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Characterisation of the class III peroxidase gene family in carrot taproots 
and its role in anthocyanin and lignin accumulation 
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A B S T R A C T   

Plant class III peroxidases (CIII Prxs) are involved in numerous essential plant life processes, such as plant 
development and differentiation, lignification and seed germination, and defence against pathogens. However, 
there is limited information about the structure-function relationships of Prxs in carrots. This study identified 75 
carrot peroxidases (DcPrxs) and classified them into seven subgroups based on phylogenetic analysis. Gene 
structure analysis revealed that these DcPrxs had between one and eight introns, while conserved motif analysis 
showed a typical motif composition and arrangement for CIII Prx. In addition, eighteen tandem duplication 
events, but only eight segmental duplications, were identified among these DcPrxs, indicating that tandem 
duplication was the main contributor to the expansion of this gene family. Histochemical analyses showed that 
lignin was mainly localised in the cell walls of xylem, and Prx activity was determined in the epidermal region of 
taproots. The xylem always showed higher lignin concentration and lower Prx activity compared to the phloem 
in the taproots of both carrot cultivars. Combining these observations with RNA sequencing, some Prx genes were 
identified as candidate genes related to lignification and pigmentation. Three peroxidases (DcPrx30, DcPrx32, 
DcPrx62) were upregulated in the phloem of both genotypes. Carrot taproots are an attractive resource for 
natural food colourants and this study elucidated genome-wide insights of Prx for the first time, developing 
hypotheses concerning their involvement with lignin and anthocyanin in purple carrots. The findings provide an 
essential foundation for further studies of Prx genes in carrot, especially on pigmentation and lignification 
mechanisms.   

1. Introduction 

Peroxidases (EC 1.11.1.x) are one of the most common and ubiqui-
tous enzyme families in living organisms, including animals, plants and 
bacteria (Pandey et al., 2017b). Non-animal peroxidases are the most 
intensively studied superfamily and have been further sub-divided into 
three classes (Welinder, 1992): class I peroxidases, including plant 
ascorbate peroxidases (EC 1.11.1.11), yeast cytochrome c peroxidase 
and bacterial catalase-peroxidases, are all intracellular and involved in 
detoxification processes (Asada, 1992; Pandey et al., 2017a; Sofo et al., 
2015); class II peroxidases are exclusively secretory fungal peroxidases 
and play a vital role in the degradation of lignin (Piontek et al., 2001); 
and class III peroxidases (EC 1.11.1.7), also known as classical secretory 
plant peroxidases, form a large multigene family in land plants only and 
are generally found in the plant cell wall or the vacuole (Cosio and 
Dunand, 2009; Ros Barceló et al., 2003). Although the amino acid 

sequence of class III peroxidases differs from the other classes, they share 
some common features with class II in the structural fold, such as the 
presence of two calcium ions, four disulphide bridges, a distal histidine 
at the catalytic site, a proximal histidine at the haem-binding site and a 
signal peptide for directing the protein to the secretory pathway (Pandey 
et al., 2017b). There are several abbreviations for Class III peroxidases, 
but Prx is used here, which is also in accordance with the well-known 
peroxidase database PeroxiBase (Passardi et al., 2007). 

Numerous Prx isoforms are present in the cell walls and play a crucial 
role in many vital biological processes throughout the plant life cycle by 
binding to a variety of substrates (Shigeto and Tsutsumi, 2016). Their 
physiological roles are related to cell wall metabolism (Francoz et al., 
2015; Zhou et al., 2002), wound healing (Passardi et al., 2004a), fruit 
growth and ripening (Andrews et al., 2000; Aydin and Kadioglu, 2001), 
and auxin metabolism (Kawano et al., 2001). They are known to be 
related to polymerisation reactions such as lignification to stiffen the cell 
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wall, suberisation and cross-linking of cell-wall constituents, and con-
sumption of hydrogen peroxide (H2O2). However, Prxs have been shown 
to possess the capacity to produce H2O2 while oxidising different types 
of reductants including phenolics. Besides cell wall stiffening, Prxs have 
been implicated in hydroxyl radical formation to facilitate cell wall 
loosening during cell elongation (Kukavica et al., 2009). 

Prxs are known to be associated with lignin biosynthesis and 
anthocyanin degradation in many plant species. In tobacco and hybrid 
aspen, lignin levels are significantly decreased by antisense suppression 
of NtPrx60 and PrxA3a (Blee et al., 2003; Li et al., 2003) respectively. In 
Arabidopsis, an analysis of mutants showed that loss of function of 
AtPrx2 or AtPrx25 resulted in a reduction in lignin content (Shigeto 
et al., 2015). Furthermore, flavonoid-specific peroxidases are involved 
in anthocyanin degradation in vacuoles (Bozzo and Unterlander, 2021; 
Winkel, 2006). High contents of Prxs have been identified in plant or-
gans that are abundant in anthocyanins. For example, in Chinese red 
radishes, RsPrx1 was found to modify anthocyanins in vacuoles by using 
pelargonidin as the substrate (Wang et al., 2004). In grapefruit skin, 
VviPrx31 was stimulated under a high temperature to degrade antho-
cyanin (Movahed et al., 2016), and in B. calycina flowers, BcPrx01 was 
found in the vacuoles of petals with deep purple pigmentation where its 
expression led to the degradation of anthocyanin (Zipor et al., 2015). 
The biosynthesis of lignin and anthocyanin follow two different phenolic 
pathways, but they compete for the same precursors (Fig. 1A). p-Cou-
maroyl CoA is situated at the junction of the metabolic routes leading 
either to flavonoids (including anthocyanins) or lignin compounds, and 
provides increased levels of monolignols if the branch of the flavonoid 
pathway is limited (Lunkenbein et al., 2006). p-Coumaroyl CoA is the 
common substrate of two enzymes: (1) chalcone synthase (CHS), which 
catalyses the formation of the flavonoid skeleton, while anthocyanins 

are degraded further by peroxidase in vacuoles, and (2) hydrox-
ycinnamoyl transferase (HCT), which leads to the biosynthesis of two 
major lignin building units, namely the guaiacyl and syringyl units 
(Fig. 1A). These primary monolignols, including p-hydroxyphenyl, are 
further polymerised, catalysed by laccases and peroxidases to form 
lignin (Dixon and Barros, 2019). 

