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Abstract

Background: Horseradish peroxidases (HRPs) from Armoracia rusticana have long been utilized as reporters in
various diagnostic assays and histochemical stainings. Regardless of their increasing importance in the field of life
sciences and suggested uses in medical applications, chemical synthesis and other industrial applications, the HRP
isoenzymes, their substrate specificities and enzymatic properties are poorly characterized. Due to lacking sequence
information of natural isoenzymes and the low levels of HRP expression in heterologous hosts, commercially
available HRP is still extracted as a mixture of isoenzymes from the roots of A. rusticana.

Results: In this study, a normalized, size-selected A. rusticana transcriptome library was sequenced using 454 Titanium
technology. The resulting reads were assembled into 14871 isotigs with an average length of 1133 bp. Sequence
databases, ORF finding and ORF characterization were utilized to identify peroxidase genes from the 14871 isotigs
generated by de novo assembly. The sequences were manually reviewed and verified with Sanger sequencing of PCR
amplified genomic fragments, resulting in the discovery of 28 secretory peroxidases, 23 of them previously unknown.
A total of 22 isoenzymes including allelic variants were successfully expressed in Pichia pastoris and showed peroxidase
activity with at least one of the substrates tested, thus enabling their development into commercial pure isoenzymes.

Conclusions: This study demonstrates that transcriptome sequencing combined with sequence motif search is a
powerful concept for the discovery and quick supply of new enzymes and isoenzymes from any plant or other
eukaryotic organisms. Identification and manual verification of the sequences of 28 HRP isoenzymes do not only
contribute a set of peroxidases for industrial, biological and biomedical applications, but also provide valuable
information on the reliability of the approach in identifying and characterizing a large group of isoenzymes.
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Background
Horseradish peroxidases (HRPs) originating from the
perennial herb Armoracia rusticana (Brassicaceae) are
heme-containing monomeric glycoproteins belonging to
the class III plant peroxidase subfamily [1]. These versatile
enzymes have traditionally been utilized as reporters in
various diagnostic assays and histochemical stainings but
have also gained increasing interest in other life science
and biotechnological applications ranging from cancer
therapeutics [2], protein engineering [3] and transgenics
[1] to bioremediation [4], biosensors [5] and biocatalysis
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[6]. The in vivo functions of HRPs have not been fully
elucidated owing to the estimated large number of
isoenzymes (up to 42) [7], but are known to be very
diverse [8] thus offering a wide range of substrate
specificities and applications. Although HRP has been
studied for decades and in spite of the large diversity of
this enzyme family, protein engineering and heterologous
expression have mainly been focused on one single
isoenzyme C1A, thus neglecting the potential of all
others. This was largely due to the lack of sequence
information and the low efficiency of HRP expression
in heterologous hosts. Commercial preparations are
still extracted from the roots of A. rusticana and
therefore consist of a mixture of various isoenzymes.
The quality of these preparations varies greatly and
depends on several biotic and abiotic factors, such as
seasonal change or origin. Chromatographic purification
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is needed to isolate highly enriched isoenzyme fractions.
Only very few purified isoenzymes were accessible so far
and their substrate specificities and enzymatic properties
are poorly characterized.
The sequences of only eight isoenzymes are currently

known: six nucleotide sequences (C1A, C1B, C1C, C2,
C3, N) have previously been published [9-11] and two
amino acid sequences A2 (P80679) [12] and E5 (P59121)
[13] have been determined. However, for decades, HRP
has been known as a large group of enzymes with versatile
physical properties. Already in 1966, Shannon et al. [14]
described the physical properties of seven isoenzymes.
Aibara et al. [15,16] characterized five neutral isoenzymes
(B1, B2, B3, C1 and C2) and six basic isoenzymes (E1-E6)
in 1982 and 1981, respectively. A total number of 42
peroxidase isoenzymes have been identified by isoelectric
focusing in commercially available HRP preparations [7],
without knowing whether these isoenzymes differ in
amino acid sequence or due to different post-translational
modifications.
This study has two major goals. First, we resolve the

transcriptome sequence of A. rusticana, a perennial plant
of industrial and medical importance. The availability of a
large expressed sequence tag (EST) collection is crucial to
support annotation in possible future A. rusticana genome
sequencing projects. Secondly, we demonstrate the use of
an efficient enzyme discovery pipeline including new
generation cDNA sequencing technologies, in silico
isoenzyme discovery and experimental sequence verifica-
tion, gene synthesis and enzyme production and secre-
tion by Pichia pastoris (Komagataella pastoris) as a
straightforward approach to discover and characterize
new isoenzymes from plants or other eukaryotes.
Transcriptomes deliver all sequences of expressed
genes, at the same time avoiding sequencing introns
and providing information about all expressed exons
and alternative exon junctions. Studies in Arabidopsis
thaliana, a model species of the Brassicaceae family,
have demonstrated the power of massively parallel
transcriptome sequencing in providing high-quality
representation of transcripts needed for gene discovery
[17]. Similar transcriptome sequencing approaches
have previously been applied, for example, in marker
development, population genomics [18] and predictions of
biosynthetic pathways [19-23]. Over the course of the
study, the new ‘third-generation’ and ‘fourth-generation’
sequencing techniques have revolutionized the speed and
cost of the transcriptome sequencing projects [24].
Hundreds of transcriptomes have been sequenced and
annotated, especially by the large sequencing projects 1KP
[25-27], PhytoMetaSyn [28,29] and Medicinal Plant
Genomics Resource [30,31]. However, the concept of
novel isoenzyme discovery from the large bulk of
sequences generated by next generation sequencing (NGS)
technologies needs a full pipeline of efficient tools. This is
the first study using NGS transcriptome sequencing to
discover, discriminate and characterize large numbers of
sequence verified isoenzymes of non-model plant origin.
Although a similar study was recently performed to
identify fungal cellulases [32], the method described
utilized combined secretome and transcriptome analyses
and was only aiming to show cellulose activity of the
cloned cDNA without the need of the full verified
sequences to make all discovered isoenzymes available by
recombinant expression. The method described in this
study can be widely applied for the replenishment of the
sequence data in any eukaryotic organism including fungi,
plants and animal cell lines or tissues when detailed
sequence and gene structure information of enzymes and
isoenzymes is needed.
Results
Sample preparation and cDNA library generation
The high quality (RNA integrity number RIN 9.4-9.8) of
the RNA samples was confirmed with an Agilent 2100
bioanalyzer. In order to include the majority of all
encoded isoenzymes, a mixture of RNA from diverse
plant parts, including leaves, roots, sprouts and stems,
was chosen for mRNA isolation. cDNA synthesis,
normalization, size selection and cloning was performed by
LGC Genomics (Berlin, Germany). The normalized cDNA
library was subjected to quality control experiments before
using it for 454 pyrosequencing: a cDNA fragment size of
over 800 bp was ensured and the normalization efficiency
was verified by sequencing 96 randomly selected clones
(LGC Genomics).
Sequencing and de novo assembly
The normalized cDNA library was sequenced on half
a picotiterplate run on the GS FLX using Roche 454/
Titanium chemistry. A total of 592507 sequence reads
with an average read length of 353 ± 122 nucleotides
were obtained. A total of 12798 (2.16%) clonal reads
(exact, 3’ or 5’) were detected. Prior to assembly, the
sequence reads were screened for the linker sequence
used for concatenation, the linker sequences were clipped
and the reads were quality checked (LGC Genomics). The
resulting 556269 reads with an average length of 343 bp
(Figure 1A) were further filtered by Newbler sequence
filtering to ensure consistent high quality of the reads used
in the assembly. 490285 reads were aligned to individual
transcripts using Newbler version 2.5.3 with default
settings. The de novo assembly generated 18511 contigs
with an average length of 718 bp (Figure 1B) and an
average coverage of 11.4-fold (Figure 1C). The contigs
were further processed to 14871 isotigs with an average
length of 1133 bp (Figure 1D). 35950 reads were left as



Figure 1 Overview of the sequencing and assembly of the A. rusticana transcriptome. (A) Size distribution of the quality-filtered reads. Total
number of reads: 556269, average/median length 342.9/379.0 (B) Length distribution of the 18511 contigs. Average/median length of the contigs:
717.7/667.0 (C) Coverage distribution of the 18511 contigs. Average/median coverage of the contigs: 11.4/7.8 (D) Length distribution of the14871
isotigs. Average/median length of the isotigs: 1133.3/1113.0.
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singletons. A detailed summary of the alignment and
assembly process is described in Table 1.

