in their functional differentiation. However,
no CAAS with Qk [ 0.95 was identiﬁed between groups 3/7
and 4/7, inferring that the functional divergence observed
between these groups might be attributed to shifted selective
constraints working on AA sites having lesser Qk values, e.g.
Qk [ 0.80.
The CAASs identiﬁed were found mainly to fall within
the conserved laccase domains (table 2 in electronic supplementary material). We take the 4/5 group pair as an

example. There are 14 CAASs obtained for the type-I
functional divergence, among which 12 are located within
the three conserved laccase domains (six CAASs in
CuRO_1_LCC_plant, four in CuRO_2_LCC_plant and two
in CuRO_3_LCC_plant), and the remaining two CAASs
(368D and 372S) are placed within sequence regions
between the CuRO_2_LCC_plant and CuRO_3_LCC_plant
domains.

Gene structure, chromosomal distribution and duplication
analysis of LAC genes in soybean and maize

Totally, 49 GmLACs and 22 ZmLACs were identiﬁed from
the G. max and Z. mays genomes. The soybean GmLAC
genes contain 6–7 exons, with 6.08 on average, of which
four GmLACs (26, 27, 35 and 43) each possesses seven
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Table 1. Functional divergence between groups of the LAC gene
family.
Number of CAASs
Group
pair
1/2
1/3
1/4
1/5
1/7
2/3
2/4
2/5
2/7
3/4
3/5
3/7
4/5
4/7
5/7

hI ± S.E.
0.272
0.298
0.355
0.381
0.476
0.302
0.600
0.345
0.349
0.370
0.332
0.467
0.526
0.405
0.442

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.044
0.048
0.042
0.050
0.079
0.050
0.049
0.040
0.067
0.047
0.051
0.095
0.046
0.099
0.092

LRT

QK[0.95

QK[0.90

37.68
37.94
72.54
61.17
36.50
36.29
157.07
73.83
27.03
61.48
42.36
24.08
129.55
16.79
23.13

3
3
5
5
2
3
19
7
2
6
4
0
14
0
1

4
6
14
10
9
7
24
10
3
7
4
2
19
0
4

hI, the coefﬁcient of type-I functional divergence between two gene
clusters; LRT, likelihood ratio statistic; CAAS, critical amino acid
site; Qk, posterior probability. Larger Qk value indicates a higher
possibility that the functional constraint or the evolutionary rate of a
given AA site is different between two clusters. Group 6 is
excluded from analysis because it just contains one AtLAC gene.

exons, and the others each has six (ﬁgure 2a), which is
similar as the exon–intron structure of LAC genes in Arabidopsis and cotton (McCaig et al. 2005; Balasubramanian
et al. 2016). This indicates that the organization of gene
structure of GmLACs was strongly conserved during evolution. On the contrary, signiﬁcant variation in exon numbers
exists among maize ZmLAC genes (ﬁgure 2b). The ZmLACs
contain 1–7 exons, having an average number 4.82.
ZmLAC16 has the most number of exons (seven), following
by eight ZmLACs (1, 3, 6–8, 12, 14, 20) each owning six.
However, ZmLAC10 and ZmLAC19 are composed of only
one and two exons, respectively. These observations support
of a strong functional diversiﬁcation between both monocot
and dicot LAC genes, and between ZmLACs in maize.
The GmLACs are unevenly distributed across 12 soybean
chromosomes, and in most cases they are present in distinct
clusters on each chromosome (ﬁgure 3a). Chromosome 18
contains the highest number of GmLACs (11), accounting for
22.4%, where eight of 11 GmLACs (38–45) form a cluster on
the long chromosomal arm. The similar phenomenon is
observed on chromosomes 4 and 11, where seven and six
GmLACs are localized, and ﬁve (11–15) and three (22–24) of
them are in clusters. Interestingly, four GmLACs (16–19)
cluster on the terminal of chromosome 8. However, chromosomes 3 and 16 contain the least number of GmLACs, with
one on each (ﬁgure 3a). In maize, 22 ZmLACs are dispersed
on nine chromosomes, with 12 being located on chromosomes 3 and 4 that make up 54.5% of ZmLACs in total
(ﬁgure 3b). Like in soybean, ZmLACs also tend to form