Carrot (Daucus carota L.), an economically important root crop 
worldwide, is of great value in human nutrition due to the high content 
of vitamins and terpene volatile compounds (Muchlinski et al., 2020). 
Domesticated carrots are divided into western and eastern groups. 
Among the latter group, black carrots and purple carrots (Daucus carota 
L. ssp. Sativus var. Atrorubens Alef.) are rich in anthocyanins. In recent 
decades, black carrots have attracted increasing attention because they 
are not only a good source of natural food colorants, but also contain a 
variety of antioxidant components of benefit to human health (Arscott 
and Tanumihardjo, 2010; Montilla et al., 2011). Carrot roots (mainly in 
xylem) contain numerous lignified cells, although lignin performs 
unique and beneficial functions. High lignin accumulation in carrot 
taproots may also affect root taste, texture and palatability. Therefore, 
purple carrots are a good resource for studying the metabolic interaction 
between anthocyanins and lignin in relation to peroxidase activity. 
Previous studies have analysed members of the Prx family in other plant 
species, including 138 Prxs in rice (Passardi et al., 2004b), 73 Prxs in 
Arabidopsis (Welinder et al., 2002), 94 Prxs in pear (Cao et al., 2016), 93 
Prxs in poplar (Ren et al., 2014), 102 Prxs in alfalfa (Behr et al., 2015), 
119 Prxs in maize (Wang et al., 2015), and 374, 159 and 169 Prxs in 
Triticum aestivum, Triticum urartu and Ae. Tauschii respectively (Yan 
et al., 2019). However, there have been no studies on this gene family in 
carrots. 

This study is the first to identify all peroxidase-encoding genes in 

Fig. 1. Overview of structure-function relationships of class III peroxidases in plants and carrots. (A) Scheme of the split anthocyanin-lignin pathway. Coumaroyl- 
CoA is at the crossroads of metabolic routes leading either to monolignols or anthocyanins. Prxs: peroxidases, PAL: phenylalanine ammonia lyase, C3H: p-coumarate 
3-hydroxylase, CAD: cinnamyl alcohol dehydrogenase, CCoAOMT: caffeoyl-CoA O-methyltransferase, CCR: cinnamoyl-CoA reductase, CHS: chalcone synthase, CHI: 
chalcone isomerase, 4CL: 4-coumaroyl-CoA ligase, F3H: flavanone 3-hydroxylase, F3′H: flavonoid 3′-hydroxylase, LDOX: leucoanthocyanidin dioxygenase, UFGT: 
UDPG-flavonoid-3-O-glucosyltransferase, LAC: laccase. (B) Phylogenetic tree of 75 DcPrxs including some well-known class III peroxidases based on the study of 
Shigeto and Tsutsumi (2016). The unrooted tree was constructed by the maximum likelihood (ML) framework with the WAG + G model using the MEGA X program. 
The different colours visualise the clade representing seven phylogenetic subgroups (Gr1 to Gr7). The following sequences retrieved from PeroxiBase were used: 
AtPrx1-AtPrx73 from Arabidopsis, CrPrx1 from Madagascar periwinkle, HRPC3 and HPRE5 from horseradish, FaPrx27 from strawberry and VvPrx31 from grapevine. 
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carrots and compare them with gene families from other plant genomes. 
The focus of the study then shifted to flavonoid and lignin biosynthesis, 
with both accumulating in taproots and involving peroxidase activity. 
Two purple carrot varieties with contrasting pigmentation were used to 
compare the accumulation and tissue distribution of total anthocyanins, 
lignin and peroxidases in phloem and xylem. Using metabolite analysis 
and histochemical staining combined with transcriptomic analysis, the 
aim was to investigate the expression relationship between lignin, an-
thocyanins and peroxidases and identify candidate Prx genes that 
correlate to anthocyanin and lignin biosynthesis. The results offer 
comprehensive genome-wide knowledge of Prx proteins in carrots and 
provide the basis for further investigations of specific Prx potentially 
involved in anthocyanin and lignin biosynthesis in carrots. In carrot 
breeding for colourants and fibres, these quantitative traits are 
controlled by a number of genes. An understanding of the contribution 
of Prx genes could facilitate marker-assisted selection to increase the 
content of anthocyanins and modify the lignin content of the taproots. 

2. Results 

2.1. Identification and phylogenetic analysis of DcPrxs 

Two methods were used to identify the candidate genes of the DcPrx 
family. The first was to undertake a BLAST search against the carrot 
genome database using the complete set of 73 well-known Arabidopsis 
Prxs as queries in TBtools software (Chen et al., 2018; Tognolli et al., 
2002). The second was to search for proteins with a Prx domain 
(PF00141) in the carrot protein database using the HMMER 3.0 pro-
gram. A total of 89 putative Prx proteins were identified, and the pres-
ence of typical Prx domains in these 89 candidate Prxs was then checked 
using Batch CD-Search in NCBI. Nine of the 89 Prxs were eliminated 
because they contained the L-ascorbate peroxidase domain, typical for 
class I peroxidases that are mainly found in chloroplasts (Teixeira et al., 
2006). In addition, five of the 89 Prxs were removed because of the 
presence of domains typical for other genes. As a result, 75 Prxs with 
conserved domains were identified as class III peroxidases in carrots, 
named DcPrx1-DcPrx75 according to the order of their position on the 
nine carrot chromosomes, starting with the first on chromosome I 
labelled DcPrx1. Detailed information on all of them, including gene ID 
and chromosomal positions, is given in Supplementary Table S1. 