Plant peroxidase search and manual validation of
assembled transcripts
The position-specific scoring matrix (PSSM) corresponding
to known horseradish peroxidases (cd00693) was used
in a tblastn search in the assembled transcripts. The
settings allowed for a very permissive filtering of putative
peroxidases, thus including many false positives, but
avoiding the loss of valuable data for further analyses. This
search yielded hits in 91 transcripts, which were classified
in secretory peroxidases, ascorbate peroxidases, glutathione
peroxidases and peroxidase-like proteins by definition of
the Conserved Domains Database (CDD, NCBI [33]).
All previously known HRPs were classified as secretory
peroxidases, so only the contigs comprising a secretory
peroxidase conserved domain were kept. The horseradish
transcriptome contigs of the 18 resulting secretory
peroxidases were manually reviewed. In this process,
the coding sequences of four contigs were extended
with available assembly data, three contigs were split
because of strongly conflicting reads, and two more
contigs were discarded because of only a partial domain
match that could not be resolved into a full-length
sequence. In total, 20 HRP genes, with allelic variants
corresponding to 28 peroxidase isoenzymes, were identi-
fied in the transcriptome of A. rusticana. This includes
isoenzymes C1A and C3 which could be partially retrieved
from the raw reads although they did not form a full-
length contig. No read - even partially - corresponding to
the previously published “neutral isoenzyme” N (Q42517)
[11] was found.

Sanger sequencing and genome walking
Sequences yielded by the transcriptome assemblies are not
necessarily error free but can include incorrect information
either caused by the transcription and RNA editing
machineries of the plant [34,35], introduced in the
sequencing process or resulting from misassemblies.



Table 1 Summary of the transcriptome sequencing,
assembly and enzyme discovery results

Number of
sequences

% of
total

Transcriptome sequencing and assembly

Total number of reads 592,507 -

Clipped reads 556,269 -

Reads after Newbler quality control 543,439 100.0

Reads aligned 490,285 90.2

Reads assembled 433,179 88.4

Reads partially assembled 57,064 10.5

Singletons 35,950 7.3

Contigs 18,511 -

Isogroups 10,619 -

Isotigs 14,871 -

Average isotig length 1,133 -

Largest isotig length 3,659 -

Average contig coverage 11.4 -

HRP isoenzyme discovery and verification

# of isotigs with a secretory peroxidase domain 18 -

# of full length peroxidase genes 18 -

# of peroxidase genes after manual revision 20 -

Total # of isoenzymes (including allelic variants) 28 100

Successfully verified from gDNA 26 89.7

Enzyme production in Pichia pastoris

Synthetic genes for production 26 89.7

Successful production of an active isoenzyme 22 75.9
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The sequences of all peroxidase genes detected in the
isotigs were verified on genome level by Sanger sequencing
of amplified genomic DNA. In addition, the sequences of
the isoenzymes C1A and C3 available in the databases and
partially also found in the raw reads were revised. In case
of five full-length contigs where no sufficient read
data from untranslated regions was available to enable
amplification and sequencing of the complete gene, a
genome walking approach was successfully performed in
order to verify the 5’ and/or 3’ regions of the respective
gene. Divergent coding sequence information was
observed for ten genes in the form of possible allelic
variants. PCR artifacts were ruled out by repeated
experiments to increase the coverage of the positions.
Thus, conflicting sequence information was postulated
not to be due to sequencing errors, but rather due to
the high sequence similarity of the HRP isoenzymes
and the permissive settings used in the assembly.
Supporting this assumption, putative allelic sequences
could be found as separate raw reads. For altogether nine
positions in contigs 22684, 6117, 17517 and 23190
(Table 2) the nucleotide present in the transcriptome
reads could not be found in the genomic DNA sequenced.
The sequence of the previously published “neutral
isoenzyme” N (Q42517) not present in the transcriptome
sequences could not be amplified from genomic DNA
(gDNA) either. Therefore, it was not included in the
following analyses or experiments. The sequences of the
transcript # 22489 (see Table 2) could not be verified.

GC content and codon usage
The average GC content of all 14871 isotigs was calculated
to be 42.7% (range 28%-62%) (Figure 2), almost identical to
the average GC content, 42.5%, reported for A. thaliana
[36]. This is lower than the average GC content of 45.1%
reported by the Codon Usage Database (CUD) [37],
suggesting that the small set of available A. rusticana genes
(14 coding sequences) used in CUD for the calculation is
not representative for the whole species. The GC content
of the HRP isoenzymes was observed to vary between
42.9% (C2, contig #04627) and 51.0% (contig #22489), with
an average GC content of 47.1%. The results of the analysis
are described in more detail in Table 3.
The codon usages of the HRP genes and the previously

known A. thaliana peroxidases were compared in the
form of heatmaps (Additional file 1), depicting the fold
change of the codon usage frequencies compared to
the expected (1/64) frequency (ΔRSCU). The clustering of
the isoenzymes according to their codon usage frequencies
situated newly discovered isoenzymes with most divergent
sequence and gene structure (HRP_3523, HRP_5508,
HRP_22489, HRP_17517, HRP_23190) also furthest away
from the previously known group C isoenzymes.

Gene structure and phylogenetic analyses
Phylogenetic relationships of the HRP isoenzymes are
shown in Figure 3 and Additional file 1. Interestingly, the
previously known isoenzymes seem to be closely related
to each other, while most of the new isoenzymes discov-
ered in the transcriptome seem to share higher evolution-
ary distance to them. From the 20 peroxidase gene loci, 15
were confirmed to have three introns by comparing either
transcript data or protein sequence data to the verified
gDNA sequence. Further four genes (5508, 22489, 17517,
23190) were noted to have only two introns and one gene
(3523) no introns (Table 3). The number of introns
correlates with the evolutionary distance so that genes
having aberrant intron numbers were situated in separate
branches close to each other in the phylogenetic topology.
With the information obtained from the reads, no alterna-
tive splicing could be shown. According to SignalP, all of
the isoenzymes have an N-terminal signal sequence vary-
ing in length from 18 amino acids to 31 amino acids. The
lengths of the signal sequences are described in Table 3,
and an alignment of the amino acid sequences of the HRP
isoenzymes is shown in Additional file 2.



Table 2 Comparison of the HRP isoenzyme sequences between GenBank, UniProt, transcriptome and verified
genome sequences

HRP Sanger sequence Transcriptome sequence GenBank sequence UniProt sequence

Nt aa (exon)/intron nt aa nt aa (exon)/intron aa

C1A TA Y37 - - AT I37 Y37

109-110 109-110

C1159 intron - intron G1159 intron -

C1B T/C253 intron - intron T253 intron -

T/C859 intron - intron C859 intron -

C1C ss ss ss ss * * *

nt1-60 aa1-20 nt1-60 aa1-20

C178 R60 C178 R60 A118 S40 S40

A/T1335 intron - intron - - -

A/G1888 T/A165 A/G493 T/A165 G433 A145 A145

C1889 A165 C/T1889 A/V165

C/G1921 Q/E176 C/G526 Q/E176 G466 E156 E156

C2 CT intron - intron * intron -

1250-1251

A1334 intron - intron * intron -

C3 G/T1294 intron - intron G1294 intron -

A/T1323 intron - intron A1323 intron -

T/C1484 L231 - - T1484 L231 L231

C/T1541 F250 - - C1541 F250 F250

A2 ss ss ss ss - - *

nt1-93 aa1-31 1-93 aa1-31

AAT N78 AAT N47 - - D47

231-234 231-234

GGA G220 GGA G220 - - N189

996-998 661-663

AAT N221 AAT N221 - - G190

999-1001 664-666

ACG T284 ACG T284 - - L253

1185-1187 850-852

G/A1203 A/T290 G868 A290 - - A259

AAT N334 AAT N334 - - D303

1335-1337 999-1002

E5 ss ss ss ss - - *

nt1-81 aa1-27 nt1-81 aa1-27

T419 L82 C/T246 L82 - - L55

C422 D83 T/C249 D83 - - D56

C545 C124 T/C372 C124 - - C97

01805 None none none none - - -

22684 G1611 R337 A1010 K337 - - -

TGA D343 CGG G343 - - -

1627-1629 1026-1028

01350 None none none none - - -
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Table 2 Comparison of the HRP isoenzyme sequences between GenBank, UniProt, transcriptome and verified
genome sequences (Continued)

HRP Sanger sequence Transcriptome sequence GenBank sequence UniProt sequence

Nt aa (exon)/intron nt aa nt aa (exon)/intron aa

02021 None none none none - - -

03523 None none none none - - -

06117 T30 V10 C/T30 V10 - - -

C1088 I269 T807 I269 - - -

17517 T190 Y64 C190 H64 - - -

C1157 G282 T846 G282 - - -

A1232 K307 G921 K307 - - -

08562.1 None none none none - - -

08562.4 None none none none - - -

23190 T1345 S109 G1345 S109 - - -

C1423 G135 T1423 G135 - - -

T1842 S222 T/C1842 S/P222

C1850 T224 A/C1850 T224 - - -

A2221 E348 T/A2221 V/E348 - - -

04663 None none none none - - -

06351 None none none none - - -

05508 G/A346 A/T116 G/A346 A/T116 - - -

22489 - - G/A597 T199 - - -

. . G/T715 A/S239 - - -

All nucleotide (nt) and amino acid (aa) positions were calculated from the start ATG. Variations between the nt positions of the transcriptome sequence compared
to other sequence sources are either due to deletions or intronic sequences in the other sources. “-“ indicates that no sequence information is available from the
respective source. “ss” indicates a putative signal sequence. Deletions or missing sequences are marked with “*”. “N/NX” indicates a variation at position X. “None”
indicates that no polymorphisms or differences between transcriptome and genome sequence were found. The isoenzymes C1A and C3 were detected in the
transcriptome raw reads with only partial/low coverage (0-2x), thus no consensus sequence was formed.
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Heterologous protein production in Pichia pastoris
Twenty-six HRP sequences including allelic variants were
codon optimized for P. pastoris expression and ordered as
synthetic fragments. Twenty-two of them showed activity
with at least one of the substrates tested, thus verifying
a successful expression in P. pastoris. The peroxidase
activities of the produced isoenzymes were detected with
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Figure 2 GC content distribution of the A. rusticana isotigs. GC
content distribution of the A. rusticana isotigs varies from 28% (min) to
62% (max) with a range of 35%. The average GC content of all isotigs
is 42.72%. Mode (x-axis value) 43, mode value (y-axis value) 2376.
four substrates having variable assay pH optima. The
substrate or pH-specific performance (Table 4) of the
isoenzymes suggests a wide range of possible applications
for this versatile group of peroxidases.