clusters and localize on chromosome terminals. For example,
six of the seven ZmLACs (6–11) cluster on chromosome 3.
But, besides chromosomes 3 and 4, other chromosomes (1–2,
5–8, and 10) each contain only 1–3 ZmLAC(s).
Further, the PlantDGD database was inquired to examine
how tandem duplication (TD) and chromosomal segmental
duplication (WGD) contributed to the proliferation of LAC
genes in soybean and maize. As expected, seven (GmLAC3/
4, GmLAC9/10, GmLAC13–15, GmLAC18–23, GmLAC38/
39, GmLAC42–44, GmLAC46–49) and 11 (GmLAC1/13/42,
GmLAC2/8/45, GmLAC3/22, GmLAC5/32/37, GmLAC6/25/
33/36, GmLAC7/26/30/35, GmLAC11/40, GmLAC12/41,
GmLAC24/28, GmLAC20/46, and GmLAC34/46) LAC gene
clusters were predicted to be due to events of TDs and
WGDs in soybean, respectively (ﬁgure 3a). Surprisingly,
ﬁve GmLACs (3, 13, 22, 42 and 46) were found to be
involved in both TDs and WGDs (ﬁgure 3a). However, two
(ZmLAC6/7 and ZmLAC9/10) and ﬁve (ZmLAC4/13,
ZmLAC8/18, ZmLAC9/20, ZmLAC11/21 and ZmLAC15/17)
gene pairs involving 13 ZmLACs (59.1%) were probably
generated by TDs and WGDs in maize (ﬁgure 3b).

Prediction of LACs with miRNA target sites in soybean
and maize

To explore whether the expression of LAC genes was posttranscriptionally regulated by miRNAs, 49 soybean
GmLACs and 22 maize ZmLACs were fed for psRNATarget
to predict potential miRNA target sites. In total, 40 of the 49
GmLACs should have potential miRNA target sites by
miR397a/b, miR408d, miR5671a, miR530a–e or miR1514a/
b in soybean (ﬁgure 1 in electronic supplementary material).
Among the 40 predicted target LACs, 32 were possibly targeted by miR397a/b, of which three (GmLACs 37, 45 and
49) and two (GmLACs 26, 35) were the potential targets of
both miR397a/b and miR5671a, and both miR397a/b and
miR408d. Except for GmLACs 26 and 35, six of 40 target
GmLACs (6, 7, 25, 30, 33 and 36) were predicted to be the
targets of miR408d, where GmLAC30 would be targeted by
both miR408d and miR5671a.
Compared with 81.6% GmLACs being possible targets of
miRNAs, *36.4% ZmLACs were potentially targeted by
either miR397a/b (ZmLACs 1, 3, 9–10, 18, 20) or miR528a/b
(ZmLACs 8, 15) in maize (ﬁgure 1 in electronic supplementary material). Interestingly, with the exception of
ZmLAC15 in group 4, all other ZmLACs having potential
miRNA target sites belong to the ﬁrst group in the phylogenetic tree (ﬁgure 1).

Expression pattern of LAC genes in different tissues,
developmental stages and under stress conditions

To better understand the function of LAC genes, we analysed
their expression pattern in different vegetative and
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Figure 2. Comparison of gene structures of GmLACs and ZmLACs in G. max (a) and Z. mays (b). The exon–intron structure of LAC genes
are determined by comparing the CDSs with their corresponding genomic sequences using GSDS v2.0. The two genomes encode 49
GmLACs and 22 ZmLACs that contain 6.08 and 4.82 exons on average, respectively.
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Figure 3. Chromosomal localization of GmLACs and ZmLACs in G. max (a) and Z. mays (b). The 49 GmLACs and 22 ZmLACs are
distributed across 12 and 9 chromosomes in soybean and maize. Some chromosomes e.g. 4, 11, and 18 in soybean, and 3 and 4 in maize
contain higher number of LAC genes, but some chromosomes each possesses only one LAC. The GmLACs or ZmLACs that were probably
generated by chromosomal segmental duplications (WGDs) are connected by darkcyan lines. The gene pairs produced by tandem
duplications (TDs) are labelled with short vertical lines beside LAC gene names.