To investigate the evolutionary history of DcPrxs, a phylogenetic tree 
was constructed with the 75 DcPrxs and 73 AtPrxs, and some repre-
sentative Prxs with different functions, such as CrPrx1 from Madagascar 
periwinkle (Catharanthus roseus), HRPC3 and HPRE5 from horseradish 
(Armoracia rusticana), FaPrx27 from strawberry (Fragaria ananassa), the 
VvPrx31 from grapevine (Vitis vinifera L.) (Kumar et al., 2007; Movahed 
et al., 2016; Ring et al., 2013; Tognolli et al., 2002; Wang et al., 2004) 
(Fig. 1B). In Arabidopsis, Tognolli et al. (2002) divided the 73 AtPrxs 
into five main groups (Gr1-Gr5) aside from two single member branches 
(AtPrx12 and AtPrx48). Here, five subgroups (Gr1-Gr5) of DcPrxs were 
assigned according to the AtPrxs subgroup information; subgroup 2 was 
divided into Gr2.1 and Gr2.2, DcPrx5 and DcPrx29-DcPrx33 were 
grouped together with the single AtPrx12 and named subgroup 6 (Gr6), 
and DcPrx4 and AtPrx48 were located on the same branch and assigned 
as subgroup 7 (Gr7) (Fig. 1B). 

The results showed that Gr4 with 27 DcPrxs members was the largest 
subgroup for carrot, which is also the largest for AtPrxs. There were 14 
DcPrxs in Gr3, and FaPrx27 and VvPrx31 were also included in this 
subgroup. The subgroup Gr5 consisted of 20 members, while subgroups 
Gr1 and Gr7 were composed of just four and one DcPrx members 
respectively. 

2.2. Gene Structure and conserved motif analysis of DcPrxs 

To understand the evolutionary relationships of DcPrxs, a gene 
structure analysis was performed (Fig. 2A). The results revealed that 

their gene structures contained variations, with DcPrxs having between 
one and eight exons, while most of them contained either three or four 
introns (Fig. 2A). The same subgroups of these DcPrxs shared similar 
gene structures. In Gr4, most of the members (17 out of 27) had the 
classical gene structure, and eight of them lost one or more introns. In 
Gr3, only a few genes (four out of 14) had a classical gene structure, and 
the other Prxs had only one or two introns. Great diversity was observed 
for the other subgroups, with Gr5 and Gr7 even possessing genes 
without introns. In addition, a conserved motif analysis of DcPrx pro-
teins was performed. Fifteen conserved motifs in the 75 DcPrx proteins 
were identified using the MEME database (Bailey et al., 2015) (Supp. 
Table S2). Most of the DcPrxs had a similar motif composition and 
arrangement (Fig. 2A). As can be seen in Fig. 2, the first motif of most 
DcPrx proteins was motif 5, followed by motif 3 and motif 7. 

The analysis of the amino acid sequences encoded by DcPrx genes 
facilitated the study of their putative function. The typical class III 
domain and activity sites were highly conserved, such as a signal peptide 
(SP) that targets the protein to the secretory pathway, the distal haem- 
binding domain (CDI), the central conserved domain (CD II), the prox-
imal haem-binding domain (CD II), eight cysteine residues (C1–C8) 
forming four disulfide bridges, and a C-terminal extension (CT) probably 
responsible for vacuolar targeting (Gajhede, 2001; Johansson et al., 
1992; Mathé et al., 2010; Welinder, 1992) (Fig. 2B and C; Supp. 
Table S3). The identification of N-terminal signal peptide was deter-
mined by SignalP 5.0, and 48 out of 75 proteins possessed N-terminal 
peptides. Furthermore, 47 DcPrxs contained CD I, II and III (Supp. 
Table S3), while the other genes seemed to lack some of these domains. 
The alignment also showed eight conserved cysteine residues (Cys) 
displayed in DcPrxs (Fig. 2C; Supp. Table S3). Among these DcPrxs were 
residue mutations, such as the loss of some Cys residues. In addition, ten 
of the 75 proteins possessed a C-terminal extension, which indicated that 
they were most likely directed to the vacuoles. Six peroxidases (DcPrx5, 
DcPrx29-DcPrx33) formed an individual phylogenetic branch Gr6 in 
carrot together with AtPrx12, and all had a C-terminal extension (Supp. 
Table S3). 

2.3. Chromosomal distribution and duplication events of DcPrxs 

TBtools was used to identify and visualise the chromosomal location 
of these DcPrxs. Of the 75 DcPrx genes, 74 DcPrx genes were located on 
nine chromosomes, and the last DcPrx gene was located on one scaffold 
of genes that have not yet been allocated to a carrot chromosome. As 
shown in Fig. 3, DcPrx genes were randomly distributed across the nine 
chromosomes. Most of the DcPrx genes were found on the first, fourth 
and fifth chromosomes, and the number of Prx genes ranged from two on 
the eighth chromosome to 15 on fourth chromosome (Fig. 3). 

Gene duplication refers to the repetition of a DNA fragment, which 
plays an important role in generating genetic novelty during evolution. 
It is therefore crucial to understand the kind of duplication events 
occurring among Prxs in carrots (Supp. Table S4; Fig. 3). In the present 
study, 18 gene pairs were found to be tandem duplicates and eight 
belonged to a segmental duplicate. 