Discussion
Although high throughput sequencing technologies and
bioinformatics tools to handle the enormous amount of
data generated have been rapidly developing in the recent
past, the expressed sequence data of many organisms of
wide importance are still not available. Our study demon-
strates how NGS technologies can provide a rapid, low-
cost basis for the discovery of isoenzymes required
for specific industrial, medical or biological applications.
Below we discuss the reliability of the approach in identify-
ing and characterizing an important group of isoenzymes,
challenges provided by the library generation, sequencing
and assembly methods, and suitability of the data obtained
from the pipeline for heterologous protein production
without laborious manual verification of the sequences.
A normalized cDNA collection originating from

multiple A. rusticana tissues was sequenced with 454
pyrosequencing technology. In comparison to the other



Table 3 Summary of the horseradish peroxidase isoenzymes and associated data produced during this study

Contig
number

Name
(* novel)

Length
nt

GC
content%

Accession
#

CAI
calculated

Intron
#

Signal sequence
length

Disulfide bridges
(EDBCP prediction)

pI mature
protein

- C1A 1062 43.69 HE963800 0.812 3 30 [11–91] [44-49] [97–301] [177–209] 5.59

15901 C1B 1056 43.94 HE963801 0.808 3 28 [11–91] [44-49] [97–301] [177–209] 5.84

25148 C1C* 1059 45.14 HE963802 0.809 3 29 [11–91] [44-49] [97–301] [177–209] 6.49

25148_2 C1D* 1059 45.04 HE963803 0.810 3 29 [11–91] [44-49] [97–301] [177–209] 7.04

04627 C2 1044 42.91 HE963804 0.800 3 24 [11–91] [44-49] [97–301] [177–209] 8.56

- C3 1050 46.76 HE963805 0.781 3 29 [11–91] [44-49] [97–300] [177–209] 7.71

Manual
assembly

A2A* 1011 46.79 HE963806 0.761 3 31 [11–91] [44-49] [97–299] [176–208] 4.93

Manual
assembly

A2B* 1011 46.69 HE963807 0.761 3 31 [11–91] [44-49] [97–299] [176–208] 4.93

04382 E5 1044 46.07 HE963808 0.771 3 27 [11–91] [44-49] [97–300] [177–209] 8.84

01805 1805* 1065 44.41 HE963809 0.797 3 31 [11–91] [44-49] [97–301] [177–209] 5.97

22684 22684.1* 1050 46.76 HE963810 0.770 3 29 [11–91] [44-49] [97–300] [177–209] 6.98

22684_2 22684.2* 1050 46.67 HE963811 0.772 3 29 [11–91] [44-49] [97–300] [177–209] 6.37

01350 1350* 975 50.97 HE963812 0.707 3 28 [11–91] [44-49] [97–292] [176–201] 8.67

02021 2021* 996 46.08 HE963813 0.788 3 29 [11–89] [44-49] [95–297] 9.46

23190 23190.1* 1080 49.26 HE963817 0.724 2 31
42

[11–92] [44-49] [98–293] [178–205] or
[22–103] [55-60] [109–304] [189–216]

8.40
6.58

23190_2 23190.2* 1080 49.17 HE963817 0.722 2 31
42

[11–92] [44-49] [98–293] [178–205] or
[22–103] [55-60] [109–304] [189–216]

8.60
7.09

04663 4663* 1077 47.82 HE963814 0.748 3 31 [11–91] [44-49] [97–299] [176–208] 4.48

06351 6351* 945 43.39 HE963816 0.786 3 18 [17–96] [50-55] [102–292] [180–206] 6.37

03523 3523* 960 44.58 HE963820 0.761 0 22 [11–92] [44-49] [98–293] [177–203] 8.99

05508 5508.1* 966 49.28 HE963815 0.735 2 24
30

[11-87] [44-49] [93–287] [171–198] or
[17–93] [50-55] [99–293] [177–204]

8.49
8.47

05508_2 5508.2* 966 49.38 HE963815 0.735 2 24
30

[11-87] [44-49] [93–287] [171–198] or
[17–93] [50-55] [99–293] [177–204]

8.49
8.47

22489_1 22489.1* 978 51.02 HE963818 0.726 2 23
34

[22–98] [55-60] [104–298] [182–209] or
[11-87] [44-49] [93–287] [171–198]

8.93
8.51

22489_2 22489.2* 978 50.82 HE963819 0.727 2 23
34

[22–98] [55-60] [104–298] [182–209] or
[11-87] [44-49] [93–287] [171–198]

8.93
8.51

06117 6117* 1008 47.02 HE963821 0.802 3 22
32

[11–91] [44-49] [97–298] [176–208] or
[21–101] [54-59] [107–308] [186–218]

5.52
6.16

17517_1 17517.1* 972 48.46 HE963822 0.737 2 23
24

[12–88] [45-50] [94–296] [171–203] or
[11-87] [44-49] [93–295] [170–202]

9.49
9.39

17517_2 17517.2* 972 48.56 HE963823 0.739 2 23
24

[12–88] [45-50] [94–296] [171–203] or
[11-87] [44-49] [93–295] [170–202]

9.52
9.41

08562_1 08562.1* 996 47.09 HE963824 0.779 3 22
28

[11–91] [44-49] [97–298] [176–208] or
[17–97] [50-55] [103–304] [182–214]

9.01
9.03

08562_4 08562.2* 996 47.79 HE963825 0.788 3 22
28

[11–91] [44-49] [97–298] [176–208] or
[17–97] [50-55] [103–304] [182–214]

9.00
9.02

The nucleotide sequences of 28 isoenzymes were submitted to EMBL. “*” indicates novel. “CAI” = codon adaptation index. If signal sequence predictions gave
more than one alternative result, both signal sequence lengths are shown, separated by “/”. Disulfide bridges were predicted using both alternatives of the
mature protein (EDBCP = Ensemble-based Disulfide Bonding Connectivity Pattern prediction server).
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NGS methods, 454 pyrosequencing produces long reads.
This is of advantage when sequencing genes coding for
isoenzymes and identifying exonic variants. Longer reads
increase the probability to uniquely align a given read,
which might be problematic with the short reads
produced by other NGS methods [38]. Studies in
A. thaliana suggested that with the high coverage attain-
able by massively parallel sequencing, all transcripts can
be well represented in the sequence data regardless of expres-
sion levels [17]. However, the benefits of normalization in



Figure 3 Cladogram of all isoenzymes known and discovered during this study. The dendrogram was cut at a branch length of 0.21 and
the resulting sub-trees were colored. All previously described isoenzymes are located in the red and light green trees, respectively; whereas all
novel isoenzymes (except for 01805, 22684.1, 22684.2, and 04663) cluster in distinct sub-trees (black, blue, dark green and orange) indicating a
larger sequence diversity.
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non-model species have not been well characterized,
and a recent study by Cirulli et al. reports low identi-
fication rates of exonic SNVs (single nucleotide varia-
tions) in non-normalized transcriptome, if the genes
of interest are not well-expressed in the source tissue
[38]. Since also the genome and transcriptome sizes
of A. rusticana and the sequence data required to
reach also isoenzymes with low expression levels are
unknown, the cDNA library sequenced in this study
was normalized. Normalization of the cDNA has been
reported to be especially important in gene discovery
when the cDNA used for sequencing is pooled from
many tissues or individuals [39-41], and to considerably
reduce the frequency of abundant transcripts thus
increasing the possibility to reach also unique
transcripts of isoenzymes with low expression levels.
Half a plate run on a GS FLX platform resulted in
over 500000 high-quality reads, corresponding to a
relatively high average coverage (>10×) of the assembled
14871 isotigs with a high average length of 1133 bp.
Comparable to previous transcriptome sequencing
studies [40,41], 88% of the reads could be assembled
into contigs. Many of the remaining singletons were
of high quality and also represented an important
source of information [18]. Singletons could either result
from 454 sequencing errors or contaminants from plant
parasites [42], they could be caused by over-efficient
normalization methods, or simply represent rare
transcripts with thin coverage despite the normalized
cDNA pool used for sequencing.
The 454 pyrosequencing technique generates relatively
long reads including very few technical errors (mainly
related to homopolymer runs), and is therefore well-suited
for applications such as de novo transcriptome sequencing.
Although the sequence length achieved by 454 Titanium
FLX platform is still clearly shorter than by traditional
Sanger sequencing, it has been reported to be adequate for
reconstructing full length transcripts [17] and validated to
be comparable in accuracy to Sanger sequencing [43,44].
The high average isotig length of 1133 bp and the assembly
of 90% (18/20) full length peroxidase genes reached in this
study supports the statement of adequate read length and
coverage to detect complete transcripts. Only isoenzymes
C1A and C3 were not assembled into a contig due to low
sequence coverage.
Although the error rates associated with NGS methods