reproductive tissues and organs, during developmental
stages, and under different abiotic and biotic stresses,
through examining the soybean and maize gene expression
datasets deposited in Genevestigator.

Expression analysis of LAC genes in different tissues
and organs

The soybean GmLACs are clearly divided into ﬁve groups
based on their expression pattern in vegetative tissues and
(roots, internode, shoot and leaf) and reproductive organs
(ﬂower, pod, seed and embryo). Ten GmLACs (4, 10, 20–22,
25, 36, 39, 46 and 47) constitute the ﬁrst group, which were
widely expressed in most of examined tissues and organs,

except for in seeds and embryo. But, the expression of six
GmLACs (20, 21, 25, 36, 46 and 47) were almost undetectable in roots (ﬁgure 4a). Eight GmLACs (9, 14, 16, 19,
27, 34, 43 and 48) belong to the second group, whose
expression were generally weak in all examined tissues and
organs with a few exceptions. For instance, GmLAC9 was
weakly but constitutively expressed, exhibiting relative
higher expression in embryo and ﬂower. GmLACs 14, 43
and 48 showed tissue-speciﬁc expression pattern, but
GmLAC14 was mainly expressed in reproductive organs.
The 12 GmLACs classiﬁed to the third group were strongly
expressed in roots, but comparatively weakly expressed in
other tissues and organs. In the fourth group, the 18
GmLACs were highly expressed in vegetative tissues (roots,
internode and shoot), with their highest expression detected
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Figure 4. Gene expression pattern of GmLAC and ZmLAC genes in eight and 10 tissues and/or organs in G. max (a) and Z. mays (b).

in internode. GmLAC17 representing the ﬁfth group showed
similar expression pattern as those belonging to the ﬁrst
group, but its expression was higher in vegetative tissues
especially in internode than in reproductive organs
(ﬁgure 4a).
The transcriptional pattern of maize ZmLACs in 10 tissues
was examined. The ZmLACs are classiﬁed into three groups
of expression pattern (ﬁgure 4b). Ten ZmLACs (1, 10, 7, 8,
9, 11, 16, 18, 20, 21) that were largely expressed in roots,
node, and culm, represent the ﬁrst group, while eight
ZmLACs (2, 4, 12, 13, 15, 17, 19 and 22) that were mainly
expressed in young and/or old roots, form the second group.
However, the expression of ZmLAC14 that represents the
third group was detected speciﬁcally in embryo (ﬁgure 4b).
Accordingly, ZmLACs exhibit strong tissue-speciﬁc expression pattern. Nonetheless, almost all ZmLACs were weakly
expressed in reproductive organs.

Expression analysis of LAC genes in different developmental
stages

We further analysed the expression of GmLAC genes during vegetative and reproductive development. The
GmLACs could be classiﬁed into four distinct groups
according to their expression pattern (ﬁgure 5a). Three
GmLACs (14, 27, 34) belonging to the ﬁrst group were
mainly expressed in the ‘bean development’ and ‘fruit
formation’ stages, while the expression of 10 GmLACs (1,
6, 15, 16, 19, 33, 42, 44, 48 and 49) in the second group
were relative weak during whole development. The third
group is composed of 23 GmLACs that had comparatively
higher expression level during ‘main shoot growth’, but
were expressed low during other developmental stages,
with the exception of the ‘inﬂorescence’ development. The
fourth group includes the remaining 13 GmLACs (2, 4, 8, 9,
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Figure 5. Gene expression pattern of GmLAC and ZmLAC genes during different developmental stages in G. max (a) and Z. mays (b).