The values of synonymous (Ks) and nonsynonymous (Ka) substitu-
tion rates for duplicate genes were calculated to understand the kind of 
selection pressures occurring in these DcPrxs (Supp. Table S4). The Ka/ 
Ks ratio is a common way of identifying the kind of selection undergone 
by duplication genes. In this study, the Ka/Ks values of all duplication 
events were below one, which generally means negative selection (also 
called purifying selection) (Roth and Liberles, 2006). Therefore, the 
purifying selection was the main reason for the enlargement of DcPrx 
gene numbers (Supp. Table S1). It is also known that the higher the Ks 
value, the later the duplication events occur. In this study of duplication 
events on segmental duplication, the highest Ks values ranged from 1.5 
to 2.6. In terms of tandem duplication, the highest Ks values ranged from 
1.6 to 1.9. These results indicated that most of the tandem duplication 
events occurred later than the segmental duplication events (Supp. 
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Fig. 2. Conserved motif and gene structure analysis of DcPrxs. (A) Gene structure and motif analysis of DcPrxs according to their evolutionary relationship. The MEME database was used to identify conserved motifs. 
The 15 different colours of the boxes on the right represent different motifs. Green cylinder bars and black lines indicate exons and introns respectively. (B) Sequence alignment of the randomly selected Prx to represent 
the conserved domain in Prx. SP is an N-terminal peptide, typically 15–30 amino acids long, which is cleaved off during translocation of the protein across the membrane. C-terminal extension is associated with vacuolar 
targeting. (C) Primary structure of DcPrx. The eight cysteine residues (Cys) form four disulfide bridges. Predicted signal peptide is indicated by black underline. CDI, CDII, and CDIII represent distal haem-binding 
domains, central conserved domains and proximal haem-binding domains respectively. SP and CT represent the signal peptide and C-terminal extension respectively. 
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Fig. 3. Chromosomal location and duplication events of Prx genes on the nine carrot chromosomes. Chromosome types and numbers are indicated to the left and right of each bar. The genomic DNA sequences of these 
genes were obtained from the high-quality carrot genome sequence (Iorizzo et al., 2016). The scale on the left is in mega-bases. The blue lines represent the segmental duplicate. The black boxes represent the tandem 
duplicate. TBtools was used to calculate and visualise the chromosomal location and duplication event of DcPrx genes. 
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Table S4). 

2.4. Lignin and peroxidase distributions in the xylem and phloem of two 
carrot cultivars 

Histochemical analyses of root sections were performed to detect the 
distribution of lignin and peroxidase in the roots of both carrot cultivars. 
Lignin was tested by phloroglucinol-HCl staining, which showed that the 
presence of lignin in ‘Purple 68’ was similar to that in ‘Purple Haze’. 
Lignin in the roots was mostly deposited in the xylem region, but no 
strong lignification was observed in other tissues (Fig. 4). Weak staining 
of lignin indicating trace amounts was found in one or two epidermal 
cell layers (Fig. 4. C, D). Lignin was mainly localised in the cell walls of 
the vascular bundle in primary xylem and in tracheary elements in 
secondary xylem (Fig. 4 E-H). 

Distribution of peroxidases was monitored by the appearance of 
brown colouration after the incubation in reaction mixture containing 3, 
3′-diaminobenzidine (DAB) and H2O2 (Supp. Fig. 1). Peroxidases 
occurred in the area between the vascular cambium and epidermis as a 
dotted pattern (Supp. Fig. 1), with abundant activity determined in the 
epidermal region (the outer part of the cortex with epidermis) in two 
cultivars (Supp. Fig. 1). Peroxidase in the xylem was localised in the cell 
walls of tracheary elements and the xylem vessel, which is similar to 
lignin distribution. The same distribution of peroxidase was detected in 
‘Purple 68’ and ‘Purple Haze’ (Supp. Fig. 1). 

2.5. Determination of lignin, anthocyanin content and peroxidase activity 

Total anthocyanin content (TAC) was determined for each tissue of 
two cultivars. The phloem of ‘Purple 68’ had the highest amount of 
anthocyanins, followed by the xylem of ‘Purple 68’ and the phloem of 

‘Purple Haze’, while no anthocyanin was detected in the xylem of 
‘Purple Haze’ (Fig. 5A). Liquid chromatography coupled to mass spec-
trometry (LC-MS) was used to identify and quantify individual antho-
cyanins of purple tissues in which five major anthocyanin compounds 
have been identified, mainly cyanidin 3-xylosylgalactoside (Meng et al., 
2020). The detected lignin content is shown in Fig. 5B. The xylem always 
had the highest lignin concentration in the taproots of both carrot cul-
tivars (Fig. 5B), while the peroxidase activity measurements showed 
that the xylem area had the lowest activity in the two cultivars (Fig. 5C). 

2.6. Expression patterns of differentially expressed DcPrxs in carrots 

The expression of DcPrx genes in the xylem and phloem of the two 
carrot cultivars was investigated by RNA-Seq analysis. Seven DcPrxs 
were identified as differentially expressed genes (DEGs) in the com-
parisons between the xylem and phloem in ‘Purple 68’, and all of them 
were unregulated in the phloem (Fig. 5D and E). Six Prxs were identified 
as DEGs in ‘Purple Haze’, five were up-regulated in the phloem, with 
three out of five (DcPrx30, DcPrx32, and DcPrx62) shared and upregu-
lated in the phloem of both cultivars. It is noteworthy that DcPrx30 
showed the highest expression in the phloem of both cultivars and 
DcPrx14 was the only downregulated gene in the phloem of ‘Purple 
Haze’ (Fig. 5D, F). 