have been reported to be low, they could still cause
problems in reliable sequence polymorphism detection.
The requirement of >90% match used in this study,
combined with a minimal match length of 40 bp was
expected to provide a very high number of contigs without
collapsing and joining similar isoenzymes into a single
contig [18]. However, the isoenzyme sequences were
known to be partially almost identical. To validate the
assembly and ORF (open reading frame) prediction
correctness, and the existence of allelic variants, the
isoenzyme sequences were amplified from genomic DNA.
The combination of transcriptome sequencing and Sanger
sequencing of amplified genomic DNA revealed 38
variable positions in the coding sequences of 11 genes. For



Table 4 Summary of isoenzyme expression and characterization

Contig number Name (* previously unknown) Activity ABTS Activity TMB Activity guaiacol Activity pyrogallol

- C1A + + + +

15901 C1B - + - -

25148 C1C* + + (+) +

25148_2 C1D* + + (+) +

04627 C2 + + + +

- C3 + + + +

Manual assembly A2A* + + + +

Manual assembly A2B* + + (+) (+)

04382 E5 + + + +

01805 01805* (B1?) + + - -

22684 22684.1* (B2A?) + + - -

22684_2 22684.2* (B2B?) + + - -

01350 01350* + + - -

02021 02021* - - - -

23190 23190.1* - - - -

23190_2 23190.2* n.d. n.d. n.d. n.d.

04663 04663.1* + (+) - -

06351 06351* + + + +

03523 03523* - - - -

05508 05508.1* + + + +

05508_2 05508.2* n.d. n.d. n.d. n.d.

22489_1 22489.1* + + (+) +

22489_2 22489.2* + + (+) +

06117 06117* - - - -

17517_1 17517.1* + - - -

17517_2 17517.2* + + + +

08562_1 08562.1* + + - -

08562_4 08562.2* + + - +

Isoenzymes showing obvious peroxidase activity with the assay used are marked with “+”. Isoenzymes showing very low but detectable peroxidase activity with
the assay used are marked with “(+)”. Isoenzymes with no activity detected during an observation period of 2 h are marked with “-“. Allelic variants not produced
heterologously are marked with n.d. (no data available). Isoenzymes discovered during this study are marked with “*”.
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nine positions thereof (in four transcripts) the correspond-
ing nucleotide could not be found in the genomic DNA.
Manual confirmation of the transcriptome reads revealed
that the coverage of all positions was high and that the
reads agreed. Closer analysis of the positions also ruled
out false variations caused by too high coverage. At
relatively low or moderate levels of coverage, sequencing
mistakes are not pushed over. Too high sequencing depth
increases noise and could have introduced, without very
strict quality control, false variations [38]. Therefore,
sequencing errors could be excluded as the source of
the differences. The differences could be caused either
by mismatches introduced by the reverse transcriptase
enzyme during library generation, as a result of RNA
editing events [34,35] or reflect the natural variation
between individual plants and plant parts. The general
error rate of the sequencing technique was noted to be
very low, but isoenzymes coded by less common allelic
variants would have been missed without manual
sequence verification. Twenty-six of the resulting
coding sequences, including allelic variants missed in
the transcriptome sequencing and assembly processes,
were codon optimized, synthesized and transformed
to P. pastoris for expression.
This study reveals that for the coverage of all isoenzymes

including allelic variants represented by the cDNA library
sequenced, manual work to verify the resulting transcript
sequences cannot be avoided. However, the allelic variants
represent only a minor part of the newly discovered
enzymes. The quality of the sequences is very high
and differences to genomic DNA minimal, confirming
that the enzyme discovery method described in this
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study for high-throughput applications would not
necessarily require manual verification of the sequencing
by laborious Sanger sequencing of amplified genomic
DNA. However, manual curation of the contigs of interest
and splitting of the data in contigs with clear assembly
conflicts can be done and could be worthwhile, as
especially the additive effects of amino acid changes
in collapsed contigs could cause problematic changes
in the enzyme structure. The primary enzyme discovery
pipeline utilized in this study provides a functional
approach to find proteins of interest for heterologous
production, giving an example of an affordable stan-
dardized sequencing project. Despite the large amount
of useful data produced by the NGS approach, our
study showed that sequence confirmation and data
validation should not be neglected.
For the heterologous secretory production of single

isoenzymes in P. pastoris, the codon usages of the
coding sequences were optimized for efficient translation,
and fragments corresponding to the predicted mature
isoenzymes were produced synthetically. When the
signal peptide prediction with SignalP led to two alternative
signal peptide junctions, the mature peptides corresponding
to the longer signal peptide variants were ordered as
synthetic fragments, and the signal peptide variants
with shorter mature peptide were successfully amplified
via PCR. Correct cloning of all genes into P. pastoris
expression vectors was verified by Sanger sequencing.
Since the used P. pastoris expression vector already
contains the signal sequence of the S. cerevisiae mating
factor α, the isoenzymes were produced without the
predicted natural signal sequences. Twenty-two isoenzymes
showed peroxidase activity with at least one of the
substrates used. All activities were measured with four
different assays over a pH range from 4.5 to 7. Interestingly,
for each assay (Table 4) a different isoenzyme showed
the highest activity thus suggesting variable substrate
specificities or pH optima. This observation further
emphasizes the importance of the availability of a
large group of individually produced pure isoenzymes to
be able to comprehensively respond to the need of variable
performance parameters including substrate specificity,
activity, stability, and operating pH optimum. Four of
the isoenzymes did not show peroxidase activity with the
assays used. This could either be due to very low yields of
active enzyme, totally inactive enzyme or unsuitable assay
conditions.
The isoenzyme C1A was reported to be the most

abundant isoenzyme in A. rusticana [1] and was thus
expected to be found in the transcriptome. However,
only two raw reads covering a minor part of the coding
sequence could be detected. This might either suggest
over-normalization of the cDNA library decreasing the
total counts of the putatively most abundant transcripts to
almost zero [45], or happen due to naturally occurring gen-
etic variation with phenotypic correlation to adaptations to
natural environments ranging from pathogens, light
conditions or abiotic stress to a variety of other environ-
mental perturbations [8,46,47]. Although mRNA originating
from all available plant parts was used to reach genes
activated at diverse stages of A. rusticana growth,
some developmental stages were not present and the
absence of certain isoenzymes due to missing tissues
cannot be ruled out. This finding might illustrate the
high variance of HRP expression in A. rusticana plants
and consequently the variance in the commercial HRP
preparations, thus underlining the clear need for a reliable
heterologous expression system that enables a consistent
isoenzyme quality.
Peroxidase isoenzymes have been suggested to have

multiple roles in the plant and thus also be variedly
expressed depending on both biotic and abiotic factors
[8]. To roughly estimate the expression levels of the
newly discovered peroxidase genes, their GC contents
and codon usages were assessed. Genes that are highly
expressed have been suggested to possess a higher GC
content and a more biased codon usage than genes with
low expression levels [48]. A majority of both eukaryotic
and prokaryotic species with large population sizes have
been reported to have non-random codon usage mainly
due to Darwinian selection between synonymous codons
[49-51]. Highly expressed genes have been reported to use
a restricted set of codons to ensure optimal translational
efficiency [52,53]. In addition to gene expression levels,
GC content has also been connected to gene regulation
[54-57] and correlated with genomic features including
methylation pattern [58], short intron length [59] and
gene density [60] thus suggesting possible functional
relevance. The codon usages and GC contents calculated
using the verified coding sequences of the isoenzymes are
described in Table 3. As expected, large variation between
isoenzymes exist. These findings could suggest a spatial
and temporal distribution of the isoenzymes in cellular
processes [61].
Phylogenetic relationships of the HRP isoenzymes