17, 20, 22, 25, 26, 36, 37, 39, 46); Relative to other developmental stages, their expression level was remarkably higher
during ‘main shoot growth’ and ‘inﬂorescence’ developments,
following by the ‘ﬂowering’ stage (ﬁgure 5a).
Similarly, the expression level of ZmLAC genes were
generally lower during the whole plant developmental stages
(ﬁgure 5b). ZmLAC7 showed constitutive expression pattern
during all the examined developmental stages, whereas the
expression level of ZmLAC14 was almost not
detectable during whole development. Two ZmLACs (10, 9)
showed relative higher expression level through ‘germination’ to ‘anthesis’ developmental stages. Other ZmLACs
were mainly expressed in the ‘germination’ stage (ﬁgure 5b).

Expression analysis of LAC genes after exposure to different
external stresses

The GmLAC genes exhibit distinct expression pattern in
response to abiotic (drought) and biotic (Aphis glycines)

stresses (ﬁgure 6, a–c). In both drought sensitive (Benning)
and tolerant (PI416937) soybean cultivars, the expression of
most GmLACs were strongly repressed under drought condition, but six of the 49 GmLACs (7, 15, 30, 44, 48 and 49)
were upregulated by drought to some extent (ﬁgure 6, a–b).
GmLAC48 was highly induced by drought after 6 h to 24 h
treatment in Benning (ﬁgure 6a), while its expression was
signiﬁcantly higher from 12 h to 24 h but was undetected
after 6 h of drought treatment in PI416937 (ﬁgure 6b).
Along with the treatment time, the expression of GmLACs 7
and 49 increased, and reached their expression peak after
24 h treatment. GmLAC15 and GmLAC44 showed similar
expression pattern in Benning and PI416937, whose
expression were higher after 6 h and 12 h drought treatment,
especially in the drought-sensitive cultivar. The expression
of GmLAC30 was different between Benning and PI416937,
which was relatively upregulated by drought after 12 h
treatment in the latter or after 24 h in the former cultivar
(ﬁgure 6, a–b). Moreover, GmLACs were found to be
involved in response to A. glycines (ﬁgure 6c). Totally, 15
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Figure 6. (contd)

GmLACs (2, 5, 7, 8, 11, 12, 26, 28, 31, 32, 35, 37, 38, 40 and
41) were highly regulated under 4 h and 24 h A. glycines
feeding, among which GmLAC12 and GmLAC26 had the
highest expression after 4 h treatment. On the contrary, the

expression of ﬁve GmLACs (4, 16, 17, 22 and 39) were
extensively repressed after different time of A. glycines
treatment. The remaining GmLACs were either weakly
upregulated or remained unchangeable (ﬁgure 6c).
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Figure 6. Gene expression pattern of soybean (a–c) and maize (d–f) LAC genes under treatment with drought (a–b), A. glycines (c),
submergence (d–e) and C. graminicola (f).

The maize ZmLAC genes were generally lowly expressed
under submergence in B73 and Mo18W, two inbred lines
that were sensitive and tolerant to the corresponding stress

(ﬁgure 6, d–f). In B73, three ZmLACs (15, 17, 22) were
highly induced by submergence, of which ZmLAC22 and
ZmLAC15 had the highest expression after 72 h constant

Evolution of laccase genes in plants

treatment. Other ZmLACs were either downregulated or
maintained unchanged under submergence (ﬁgure 6d).
Similarly, most ZmLACs were strongly repressed in
expression, with two exceptions (ZmLACs 13 and 22) in
Mo18W (ﬁgure 6e). ZmLAC22 was the one having highest
expression level in Mo18W. But, three ZmLACs (13, 15, 17)
exhibited adverse expression pattern in B73 and Mo18W
(ﬁgure 6, d–e). Interestingly, ZmLACs 15, 17, and 22 were
also highly upregulated, while ZmLAC7 was signiﬁcantly
repressed under C. graminicola infection in Golden Jubilee,
a sweet corn hybrid variety being highly susceptible to the
corresponding fungal pathogen (ﬁgure 6f).