3. Discussion 

Peroxidases play different roles in plant metabolism and physiolog-
ical processes. Identification of the entire gene family has been under-
taken in several plant species, including Arabidopsis (Tognolli et al., 
2002; Welinder et al., 2002), rice (Passardi et al., 2004b) and maize 
(Wang et al., 2015), but not previously in carrot. Peroxidases are 

Fig. 4. Histochemical staining of lignin in the xylem 
and phloem of two carrot cultivars. A. Carrot cultivar 
‘Purple 68’. B. Carrot cultivar ‘Purple Haze’. C, E, G 
showed lignin localisation in epidermis, secondary 
xylem and primary xylem of ‘Purple 68’. D, F, H 
showed lignin localisation in the epidermis, second-
ary xylem and primary xylem of ‘Purple Haze’. Ep: 
epidermis, PC: parenchymal cell, Px: primary xylem, 
Te: tracheary elements, Sx: secondary xylem, VE: 
vessel. Scale bars in the figure are equivalent to 100 
μm length.   
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involved in the biosynthesis of lignin and degradation of anthocyanins. 
Black carrots are not only rich in anthocyanins, but also an important 
source of the non-carbohydrate fibre lignin (Christensen and Rasmussen, 
2019). However, to the best of authors’ knowledge, there have been very 
few studies of peroxidase activity in relation to lignin biosynthesis 
(Wang et al., 2016), and no reports on anthocyanin degradation in 
carrots. This study showed that these cultivars differ in their anthocy-
anin and lignin accumulation in different tissues, and are a unique and 
valuable resource for studying the correlation between these two com-
pounds and peroxidases. It is therefore of benefit to conduct the 
genome-wide identification of Prxs and investigate potential Prxs related 
either to anthocyanin accumulation or lignin biosynthesis for carrot 
texture and colour breeding in future. Breeding for colour will also in-
crease the anthocyanin concentration, which is health promoting, and 
the improved carrots may offer two benefits to consumers. Increasing 
the difficulty of lignin digestion may not be desirable if the objective is 
to breed carrots to feed horses. 

3.1. Genome-wide characterisation of the prx gene family in carrot 

Here, 75 putative DcPrxs from the carrot genome were identified 
using two different bioinformatic methods. This number is similar to the 
73 identified in Arabidopsis (Tognolli et al., 2002), but smaller than that 
in maize (119) (Wang et al., 2015), rice (138) (Passardi et al., 2004b), 
Chinese pear (94) (Cao et al., 2016), cotton (198) (Duan et al., 2019), 
cassava (91) (Wu et al., 2019) and the model plant for temperate grasses 

Brachypodium distachyon (151) (Zhu et al., 2019). These 75 DcPrxs were 
divided into seven subgroups (Gr1-Gr7) according to phylogenetic 
analysis, based on the classification method described for Arabidopsis 
(Tognolli et al., 2002). The gene structure analysis showed that most of 
the DcPrxs were disrupted by three introns, indicating a common 
ancestral gene with a typical structure, as described in Arabidopsis (Ring 
et al., 2013; Tognolli et al., 2002). However, some variations were 
found, mainly due to the loss or gain of one or more introns, which is 
consistent with what has previously been reported for Arabidopsis 
(Tognolli et al., 2002) and cotton (Duan et al., 2019). 

Prx proteins are classified into apoplast type and vacuole type, based 
on the absence or presence of the C-terminal extension (CT), which 
probably function as vacuolar sorting signals (Hiraga et al., 2001). In the 
present study, 10 DcPrxs had a CT (Fig. 2C; Supp. Table S3). Prx proteins 
located in the vacuoles have previously been shown to contain a CT of 
this kind, such as the well-known horseradish Prx (HRPC1a) and barley 
BP1 (Johansson et al., 1992; Matsui et al., 2011; Welinder et al., 2002). 
However, anionic peroxidase (APRX) from courgette, a peroxidase 
containing a C-terminal extension, has been found in the apoplast 
(Carpin et al., 1999). Therefore, it was hypothesised that vacuole Prxs 
always have a CT, but peroxidases with a CT are not necessarily located 
in the vacuole. CT is the necessary and insufficient condition for vacu-
olar sorting of peroxidase. The results could provide an important 
foundation for future cloning and functional studies of vacuolar Prx 
proteins in carrots. 

Prxs are characterised as being secretory proteins. A search for the 

Fig. 5. Lignin and anthocyanin content and peroxidase activity, and the expression of differentially expressed DcPrxs in two carrot cultivars. (A), (B, (C) showed the 
anthocyanin, lignin content and peroxidase activity respectively. Lowercase letters above the bars indicate significantly different values among different tissues (P <
0.05). (D) Venn diagram of differentially expressed DcPrxs found in different tissues. (E), (F) show the expression of differentially expressed DcPrxs in ‘Purple 68’ and 
‘Purple Haze’ respectively. P68x and P68p are the xylem and phloem of ‘Purple 68’ respectively. PHx and PHp are the xylem and phloem of ‘Purple Haze’ 
respectively. The colour scale on right shows the expression of DcPrxs from 0 (blue) to 2.5 (red). The log10 [FPKM+1] value represents the Prx expression, total 
anthocyanin content (TAC) is in mg per 100 g fresh weight (FW) material, and lignin content is in μg per mg dry weight (DW), peroxidase activity is in U per g FW. 
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presence of a secretory signal peptide (SP) in the DcPrx protein se-
quences showed that 48 out of 75 genes encoded a SP (Fig. 2B; Supp. 
Table S3). The absence of SP could be explained by there being no 
computational prediction method currently able to cover all targeting 
signals or not all secretory proteins having SPs (Bendtsen et al., 2004; 
Emanuelsson et al., 2007). Secreted proteins without SPs enter the 
non-classical secretory pathway (Emanuelsson et al., 2000); they do not 
follow the classical route through the endoplasmic reticulum and Golgi 
apparatus (Bendtsen et al., 2004; Nickel, 2003), such as FGF-1 and 
FGF-2 (Rubartelli and Sitia, 1997). Moreover, most DcPrxs contain all 
three highly conserved domains CD I, II and III (Fig. 2B; Supp. Table S3). 
However, many DcPrxs have lost the CD II domain, whose function is 
unclear (Supp. Table S3). Among all DcPrxs, eight lacked the CD I 
domain, which contained one calcium-binding site and one disulfide 
bridge, and seven of them lacked the proximal haem-binding domain CD 
III. Furthermore, not all the genes had eight conserved Cys residues 
establishing four disulfide bridges that commonly exist in all Prxs. In 
summary, these DcPrxs without classical domains may not be functional 
or may not function as a typical class III Prxs. 