are shown in Figure 3. Whereas the previously known
isoenzymes are closely related to each other, most of
the new isoenzymes discovered in the transcriptome
share higher evolutionary distance to the previously
known HRPs. BLASTX analysis to the peroxidases of
A. thaliana (Additional file 3) revealed that the
A. rusticana peroxidases share 81% to 95% sequence
similarity to the most similar isoenzyme of A. thaliana.
Evolutionary distance does not necessarily correlate
with altered substrate specificity, specific activity or
optimal reaction conditions, but the discovery of new
evolutionary branches with higher structural diversity
does offer optimal conditions for the generation of an
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enzyme assortment with diverse properties for a wide
variety of biomedical and industrial applications.
A combination of cDNA sequencing and gDNA

verification in this study also provided valuable information
of the intron-exon boundaries of the HRP genes. The
number of exons in the isoenzymes was noted to vary
from one to four, corresponding to zero to three introns. A
large majority (75% of the peroxidase loci) of the
isoenzymes were found to have four exons and three
introns. Intron numbers have been reported to be
highly conserved, but total intron length (total sum of the
sizes of all introns within a gene) rather correlated to the
GC-content of the gene [62]. Thus, intron number could
be informative in terms of evolutionary origin and
distance of the enzyme. In this study, intron numbers were
found to correlate with the phylogenetic relationships of
the amino acid sequences. Contigs with an unusual number
of introns (none or two, Table 3) were situated in close
proximity to each other furthest away from the previously
known isoenzymes and clustered together when comparing
the codon usage frequencies. With the information
obtained from the reads, no alternative splicing could
be observed.
The well-characterized isoenzyme HRP C1A has been

reported to have a signal peptide consisting of 30 amino
acids, and a carboxy-terminal extension suggested to
target the protein to the vacuoles [63]. Also other known
isoenzymes of the group C (C1B, C1C, C2, and C3) have
been reported to have signal peptides varying in length
from 9 amino acids (C1C) to 29 amino acids (C3). By
observing the alignment of all previously known and
newly discovered isoenzymes (Additional file 2), existence
of signal sequences also in other previously known and
most of the new isoenzymes seemed very probable.
According to the signal sequence prediction (SignalP)
performed, all isoenzymes seem to have a signal sequence
varying in length from 18 to 31 amino acids (Table 3,
Additional file 2). Isoenzyme C1C, previously reported to
have a signal sequence of nine amino acids, was predicted
to have - better corresponding to the sequences of the
very closely related isoenzymes C1A and C1B - a signal
sequence of 29 amino acids. In the case of unclear signal
sequence prediction with more than one option for the
length of the signal peptide, both forms were taken into
consideration when planning the constructs for enzyme
production in P. pastoris.

Conclusions
To facilitate the possibilities for heterologous expression
and isoenzyme characterization, we have elucidated
the nucleotide sequences of 28 horseradish peroxidase
isoenzymes by using the data obtained from A. rusticana
454 transcriptome sequence analysis with manual verifica-
tion of PCR amplified genomic DNA. Although studies
including transcriptome analysis of non-model species
have become increasingly popular since the emergence of
the NGS technologies, methods for the utilization of the
454 technology for the purpose of isoenzyme discovery in
non-model plant species have not been established. In this
project, transcriptome sequencing reads are further
processed with alternative assemblies and manual sequence
verification to determine the nucleotide sequences of all
HRP isoenzymes. This study does not only contribute a set
of transcripts, which can be used for marker development
and genomic studies to understand agriculturally important
traits in A. rusticana, but also provides valuable infor-
mation of the peroxidase gene structure. Twenty-two
of the verified isoenzymes have been produced in a form
that was found active towards the tested substrates in
P. pastoris utilizing a new P. pastoris expression platform
[64], validating the success of the approach and providing
first insights into the versatility of this large group of
isoenzymes discovered.

Methods
Plant specimens, RNA extraction and quality analysis
Wild horseradish (A. rusticana) roots were purchased from
local farmers and grown in the laboratory to obtain fresh
roots, sprouts, stems and leaves. Tissues were collected in
aliquots, frozen in liquid nitrogen and stored at −80°C.
Total RNA from all available plant parts was isolated using
RNaqueous kit (Applied Biosystems/Ambion, Austin, TX,
USA) according to the manufacturer’s recommendations.
Quality assessment to ensure RNA integrity was performed
with Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA).

Normalized cDNA library construction and sequencing
Transcriptome sequence was obtained by a commercial
service from LGC Genomics (Berlin, Germany). The
methods used are roughly summarized as follows: mRNA
was purified from total RNA using mRNA-ONLY™
Eukaryotic mRNA Isolation Kit (Epicentre, Madison, WI,
USA). One μg of mRNA was used for first-strand cDNA
synthesis and amplification according to the Mint-
Universal cDNA Synthesis Kit user manual (Evrogen,
Moscow, Russia), followed by a normalization reaction
using the Trimmer Kit (Evrogen). Normalized material was
re-amplified, digested (SfiI), size-selected (>800 bp, LMP
agarose), purified (Qiagen, Hilden, Germany) and ligated
to pDNR-lib vector (Clontech, Saint-Germain-en-Laye,
France) using the Fast Ligation Kit (New England Biolabs,
Ipswich, MA, USA). The desalted ligation was used to
transform NEB10b competent cells (New England Biolabs).
Roughly a million clones were plated on LB (lysogeny

broth) + chloramphenicol (Cm) plates, scraped off the
plates and stored as glycerol stocks at −70°C. Plasmid
DNA was prepared using standard methods (Qiagen,
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Hilden, Germany), and digested with SfiI. cDNA inserts
were gel-purified (LMP-Agarose/MinElute Gel Extraction
Kit, Qiagen) and ligated to high-molecular-weight DNA
using a proprietary SfiI-linker.
Library generation for the 454 FLX sequencing was

carried out according to standard protocols (Roche/454
Life Sciences, Branford, CT 06405, USA). In short,
the concatenated inserts were sheared randomly by
nebulization to fragments ranging in size from 400 bp
to 900 bp. These fragments were end polished and the
454 A and B adaptors that are required for the emulsion
PCR and sequencing were ligated to the ends of the
fragments. The resulting fragment library was sequenced
on half a picotiterplate on the GS FLX using the Roche/
454 Titanium chemistry. Sequence data can be accessed
via the EMBL-EBI European Nucleotide Archive under
the study accession number PRJEB5793.
Assembly of the sequence reads to transcripts
Raw reads produced by the pyrosequencing process
were screened for the SfiI-linker that was used for
concatenation and the linker sequences were clipped
from the reads. Poly A/T sequences were mostly
(~90%) removed with the linker. High-quality reads were
selected using Newbler sequence filtering at default
settings. The clipped, quality controlled reads were assem-
bled into individual isotigs using the Roche/454 Newbler
software (454 Life Sciences Corporation, version 2.5.3) with
default settings (minimum read length 20, duplicate reads
excluded, expected depth 0, seed step 12, seed length 16,
seed count 1, minimum overlap length 40 bp, minimum
overlap identity 90%, alignment identity score 2, alignment
difference score −3).
Discovery of peroxidases in the assembled contigs
The PSSM (position-specific scoring matrix) corre-
sponding to known horseradish peroxidases was
obtained from NCBI's Conserved Domain Database
(cd00693, CDD v3.01) [65]. It was used in a tblastn
search (e-value cutoff 1e-5) [66] on the assembled
contigs to yield a preliminary set of HRP candidate
sequences. This set was refined by filtering sequences
whose translation mapped back to a domain different
to the original profile PSSM in an rpsblast classification
of the entire CDD or had a bit score lower than the
NCBI-specified threshold for a specific domain match.
The read composition of the refined set of contigs
was manually reviewed using SeqMan (DNASTAR,
Madison, Wisconsin, USA). Isotigs where two apparently
different variants were assembled into one contig by
the assembler were split. Protein coding regions were
extended using read information if two or more reads
contained the same sequence.
Genome walking and manual verification of horseradish
peroxidase sequences
The sequences of the identified peroxidase genes were
manually verified by Sanger sequencing of PCR amplified
genomic fragments using PhusionTM High-Fidelity
Polymerase (Finnzymes Oy, Espoo, Finland) and primers
listed in Additional file 4. If no flanking regions were
available for primer design, genome walking [67] was
utilized to clarify and complete the sequences of the
C– and N-termini. Therefore, 2 μg aliquots of genomic
DNA were singly digested with Bsp143I, HindIII, PsuI
(Fermentas, St. Leon-Rot, Germany), BsaWI (New England
Biolabs GmbH, Frankfurt am Main, Germany) or XhoII
(Promega GmbH, Madison, WI, USA) in order to get
fragments of 1 - 5 kb size. The digestion was stopped
by heat inactivation of the enzymes, the fragmented
DNA was precipitated with ethanol and the pellet
was dissolved in 30 μL of distilled water. An adaptor
was created by annealing adaptor strand 1 (5'-GTAA
TACGACTCACTATAGGGCACGCGTGGTCGACGGCC
CGGGCTGGT-3') either to adaptor strand 2.a (3'-TCCC
CGACCACTAG-5') for Bsp143I/PsuI-/XhoII-digested DNA,
2.b (3'-TCCCCGACCATTAA-5') for BsaWI-digested DNA
or 2.c (3'-TCCCCGACCATCGA-5') for HindIII- digested
DNA.
In the annealing reaction, adaptor strand 1 was