Discussion
Laccases (LACs) constitute a multigene family, but LAC
numbers differ greatly amongst plant species. As reported,
higher plants each encode tens of LACs in their genomes,
e.g. A. thaliana (17; McCaig et al. 2005), C. sinensis (24; Xu
et al. 2019), S. bicolor (27; Wang et al. 2017), B. distachyon
(29; Wang et al. 2015), O. sativa (30; Liu et al. 2017),
P. avium (33; Berni et al. 2019), P. bretschneideri (41;
Cheng et al. 2019), P. trichocarpa (49; Lu et al. 2013),
G. arboretum (44), G. raimondii (46), and G. hirsutum (84)
(Balasubramanian et al. 2016). In the present study, we have
newly characterized 4, 12, 26–49 and 22–28 LACs from
P. patens, A. trichopoda, three dicots (R. communis, V. vinifera
and G. max) and two monocots (Z. mays and T. aestivum),
where soybean has the most number of LAC genes (49)
(table 1 in electronic supplementary material). As control,
we separately identiﬁed 26 and 28 instead of 27 (Wang et al.
2017) and 30 LACs (Liu et al. 2017) in sorghum and
rice. OsLAC18, OsLAC21 and SbLAC23 were excluded
from this analysis, because in this study all the identiﬁed
LACs must contain both the laccase, CuRO_1_LCC_plant,
CuRO_2_LCC_plant and CuRO_3_LCC_plant domains,
which is responsible for the inconsistency in LAC numbers
between ours and previous studies (Liu et al. 2017; Wang
et al. 2017). For example, OsLAC18 is only 69 AAs in
length (Liu et al. 2017), lacking most known laccase conserved domains.
The plant LAC genes are unevenly distributed, and tend to
form clusters on some chromosomes (ﬁgure 3; Liu et al.
2017; Xu et al. 2019), thereby duplication of individual
genes or even the entire genome should play determinant
roles in the expansion of LAC gene family. Of the 49
GmLACs, 44 were supposed to be produced by WGD and
TD events (ﬁgure 3), which might have largely resulted
from the two WGD events (*59 and 13 Mya) occurred in
soybean that resulted in *75% paralogous gene pairs
(Schmutz et al. 2010). Interestingly, ﬁve GmLACs (3, 13, 22,
42 and 46) were involved in both tandem and segmental
duplications (ﬁgure 3a). These genes should be produced via
WGD events ﬁrst, hereafter giving rise to their counterparts
through tandem duplication. The rice and sorghum genomes
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have undergone three rounds of ancient WGDs (Jiao et al.
2014), while an extra WGD has occurred about 5–12 Mya in
maize after its divergence from sorghum (Schnable 2015).
These WGDs should be responsible for the proliferation of
LAC family in the corresponding species. Coincidently,
WGD events were found to contribute the generation of
45.5% (10 of the 22) ZmLACs in maize (ﬁgure 3). However,
the presence of 28, 26 and 22 LACs in rice, sorghum, and
maize may suggest extensive LAC gene losses especially in
the maize genome after WGDs. Similarly, the Arabidopsis
genome has experienced three rounds of WGDs (Vision
et al. 2000; Jiao et al. 2014), but only 17 AtLACs retained
(table 1 in electronic supplementary material), indicative of
gene losses during evolution.
Large variation exists in the physical properties of LAC
proteins such as MW and theoretic pI between moss, gymnosperm and angiosperm species. The average MW of moss
LAC proteins (67.69 kDa) is signiﬁcantly higher than that in
monocots (63.64 kDa), dicots (63.36 kDa), and A. trichopoda (63.01 kDa), indicating evolutionary preference of
higher plants towards smaller LAC proteins. The theoretical
pI determines the solubility, subcellular localization and
interactions (Nandi et al. 2005). However, the theoretical pI
values differ extensively between examined plants, which
are 4.89–9.51 in moss, 6.30–9.48 in A. trichopoda,
4.79–9.81 in monocots, and 4.89–9.96 in dicots. In moss,
half of the LAC proteins have pI values [7, which would be
considered as basic proteins. In contrast, majority of AtrLACs (91.7%) and dicot LACs (76.5%) are basic proteins (pI
[ 7), while 57.7% of monocot LACs are acidic proteins (pI
\ 7). Balasubramanian et al. (2016) found that the theoretical pI values are 4.76–9.85 for cotton LACs, but 95.2%
of them have pI [ 7, belonging to basic proteins. Given that
different LACs possess distinct physical properties, it indicates functional diversity of LAC proteins either within the