Gene duplication is one of the main reasons for the expansion of a 
large gene superfamily and it plays a crucial role in helping plants ac-
quire new functions (Li et al., 2015). In the present study, eight gene 
pairs were localised in segmental duplication regions and 18 were 
identified as tandem duplications (Fig. 3), suggesting that tandem du-
plications were major factors in the enlargement of the carrot Prx family. 
This result coincides with that found in the cassava and Brachypodium 
distachyon genome, for which tandem duplication has also been reported 
as more prominent than segmental duplication. However, this is in 
contrast with the expansion pattern of Prxs in other species. For 
example, in pear, there were 26 segmental duplicate events and only 1 
tandem duplicate event. In maize, there were 16 segmental duplications 
and 12 tandem duplication events identified in the Prx gene family 
(Wang et al., 2015). In cotton, 15 segmental duplications and nine 
duplication events have been found (Duan et al., 2019). In summary, the 
expansion patterns of the Prx gene family vary between plant species. In 
addition, the analysis of selection pressure on duplicated genes reveals 
that they have undergone purifying selection during evolution, which is 
in agreement with the results for cassava (Wu et al., 2019). 

3.2. Transcriptome-based identification of prx genes involved in 
Anthocyanin and lignin biosynthesis 

Lignins are phenolic heteropolymers located in the cell wall of 
plants, and the last step of lignin formation is catalysed by peroxidases. 
The results of the present study showed that the lignin contents in the 
xylem were higher than that in the phloem of carrot taproots, and his-
tochemical assay demonstrated the clear relationship between the 
localisation of peroxidases and the lignification process in the xylem, 
since these were all localised in the cell walls of tracheary elements in 
the primary and secondary xylem (Fig. 4 and Supp. Fig. 1). To find 
candidate Prx genes related to lignin biosynthesis, pairwise comparisons 
of two carrot cultivars were conducted by analysing RNA-Seq data. In 
total, ten DEGs were identified in the comparison of the phloem and 
xylem. Among them, DcPrx14 was the only gene significantly upregu-
lated in the xylem in both cultivars and therefore could be candidate 
genes associated with the lignin synthesis. The involvement of peroxi-
dases in lignin biosynthesis has been identified in studies of mutants and 
transgenic plants, including tomato (Quiroga et al., 2000), tobacco 
(Kavousi et al., 2010), poplar (Li et al., 2003) and Arabidopsis (Shigeto 
et al., 2014). DcPrx49, which is also named DcPER1, is reported to be 
positively involved in lignin accumulation during the growth of taproots 
(Wang et al., 2016), but in the present study, DcPrx49 was not found to 
be differentially expressed in any of the comparisons. It is worth noting 
that the carrot cultivars and developmental growth stage used in the 
study of Wang et al. (2016) differed from those in the present study, 
therefore DcPrx49 may be specifically expressed at a different growth 

stage or in a different cultivar. 
Anthocyanins are synthesised by multi-enzyme complexes that are 

localised at the cytoplasmic face of the endoplasmic reticulum (Win-
kel-Shirley, 1999) and then transported to the large vacuole (Grotewold, 
2004). Prxs have been demonstrated to be enriched in tissue where 
anthocyanins are abundant since they can use anthocyanins as sub-
strates, leading to the degradation of anthocyanins in vacuoles. Histo-
chemical staining revealed the high peroxidase activity in the epidermis, 
and Prx activity and anthoyanin accumulation were higher in the 
phloem than in the xylem. The pairwise comparison analysis showed 
that nine out of ten DEGs in the two cultivars were upregulated in the 
phloem. Of these genes, DcPrx23 shared 81% protein sequence identity 
with Solanum lycopersicum p7 (data not shown), suggesting that they 
might have a similar function, with the latter being involved in antho-
cyanin formation in tomato fruit (Sun et al., 2016). It is worth noting 
that expression of DcPrx30, DcPrx32 and DcPrx62 was found in both 
‘Purple 68’ and ‘Purple Haze’. DcPrx30 was the most significantly 
upregulated gene in phloem and DcPrx32 had a typical C-terminal 
propeptide, which is regarded as the vacuolar sorting signal (Supp. 
Table S3) (Matsui et al., 2011). The present results are consistent with 
other reports of Prxs being present in tissue with a high anthocyanin 
content. High activity of RsPrx1 has been found in Chinese red radishes, 
which are rich in anthocyanins (Wang et al., 2004). Greater peroxidase 
activity has been found in the red calli of Prunus incisa Thunb than in 
green calli because of the enrichment of anthocyanins in the red calli. 
Zhang et al. (2005) report that the increasing activity of peroxidases 
leads to the reduction of anthocyanin contents during storage of litchi 
fruit. In the Brunfelsia calycina flower, BcPrx01 located in the vacuole 
was induced after flower opening to degrade the anthocyanin accumu-
lation in the flower (Zipor et al., 2015). These nine DEGs were positively 
related to anthocyanins, but negatively related to lignin accumulation. 
In the phenylpropanoid pathway, metabolic interaction between 
anthocyanin and lignin biosynthesis is associated with peroxidase, and 
increased FaPRX27 diverts the flux from anthocyanins to lignin in 
strawberry fruit (Ring et al., 2013). Therefore nine DEGs (in particular 
DcPrx23, DcPrx30, DcPrx32 and DcPrx62) could be selected as candidate 
genes coding for functional enzymes that participate in the fla-
vonoid/anthocyanin or lignin pathway. 