mixed in 1:1 molar ratio with adaptor strand 2.a/2.b/2.c
(i.e. 13.7 μL of 100-μM adaptor strand 1 + 4.0 μL of
100 μM adaptor strand 2) and heated to 95 °C for 5 min.
To anneal the two strands to a functional adaptor
molecule, the mixture was allowed to slowly cool
down to room temperature. The three differently
annealed adaptors (1 + 2a, 1 + 2b, 1 + 2c) were ligated
for three hours at room temperature with T4 DNA
Ligase (Fermentas) to the digested DNA fragments,
considering the specific 5' overhangs that have been
created by the respective restriction enzymes. The
ligation reaction was stopped by incubation for 5 min at
70°C and 70 μL of TE (Tris-EDTA) buffer was added. Two
gene-specific primers and two adaptor primers were
designed. The gene-specific primers were designed to bind
approximately 100 bp from the end of the known
sequence, considering that no restriction site of the restric-
tion enzymes used for DNA digestion laid between the
primer-binding site and the end of the known sequence.
AdaptorPrimer1 (5'-GTAATACGACTCACTATAGGGC-3')
and GeneSpecificPrimer1 were used as a primer pair
for a first PCR with 1 μL of the DNA + adaptor
ligation product as template DNA. One μL of the first
PCR mix was used as template for a second PCR with
AdaptorPrimer2 (5'-ACTATAGGGCACGCGTGGT-3') and
GeneSpecificPrimer2. This second primer pair was designed
to bind within the first PCR product. Both PCR steps were
performed with an elongation time of 50 seconds.
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A gene-specific DNA fragment as product from the
second PCR was isolated from a preparative agarose gel,
purified (SV DNA extraction kit, Promega) and sent to
Sanger sequencing (LGC Genomics GmbH, Berlin,
Germany), using AdaptorPrimer2 and the corresponding
GeneSpecificPrimer2. If unspecific primer binding or
nucleotide polymorphisms were suspected, the PCR
products were cloned into the pJET 1.2blunt vector
(GeneJet cloning kit, Promega), transformed to E. coli
Top10 F' and plasmids from single colonies were
isolated for sequencing to ensure the read consisted
of only one allele.
The resulting gene sequences were submitted to EMBL

[68] under accession numbers HE963800-HE963825
(Table 3).

Codon usage, GC content, isoelectric point, signal
sequence prediction, disulfide bridge prediction and
phylogenetic analyses of the horseradish peroxidase
isoenzymes
Codon usages and GC contents of the HRP isoenzymes
were analyzed using CAIcal [69,70] and Mega5 [71,72].
The sequences of the A. thaliana Class III peroxidases
were downloaded from TAIR [73]. Sequences were aligned
with ClustalW2 [74,75]. The theoretical isoelectric points
(pI) were calculated with ExPASy Compute pI/Mw tool
[76]. Disulfide bridges were predicted with EDBCP tool
[77-79]. Phylogenetic analyses were performed with CLC
Main Workbench 6.6.2 (CLC bio, Aarhus Denmark) [80]
and Mega5. The pylogentetic tree was generated with the
"Create Tree" function of CLC Main Workbench
using the UPGMA algorithm with a bootstrap analysis
of 100 replicates, based on an alignment of the HRP
amino acid sequences using the "Create Alignment"
function with the following settings: Gap open cost: 10.0,
Gap extension cost: 1.0, End gap cost: as any other,
Alignment: Very accurate (slow). Signal sequences were
predicted using SignalP 3.0 [81,82].

Gene synthesis and heterologous expression in Pichia
pastoris
The codon usages of 14 isoenzymes were optimized for
the expression in P. pastoris using a novel algorithm
(DNA2.0, Menlo Park, CA, USA, Mellitzer et al.
manuscript in preparation). Further twelve isoen-
zymes including allelic variants were optimized using
GeneDesigner 1.1.4.1 (DNA2.0) in accordance to the
P. pastoris codon usage described by Abad et al. [83].
Signal sequence variants were generated by PCR amplifi-
cation and all HRP genes were cloned into the shuttle vec-
tor pPpT4_alpha_S of a newly generated open source
expression platform [64]. The vector pPpT4_alpha_S is a
basic low-copy (1–5 copies/genome), zeocin™ resistance
based expression vector for efficient secretory expression
of heterologous proteins. Sanger sequencing of the
plasmids verified successful cloning into the right frame.
The linearized expression cassettes were transformed into
P. pastoris wild-type CBS7435 based muts strain using
standard protocols [84], and selected on zeocin™-containing
plates. From each gene, 88 clones were picked to 96-well
deep-well plates for cultivation and high-throughput
screening of peroxidase activity. Two of the well expressing
clones of each isoenzyme were streaked out to single
colonies. Four single colonies of each clone were used for
re-screening to estimate the reproducibility of the results.
All media compositions and cultivation protocols used
in this study were as previously described by [85].
Minimal media BMD1% (buffered minimal media with
1% dextrose) was supplemented with 5 mM ferrous
sulfate heptahydrate (Sigma-Aldrich Handels Gmbh,
Vienna, Austria) to ensure sufficient iron supply for
heme biosynthesis.

Peroxidase assays
ABTS (2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid),
TMB (3,3’,5’5-tetramethyl benzidine), pyrogallol (1,2,3-
trihydroxybenzene) and guaiacol (2-methoxyphenol) assays
were used to detect peroxidase activity essentially as
described in [3,86,87]. ABTS assays were performed
in 50 mM sodium acetate buffer pH 4.5 with 1 mM ABTS
and 0.0026% (v/v) H2O2. For the TMB stock solution,
TMB was dissolved in DMSO to a concentration of
4.16 mM. For the assay solution, TMB stock solution and
30% (v/v) H2O2 were diluted with 20 mM citrate buffer
pH 5.5 to final concentrations of 0.416 mM and 0.006%
(v/v), respectively. Guaiacol assays were performed in
10 mM sodium phosphate buffer pH 7.0 with 5 mM
guaiacol and 0.0009% (v/v) H2O2. For the pyrogallol assay
solution, pyrogallol (Sigma-Aldrich Handels Gmbh, Vienna,
Austria) was dissolved in 10 mM potassium phosphate
buffer pH6.0 containing 0.027% (v/v) H2O2 to a concentra-
tion of 45 mM. For all assays, 15 μl cultivation supernatant
was mixed with 140 μl of the assay solution in a flat-bottom
96-well microtiterplate (Greiner Bio-One GmbH,
Frickenhausen, Germany). The reaction kinetics were
followed with Spectramax Plus384 spectrophotometer
and SoftMax® Pro software (Molecular Devices, LLC)
for 3–5 min at wavelengths 405 nm (ABTS), 650 nm
(TMB), 470 nm (guaiacol) and 420 nm (pyrogallol).
Enzyme activity was calculated using only time points
fitting to linear increase of the absorbance (ΔmAU min−1).

Availability of supporting data
A. rusticana transcriptome sequencing data is available via
EMBL-EBI's European Nucleotide Archive (ENA) under
the study accession number PRJEB5793 (http://www.ebi.
ac.uk/ena/data/view/PRJEB5793). Nucleotide sequences of
the novel identified HRPs have been deposited into

http://www.ebi.ac.uk/ena/data/view/PRJEB5793
http://www.ebi.ac.uk/ena/data/view/PRJEB5793
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ENA as well: accession numbers HE963800-HE963825
(http://www.ebi.ac.uk/ena/data/view/HE963800-HE963825).
All other supporting data are included as additional files
with this manuscript.
Additional files

Additional file 1: Heatmaps of of the changes in the relative
synonymous codon usages (ΔRSCU) of A) all the HRP isoenzymes
verified in this study and B) the known A. thaliana peroxidases.
Each column represents one codon indicated along the bottom, each
row one isoenzyme marked to the right side of the row. Isoenzymes are
clustered by their codon usage similarity. Green cells correspond to
underrepresented codons, red cells to overrepresented codons. Missing
codons are marked with a grey cell.

Additional file 2: Alignment of the amino acid sequences of the
HRP isoenzymes.

Additional file 3: BLASTP of respective full length HRP amino acid
sequence against non-redundant protein sequences (nr) database
with A. thaliana (taxid:3702) as organism.

Additional file 4: Primers used in this study.
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Additional file 1: Heat maps of the changes in the relative synonymous codon usages (ΔRSCU) of 
A) all the HRP isoenzymes verified in this study and B) the known A. thaliana peroxidases. Each 
column represents one codon indicated along the bottom, each row one isoenzyme marked to the right 
side of the row. Isoenzymes are clustered by their codon usage similarity. Green cells correspond to 
underrepresented codons, red cells to overrepresented codons. Missing codons are marked with a grey 
cell. 