same species or between different (e.g. monocots and dicots)
plants.
LAC genes are ubiquitous in the plant kingdom, particularly in gymnosperms and angiosperms. From the LAC gene
phylogeny (ﬁgure 1), it is clear that the original appearance
of LACs may be dated back at least to the emergence of the
lower plant moss; However, the 12 A. trichopoda AtrLACs
dispersed into six phylogenetic groups, inferring that the
extensive proliferation and differentiation of LACs might
have occurred prior to the gymnosperm/angiosperm split,
roughly 330 Mya (Martin et al. 1993). Further, relatively
ancient LAC gene duplications, such as the six AtrLACs in
group 1 as well as the four moss PpLACs, were maintained
over time. Except for groups 6 and 7, monocot and dicot
lineage-speciﬁc recent LAC expansion and diversiﬁcation
were arisen in other groups. Besides, group-speciﬁc LAC
gene losses and gains were occured in groups 7 and 6 (ﬁgure 1). These observations reveal that both purifying and
diversifying selections operated on LAC genes to conserve
gene functions and/or drive their functional novelty (McCaig
et al. 2005).
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Functional divergence and expression pattern analyses
suggest diverse functions of LAC genes in plants (table 1;
ﬁgures 4–6). Altered selective constraints and/or radical
shift of physicochemical properties of AA sites (Gu et al.
2013) may contribute to the functional differentiation of
LAC genes belonging to six distinct phylogenetic classes.
These identiﬁed CAASs are mainly located within laccase
domains (table 2 in electronic supplementary material),
which are of importance for the functional diversiﬁcation of
LACs between any two classes. Nonetheless, further experiments are need to perform to verify the potential functions
of these CAASs. On the other hand, plant LAC genes exhibit
tissue-speciﬁc, developmental-speciﬁc and/or stress responsive expression patterns (ﬁgures 4–6), indicative of functional differentiation and their involvement in plant
development and stress responses (Turlapati et al. 2011; Liu
et al. 2017; Cheng et al. 2019; Xu et al. 2019). Further, we
examined the expression pattern of gene pairs generated by
TDs and WGDs in soybean and maize (ﬁgure 2 in electronic
supplementary material). LAC genes of four TD (GmLACs
13–15, 18–19, 42–44, and 48–49) and four WGD clusters
(GmLACs 1/13/42, 6/33/25/36, 20/46/34 and 24/28) showed
clearly different tissue expression pattern in soybean, suggesting rapid differentiation of functions of LACs and their
duplicated counterparts. However, the expression pattern of
ZmLACs generated through TDs or WGDs was relatively
similar in maize, implying that these duplicates might play
analogous functions (ﬁgure 2 in electronic supplementary
material).
Increasing evidence shows that LAC genes participate in
the regulation of plant growth and development, and in
response to external stresses (Cai et al. 2006; Liang et al.
2006; Turlapati et al. 2011; Liu et al. 2017; Swetha et al.
2018; Cheng et al. 2019; Zhang et al. 2019). In Arabidopsis,
AtLACs 4, 11, 15 and 17 are involved in lignin polymerization; AtLACs 7 and 8 have cell type-speciﬁc expression
pattern, and AtLAC8 regulates ﬂowering time; AtLACs 2, 5,
6, 12–14, and 16 respond to different hormones and environmental stressors (Cai et al. 2006; Liang et al. 2006a;
Turlapati et al. 2011). In the phylogenetic tree, AtLAC4 is
close to AtLAC10 and RcLAC2; AtLAC15 is phylogenetically related to GmLACs 20, 21, 34, 46 and 47; AtLAC17
clusters with RcLACs 21, 22 and 25, VvLACs 2–3, and
GmLACs 17–19, 38–39 (ﬁgure 1). As widely accepted,
orthologous genes tend to perform similar function (Lafond
et al. 2018). It is reasonable to infer that orthologs of AtLACs
4, 15 and 17 in R. communis, V. vinifera and G. max may
function in lignin biosynthesis. In addition, three sets of LAC
genes (GmLACs 24, 28; GmLACs 1, 48, 49, RcLAC1,
VvLAC9; GmLACs 5, 29, 32, 37, VvLAC4 and RcLAC19) are
phylogenetically closer to AtLAC2, AtLACs 7–9, and
AtLAC16, respectively (ﬁgure 1), implying that these LACs
would be responsive to hormones and/or external stresses.
The OsLAC10 positively regulates rice plants tolerance to
Cu stress through increasing lignin content in roots (Liu
et al. 2017). Three OsLACs (1, 19 and 25) form a