4. Materials and methods 

4.1. Materials 

The two carrot cultivars, Purple 68 and Purple Haze, were the same 
as those used in authors’ first study (Meng et al., 2020). The seeds were 
sown and grown in greenhouses at the University of Copenhagen in 
Frederiksberg, Denmark. Taproots were harvested at 120 days after 
sowing. Purple Haze is purple coloured with an orange core, and Purple 
68 is purple coloured. The seeds of Purple Haze and Purple 68 were 
purchased from Bejo Zaden (bj) in the Netherlands. Taproots were 
harvested at 120 days after sowing and sliced into 0.2 cm discs along the 
horizontal axis of the middle parts of the taproots, and then the discs 
were dissected into xylem and phloem tissue samples. Ten taproots per 
cultivar were mixed together as one biological replicate, with three 
biological replicates used for each sample for anthocyanin and lignin 
content analysis, and two biological replicates in RNA-Seq. All the ma-
terials were frozen in liquid nitrogen, ground into powder individually, 
and keep at − 80 ◦C for further study. 

4.2. Identification and collection of DcPrxs 

The genome assembly of carrot and the whole genome annotation 
were obtained from Phytozome (https://phytozome.jgi.doe.gov/pz/po 
rtal.html). Protein sequences of the complete set of 73 AtPrxs in Ara-
bidopsis were downloaded from the TAIR database (https://www. 
arabidopsis.org/). TBtools was then used to search against the carrot 
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genome with all 73 AtPrxs protein sequences as queries with a cut-off E 
value of 10− 5 (Chen et al., 2018). Subsequently, another method to 
identify the candidate Prx genes was conducted using the HMMER 3.0 
program. Specifically, the Prx domain (PF00141) was downloaded from 
the PFAM database (https://pfam.xfam.org/) and then proteins con-
taining a Prx domain were identified using the HMMER 3.0 program. To 
confirm the results, protein sequences of the entire candidate genes were 
further analysed for the presence of Prx-typical domains using the online 
NCBI Conserved Domains Tool (https://www.ncbi.nlm.nih.gov/Str 
ucture/bwrpsb/bwrpsb.cgi). Finally, DcPrx genes with a typical Prx 
domain were chosen for further analysis. 

4.3. Phylogenetic analysis of DcPrxs 

The full-length amino acid sequences of DcPrxs were aligned with 
the Muscle function in MEGA X (https://www.megasoftware.net/). 
After the alignments, the phylogenetic tree was calculated by the 
maximum likelihood (ML) method using the WAG + G model. In order 
to achieve statistical reliability, a bootstrap analysis of 1000 repetitions 
was performed to evaluate the importance of each node. The following 
sequences retrieved from PeroxiBase were used: CrPrx1 from Cathar-
anthus roseus, HRPC3 and HPRE5 from horseradish (Armoracia rusti-
cana), FaPrx27 from strawberry (Fragaria ananassa) and VvPrx31 from 
grapevine (Vitis vinifera L.). 

4.4. Gene Structure and conserved motif analysis of DcPrxs 

The redraw gene structure function in TBtools was used to map the 
coding sequences of DcPrxs to the carrot genomic DNA sequences in 
order to analyse the gene structures of DcPrx genes. The conserved motif 
of DcPrx proteins was analysed using the MEME program (https 
://meme-suite.org/tools/meme) (Bailey et al., 2015). The maximum 
number of motifs was set at 15, and the range of the optimum width of 
motifs was set at 6–50. The gene structure and the conserved motif 
combined with phylogenetic tree information were then illustrated 
using TBtools software. 

4.5. Chromosomal locations and gene duplication 

The chromosomal location of DcPrx was mapped according to the 
gene position information on the carrot chromosomes using the 
Amazing gene location function in the TBtools software. Duplication 
events of DcPrxs were calculated in TBtools using the MCScanX wrapper 
function (Wang et al., 2012). First, whole-genome protein sequences 
from carrot were mixed and blasted against themselves using BLASTP 
with an E-value cutoff of 10− 10, with the blast result was obtained in a 
table format. The blast result with genome information in General 
Feature Format (GFF) was then used for the MCScanX analysis to 
identify the synteny regions. Finally, different types of duplications in 
terms of Prxs were obtained. TBtools was used to draw the chromosomal 
location and duplication events for the Prx genes. After the identification 
of duplicated genes, Ks and Ka substitution rates were used to identify 
selection pressures by means of TBtools. 

4.6. Histochemical staining of lignins and peroxidases 

Histochemical staining by phloroglucinol-HCl and 3, 3′-dia-
minobenzidine (DAB) was conducted in root tissue for lignin and 
peroxidase detection respectively. The sections were either hand-cut or 
sliced with a razor blade (60-mm thick sections) using the rotary 
microtome (Leica RM 2155), and visualised under a Leica DM2500 
microscope. 

For lignin localisation, sections fixed on slides were dipped in solu-
tion containing 0.1% phloroglucinol dissolved in 100% ethanol with 
30% HCl (Tamagnone et al., 1998). For peroxidase activity localisation, 
sections were incubated with DAB and H2O2, as described by Acar et al. 

(2001). 

4.7. Transcriptome analyses of DcPrxs 

The authors’ previous study established a transcriptome for carrot 
taproot of different tissues in two cultivars (Meng et al., 2020), RNA-Seq 
was used to identify the differentially expressed DcPrxs in different tis-
sues of two carrot genotypes. Total RNA was harvested from frozen 
taproot samples of carrots using the TRIZOL reagent (Invitrogen), and 
their concentration was identified with a NanoDrop 2000 (Thermo 
Scientific Inc., USA). The cDNA library was conducted using 3 μg RNA of 
each sample. The sequencing of libraries was conducted by Illumina® 
(NEB, USA) according to the manufacturer’s recommendations. Genes 
with an adjusted p-value < 0.05 and log 2 (fold change) of 1 by DESeq 
were assigned as differentially expressed. The log10 [FPKM+1] value 
was used to draw the heat map using pheatmap package in R. The data 
are deposited in NCBI’s Gene Expression Omnibus under GEO Series 
accession number GSE146419 and can be accessed at https://www.ncbi. 
nlm.nih.gov/geo/query/acc.cgi?acc=GSE146419. 