Additional file 2. Alignment of the amino acid sequences of the HRP isoenzymes 

C1C_gDNA          ---MH--SPSSTSFTWATLITLGCLMLHASFS--------NAQLTPTFYDNSCPNVSNIV 47 
C1D_gDNA          ---MH--SPSSTSFTWATLITLGCLMLHASFS--------NAQLTPTFYDNSCPNVSNIV 47 
C1B_gDNA          ---MH--SPSSTSFTWI-LITLGCLAFYASLS--------DAQLTPTFYDTSCPNVSNIV 46 
C1A_gDNA          ---MHF-SSSSTLFTCITLIPLVCLILHASLS--------DAQLTPTFYDNSCPNVSNIV 48 
01805_gDNA        ---MHFSTSSSSLSTWTTLITLGCLMLHSFKS--------SAQLTPTFYDSTCPSVFSIV 49 
C2_gDNA           ---MH---SSSSLIKLG----FLLLLLNVSLS--------HAQLSPSFYDKTCPQVFDIA 42 
C3_gDNA           ---MG--FSPLISCSAMGALILSCLLLQASNS--------NAQLRPDFYFRTCPSVFNII 47 
E5_gDNA           ---MV--VSPFFSCSAMGALILGCLLLQASN----------AQLRPDFYSRTCPSVFNII 45 
22684.1_gDNA      ---MG--FSPSFSSSSIGVLILGCLLLQASNS--------NAKLRPDFYLKTCPSVFQII 47 
22684.2_gDNA      ---MG--FSPSFSSSSIGVLILGCLLLQASNS--------NAKLRPDFYLKTCPSVFQII 47 
A2A_gDNA          ---MA---VTNLSTTCDGLFIISLLVIVSSLFGT-----SSAQLNATFYSGTCPNASAIV 49 
A2B_gDNA          ---MA---VTNLSTTCDGLFIISLLVIVSSLFGT-----SSAQLNATFYSGTCPNASAIV 49 
04663_gDNA        ---MA---ATSSSTTCDGLFIISLLVIASSLFGT-----SSAQLNATFYSGTCPNASAIV 49 
08562.4_gDNA      ---MAR--LTSILLLLSLLCFFPLCLCDKS--YG-----G--KLFPGFYAHSCPQAGEIV 46 
08562.1_gDNA      ---MAR--LTSILLLLSLLCFFPLCLCDKS--YG-----G--KLFPGFYAHSCPQAGEIV 46 
06117_gDNA        ---MAR--IGSFLVVISLACVLTLCICDDESNYG-----GQGKLFPGFYSSSCPKAEEIV 50 
01350_gDNA        ---MAS--NQRISILVLVVTFLVQGNYNNV---------VEAQLTPNFYSTSCPNLLSTV 46 
23190.1_gDNA      MAMSYSIRVLTFLMLISLMAVTLNLLSTAEAKKPRRDVPIVKGLSWNFYQRACPKVEKII 60 
23190.2_gDNA      MAMSYSIRVLTFLMLISLMAVTLNLLSTAEAKKPRRDVPIVKGLSWNFYQRACPKVEKII 60 
03523_gDNA        ---MAELKSLSLILLFTLLT------TTIESR-----------LTTNFYSKSCPRFFDIV 40 
06351_gDNA        ---MVRANLVSVILLMHVIVG-----FPFHARG----------LSMTYYMMSCPMAEQIV 42 
05508.1_gDNA      --------MGLIRSLCVFITFLSCIISSAHGQAISIS---IT-IRIGFYLTTCPTAEIIV 48 
05508.2_gDNA      --------MGLIRSLCVFITFLSCIISSAHGQAISIS---IT-IRIGFYLTTCPTAEIIV 48 
22489.1           --------MEFVRSLCVFITFLGCLISSAHGQAAARRPGPISGTRIGFYLTTCPTAEIIV 52 
22489.2           --------MEFVRSLCVFITFLGCLISSAHGQAAARRPGPISGTRIGFYLTTCPTAEIIV 52 
17517.1_gDNA      --------MGRGYNLLLILVTFLVLVAAVTARR----------PRVGFYGNRCRKVESIV 42 
17517.2_gDNA      --------MGRGYNLLLILVTFLVLVAAVTARR----------PRVGFYGNRCRKVESIV 42 
02021_gDNA        ---MRT--MKRLNVAVAVAVTATVLMGMLGSSE--------AQLQMNFYAKSCPNAEKII 47 
                                                                 :*   *        
 
C1C_gDNA          RDIIINELRSDPRIAASILRLHFHDCFVNGCDASILLDNTTSFRTEKDAFGNANSAR-GF 106 
C1D_gDNA          RDIIINELRSDPRIAASILRLHFHDCFVNGCDASILLDNTTSFRTEKDAFGNANSAR-GF 106 
C1B_gDNA          RDIIINELRSDPRITASILRLHFHDCFVNGCDASILLDNTTSFLTEKDALGNANSAR-GF 105 
C1A_gDNA          RDTIVNELRSDPRIAASILRLHFHDCFVNGCDASILLDNTTSFRTEKDAFGNANSAR-GF 107 
01805_gDNA        RDTIVNELRSDPRIAASILRLHFHDCFVNGCDASILLDNTTSFRTEKDAAPNANSAR-GF 108 
C2_gDNA           TNTIKTALRSDPRIAASILRLHFHDCFVNGCDASILLDNTTSFRTEKDAFGNARSAR-GF 101 
C3_gDNA           GDIIVDELRTDPRIAASLLRLHFHDCFVRGCDASILLDNSTSFRTEKDAAPNANSAR-GF 106 
E5_gDNA           KNVIVDELQTDPRIAASILRLHFHDCFVRGCDASILLDTSKSFRTEKDAAPNVNSAR-GF 104 
22684.1_gDNA      GNVIVDELQSDPRIAASLLRLHFHDCFVRGCDASVLLDNSTSFQSEKDAAPNANSAR-GF 106 
22684.2_gDNA      GNVIVDELQSDPRIAASLLRLHFHDCFVRGCDASVLLDNSTSFQSEKDAAPNANSAR-GF 106 
A2A_gDNA          RSTIQQAFQSDTRIGASLIRLHFHDCFVNGCDASILLDDSGSIQSEKNAGPNANSAR-GF 108 
A2B_gDNA          RSTIQQAFQSDTRIGASLIRLHFHDCFVNGCDASILLDDSGSIQSEKNAGPNANSAR-GF 108 
04663_gDNA        RSTIQQALQSDPRIGASLIRLHFHDCFVNGCDGSLLLDDTGSIQSEKNAPANANSAR-GF 108 
08562.4_gDNA      RSVVAKAVARETRMAASLMRLHFHDCFVQGCDGSLLLDSSGRIVSEKGSNPNSRSAR-GF 105 
08562.1_gDNA      RSVVAKAVARETRMAASLMRLHFHDCFVQGCDGSLLLDSSGKIVSEKGSNPNSRSAR-GF 105 
06117_gDNA        RSVVAKAVARETRMAASLMRLHFHDCFVQGCDGSLLLDSSGSIVTEKNSNPNSRSAR-GF 109 
01350_gDNA        QSAVKSAVNSEARMGASIVRLFFHDCFVNGCDGSILLDDTSSFTGEQNANPNRNSAR-GF 105 
23190.1_gDNA      KKELKKVFKRDIGLAAAILRIHFHDCFVQGCEASVLLAGSASGPGEQSSIPNLTLRQQAF 120 
23190.2_gDNA      KKELKKVFKRDIGLAAAILRIHFHDCFVQGCEASVLLAGSASGPGEQSSIPNLTLRQQAF 120 
03523_gDNA        RDTISNKQITTPTTAAATIRLFFHDCFPNGCDASILISSTAFNTAERDSSINLSLPGDGF 100 
06351_gDNA        KNSVNNALQADPTLAAGLIRMLFHDCFIEGCDASILLDSTKDNTAEKDSPANLSLRG--Y 100 
05508.1_gDNA      RNAVRAGFNSDPRIAPGILRMHFHDCFVQGCDGSVLISGS---NTERTAVPNLSLRG--F 103 
05508.2_gDNA      RNAVRAGFNSDPRIAPGILRMHFHDCFVQGCDGSVLISGS---NTERTAVPNLSLRG--F 103 
22489.1           RNAVRAGFNSDPRIAPGILRMHFHDCFVLGCDGSVLISGS---NTERTAVPNLNLRG--F 107 
22489.2           RNAVRAGFNSDPRIAPGILRMHFHDCFVLGCDGSVLISGS---NTERTAVPNLNLRG--F 107 
17517.1_gDNA      RSVVRSHFRCNPANAPGILRMYFHDCFVNGCDGSILLAGN---TSERTAGPNRSLRG--F 97 
17517.2_gDNA      RSVVRSHFRCNPANAPGILRMHFHDCFVNGCDGSILLAGN---TSERTAGPNRSLRG--F 97 
02021_gDNA        SDHIQKHIPSGPSLAAPLIRMHFHDCFVRGCDGSVLINSTSG-NAEKDSAPNLTLRG--F 104 
                   . :           .  :*: *****  **:.*:*:  .     *: :  *       : 
 