monophyletic clade with OsLAC10, and interestingly, two
ZmLACs (15, 17), three TaLACs (22, 26, 28) and six SbLACs
(14–17, 19–20) have close phylogenetic relationship with
OsLAC10, suggestive of similar function of the corresponding LACs in rice, maize, wheat and sorghum. Moreover, amounts of orthologous gene clusters, such as
OsLAC3/ZmLAC21/SbLAC6/ZmLAC11, OsLAC5/SbLAC8/
ZmLAC9 and OsLAC13/SbLAC25/ZmLAC18, could be
characterized from the phylogenetic tree (ﬁgure 1), which
would facilitate to further uncover their biological functions.
It has demonstrated that miRNAs such as miR397,
miR528, miR408 and miR857 could target LAC genes in rice,
maize, poplar, cotton, Arabidopsis, C. sinensis, and thereby
controlling grain yield, herbicide or lodging resistance, ﬁbre
quality, and cell wall development, etc. (Lu et al. 2013; Zhang
et al. 2013; Balasubramanian et al. 2016; Pan et al. 2017; Sun
et al. 2018; Swetha et al. 2018; Xu et al. 2019). There are 15,
16 and 17 LACs acting as potential targets of miR397 in rice,
C. sinensis, and poplar (Lu et al. 2013; Swetha et al. 2018; Xu
et al. 2019). In total, miR408, miR397 and miR857 regulate
seven and 22 LACs in Arabidopsis and cotton (Abdel-Ghany
and Pilon 2008; Balasubramanian et al. 2016). In this study,
we found that eight of the 22 maize ZmLACs contain target
sites of miR397a/b or miR528a/b, while 40 soybean GmLACs
are potential targets of miR397a/b, miR408d, or miR5671a,
etc. (ﬁgure 1 in electronic supplementary material). Interestingly, ZmLAC15 in group 4, and seven ZmLACs in group 1
may be targeted by miRNAs, while the remaining 14 ZmLACs
have no target sites; ZmLACs 8 and 15 belong to different
phylogenetic groups, but are targeted by the same miRNA
(miR528); ZmLACs 15 and 17 are highly homologous paralogs, but the former instead of the latter is potentially targeted by miR528 in maize. In soybean, most GmLACs
classiﬁed in group 4 avoid targeting by miRNAs, but almost
GmLACs in other groups have possible miRNA targeting sites
(ﬁgure 1 in electronic supplementary material). Therefore, the
interactions between miRNAs and LAC genes in different
phylogenetic clades may at least partially determine their
functional diversity.
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