4.8. Determination of total anthocyanin content 

TAC was determined by the pH differential method with minor 
modifications (Giusti and Wrolstad, 2001). Briefly, about 400 mg carrot 
samples were homogenized in 9 mL extracted buffer of 95% ethanol: 
0.1% HCl (60:40). After 60 min, 1 mL extracted solution was transferred 
to a tube and 9 mL 0.025 M potassium chloride buffer, pH 1.0, was 
added; a further 1 mL extracted solution was then transferred to another 
tube and 9 mL 0.4 M sodium acetate buffer, pH 4.5, was added. After 
standing for 120 min, absorbance was measured at 510 and 700 nm 
using an Evolution™ 220 spectrophotometer (Thermo Scientific, USA). 
TAC was calculated according to the following equation and converted 
to mg of TAC per 100 g fresh weight sample: 

TAC  =
Abs
eL

×  mw × DF × 1000  

where Abs is absorbance, Abs = (A510− A700 nm) pH 1.0 − (A510− A700 
nm) pH 4.5, e is cyanidin 3-glucoside molar absorbance 26,900 mL, L is 
the length of the cell path (1 cm), MW is the molecular weight of 
anthocyanin (449.2 Da) and DF is a dilution factor (10). 

4.9. Determination of lignin content 

The total lignin content was analysed by the acetyl bromide method 
according to the description of Barnes and Anderson (2017). Briefly, in 
2 mL tubes, 1.5 mL of 70% ethanol was added to 70 mg of finely ground 
samples and mixed immediately. All the tubes were centrifuged at 10, 
000 g for 10 min and the pellets were washed with 1.5 mL 1:1 chloro-
form: methanol (v:v) and centrifuged again to remove the supernatant. 
This step was then repeated with 1.5 mL acetone. Subsequently, the 
residue was air-dried in a fume hood overnight to provide the alcohol 
insoluble residue (AIR). Then 5 mg AIR was mixed with 1 mL of 25% 
acetyl bromide-glacial acetic acid (w/w), before transferring 300 μL of 
each acetyl bromide solution to a quartz cuvette containing 400 μL of 
1.5 N sodium hydroxide and 300 μL of 0.5 M hydroxylamine hydro-
chloride. The absorption at 280 nm of each sample was determined 
using an Evolution™ 220 spectrophotometer (Thermo Scientific, USA). 
Each sample had three biological and technical replicates. Lignin con-
tent was calculated using the following equation and converted to μg 
mg− 1 AIR: 

lignin  = 
A280

ε ×  L ×
D
m

× 10  

where A280 is absorption at 280 nm (blank corrected), ε is the extinction 
coefficient (17.688 g− 1 L cm− 1 for grasses) (Baldwin et al., 2017), L is 
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the spectrophotometer path length (0.6345 cm) (Głazowska et al., 
2018), D is the dilution factor from digested AIR (3.33), and m is the 
mass of AIR (5 mg). 

4.10. Determination of peroxidase activity 

5 g fresh sample were ground into a fine powder in liquid nitrogen 
using a pestle and mortar, and then homogenized on ice with 5 mL of 50 
mM sodium phosphate buffer (pH 7.8). One mL of homogenate was 
taken and centrifuged at 12,000×g for 20 min at 4 ◦C. After centrifu-
gation, the supernatant was stored at 4 ◦C and used as a source of 
enzyme. Peroxidase activity was detected using the method described by 
Ring et al. (2013) with slight modifications. Approximately, 30 μL of 
enzyme solution was added into the reaction mixture containing 
guaiacol and H2O2 as substrates, then the enzyme activity of peroxidases 
was determined spectrophotometrically by measuring the absorbance 
increase at 470 nm. One unit of enzyme activity was defined as the 
amount of the enzyme causing a change of 0.01 in absorbance per 
minute.  

Peroxidase activity = (Δ A470 × Vt)/(W × Vs × t × 0.01)                         

where Δ A470 is the change of the absorbance, W is the sample fresh 
weight (g), t is the reaction time (min), Vt is the extracted enzyme fluid 
volume, and V is the enzyme liquid taken (30 μL). 

4.11. Statistical analysis 

The data were analysed by one-way ANOVA followed by the Tukey 
honest significant difference multiple comparisons test (P < 0.05) with 
SPSS 16.0 for Windows (SPSS Inc., Chicago, IL, United States). 

5. Conclusions 

This study undertook a comprehensive genome-wide gene identifi-
cation of the class III peroxidase family in carrots. A total of 75 DcPrxs 
were identified. Information on the phylogeny of these genes, gene 
structures and evolution patterns could be a valuable tool in future ef-
forts to identify gene function in carrot and other plant species. Most 
importantly, the conserved sequences and functional motifs of DcPrxs 
were also identified, which provided the basis for molecular and func-
tional structure research. The contents of anthocyanin, lignin and Prxs in 
different tissues were determined, and the distribution of lignin and Prx 
was visualised by histological staining. Combined with the results of 
RNA-seq analysis, some Prxs genes were selected as candidate genes in 
the regulatory network between anthocyanin and lignin in different 
tissues of two carrot genotypes. In conclusion, this paper provides a solid 
foundation for further study of Prxs in carrots. Additional research 
should focus on the characterisation of single Prx in carrots in the spe-
cific functions of pigmentation and lignification. Furthermore, the 
comprehensive genome-wide transcriptional data generated will pro-
vide a valuable genomic resource for developing functional molecular 
markers to expedite the breeding and selection of elite anthocyanin-rich 
carrot cultivars. 
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