C1C_gDNA          PVVDRIKAAVERACPRTVSCADVLTIAAQQSVNLAGGPSWRVPLGRRDSRQAFLDLANAN 166 
C1D_gDNA          PVVDRIKAAVERACPRTVSCADVLTIAAQQSVNLAGGPSWRVPLGRRDSRQAFLDLANTN 166 
C1B_gDNA          PTVDRIKAAVERACPRTVSCADVLTIAAQQSVNLAGGPSWRVPLGRRDSLQAFLDLANAN 165 
C1A_gDNA          PVIDRMKAAVESACPRTVSCADLLTIAAQQSVTLAGGPSWRVPLGRRDSLQAFLDLANAN 167 
01805_gDNA        PVIDTMKAAVERACPRTVSCADLLTIAAQQSVNLAGGPSWRVPLGRRDSVQAFFDLANTN 168 
C2_gDNA           DVIDTMKAAVEKACPKTVSCADLLAIAAQKSVVLAGGPSWKVPSGRRDSLRGFMDLANDN 161 
C3_gDNA           GVIDRMKTSLERACPRTVSCADVLTIASQISVLLSGGPWWPVPLGRRDSVEAFFDLANTA 166 
E5_gDNA           NVIDRMKTALERACPRTVSCADILTIASQISVLLSGGPSWAVPLGRRDSVEAFFDLANTA 164 
22684.1_gDNA      DVVDRMKAALEKACPGTVSCADVLAISAQISVLLSGGPWWPVLLGRRDGVEAFFDLANTA 166 
22684.2_gDNA      DVVDRMKAALEKACPGTVSCADVLAISAQISVLLSGGPWWPVLLGRRDGVEAFFDLANTA 166 
A2A_gDNA          NVVDNIKTALENTCPGVVSCSDILALASEASVSLTGGPSWTVLLGRRDSLTANLAGANSA 168 



A2B_gDNA          NVVDNIKTALENTCPGVVSCSDILALASEASVSLTGGPSWTVLLGRRDSLTANLAGANSA 168 
04663_gDNA        NVVDDIKTALENACPGIVSCSDILALASEASVSLAGGPSWTVLVGRRDGLTANLSGANSS 168 
08562.4_gDNA      DVVDQIKAELEKQCPGTVSCADALTLAARDSSVLTGGPSWVVSLGRRDSRSASLSGSNNN 165 
08562.1_gDNA      DVVDQIKAELEKQCPGTVSCADALTLAARDSSVLTGGPSWVVSLGRRDSRSASLSGSNNN 165 
06117_gDNA        EVVDEIKAALENECPNTVSCADALTLAARDSSVLTGGPSWMVPLGRRDSTSASLSGSNNN 169 
01350_gDNA        NVIDNIKAAVEKACPGVVSCADILAIAARDSVVVLGGPNWTVKVGRRDARTASQAAANSN 165 
23190.1_gDNA      VVINNLRALVQKQCGQVVSCSDILALAARDSIVLSGGPDYAVPLGRRDSLAFATPETTLA 180 
23190.2_gDNA      VVINNLRALVQKQCGQVVSCSDILALAARDSIVLSGGPDYAVPLGRRDSLAFATPETTLA 180 
03523_gDNA        DVIVRAKTAIELACPNTVSCSDIITVATRDLLVTVGGPYYDVYLGRRDSRISKSSLLTDL 160 
06351_gDNA        EIIDDAKEKVENMCPGVVSCADIVAMAARDAVFWAGGPYYDIPKGRFDGKRSK-IEDTRN 159 
05508.1_gDNA      EVIENAKTQLEATCPGVVSCADILALAARDTVVLTRGIGWQVPTGRRDGRVS-VASNANN 162 
05508.2_gDNA      EVIENAKTQLEAACPGVVSCADILALAARDTVVLTRGIGWQVPTGRRDGRVS-VASNANN 162 
22489.1           EVIDNAKTQLEATCPGVVSCADILALAARDTVVLTRGLGWQVPTGRRDGRVS-VASNANN 166 
22489.2           EVIDNAKTQLEATCPGVVSCADILALAARDTVVLTRGLGWQVPTGRRDGRVS-VASNANN 166 
17517.1_gDNA      EAIEEAKTRLENACPNTVSCADILTLAARDAVVWTGGKGWSVPLGRLDGRRS-EASDVN- 155 
17517.2_gDNA      EAIEEAKTRLENACPNTVSCADILTLAARDAVVWTGGKGWSVPLGRLDGRRS-EASDVN- 155 
02021_gDNA        GFVERIKTLLEAECPKTVSCADIIALTARDAVVATGGPSWKVPTGRRDGRISNTTEALNN 164 
                    :   :  ::  *   ***:* :::::.       *  : :  ** *.            
 
C1C_gDNA          -LPAPSFTLPELKAAFANVGLNRPSDLVALSGGHTFGKNQCRFIMDRLYNFSNTGLPDPT 225 
C1D_gDNA          -LPAPSFTLPQLKAAFANVGLNRPSDLVALSGGHTFGKNQCRFIMDRLYNFSNTGLPDPT 225 
C1B_gDNA          -LPAPFFTLPQLKDAFAKVGLDRPSDLVALSGGHTFGKNQCRFIMDRLYNFSNTGLPDPT 224 
C1A_gDNA          -LPAPFFTLPQLKDSFRNVGLNRSSDLVALSGGHTFGKNQCRFIMDRLYNFSNTGLPDPT 226 
01805_gDNA        -LPAPFFTLPQLKASFSNVGLDRPEDLVALSGGHTFGKNQCQFIMDRLYNFSNTGLPDPT 227 
C2_gDNA           -LPGPSSTLQVLKDKFRNVGLDRPSDLVALSGGHTFGKNQCQFIMDRLYNFSNSGKPDPT 220 
C3_gDNA           -LPSPFFTLAQLKKAFADVGLNRPSDLVALSGGHTFGRAQCQFVTPRLYNFNGTNRPDPT 225 
E5_gDNA           -LPSPFFTLAQLKKAFADVGLNRPSDLVALSGGHTFGRARCLFVTARLYNFNGTNRPDPT 223 
22684.1_gDNA      -LPNPFAPLTELKEKFADVGLKRASDLVALSGAHTFGRAQCLLVTPRLYNFSGTNKPDPT 225 
22684.2_gDNA      -LPNPFAPLTELKEKFADVGLKRASDLVALSGAHTFGRAQCLLVTPRLYNFSGTNKPDPT 225 
A2A_gDNA          -IPSPFEGLSNITSKFSAVGLN-TNDLVALSGAHTFGRARCGVFNNRLFNFSGTGNPDPT 226 
A2B_gDNA          -IPSPFEGLSNITSKFSAVGLN-TNDLVALSGAHTFGRARCGVFNNRLFNFSGTGNPDPT 226 
04663_gDNA        -LPSPFEGLNNITSKFLAVGLN-TTDVVVLSGAHTFGRGQCVTFNNRLFNFNGTGSPDPT 226 
08562.4_gDNA      -IPAPNNTFQTILSKFNRQGLD-VTDLVALSGSHTIGFSRCTSFRQRLYNQSGNGRPDMT 223 
08562.1_gDNA      -IPAPNNTFQTILSKFNRQGLD-VTDLVALSGSHTIGFSRCTSFRQRLYNQSGNGRPDMT 223 
06117_gDNA        -IPAPNNTFNTILSRFNSQGLD-LTNVVALSGSHTIGFSRCTSFRQRLYNQSGNGSPDTT 227 
01350_gDNA        -IPAPTSSLSQLISSFSAVGLS-TRDMVALSGAHTIGQSRCTSFRTRIYN-------ETN 216 
23190.1_gDNA      NLPPPFANASQLISDFNDRNLN-ITDLVALSGGHTIGIAHCPSFTDRLYPNQ-----DPT 234 
23190.2_gDNA      NLPPPFANASQLISDFNDRNLN-ITDLVALSGGHTIGIAHCPSFTDRLYPNQ-----DPT 234 
03523_gDNA        -LPLPSSPISKTIRQFESKGFT-IQEMVALSGAHSIGFSHCKEFVNRVAGN------NTG 212 
06351_gDNA        -LPSPFLNASQLIQTFGNRGFS-PQDVVALSGAHTLGVARCSSFKARLTTP------DSS 211 
05508.1_gDNA      -LPGPRDSVAVQQQKFSALGLN-TRDLVVLAGGHTLGTAGCGVFRDRLFNN-----TDPN 215 
05508.2_gDNA      -LPGPRDSVAVQQQKFSALGLN-TRDLVVLAGGHTLGTAGCGVFRDRLFNN-----TDPN 215 
22489.1           -LPGPRDSVAVQQQKFSAVGLN-TRDLVVLAGGHTIGTAGCGVFRDRLFNN-----TDPN 219 
22489.2           -LPGPRDSVAVQQQKFSAVGLN-TRDLVVLAGGHTIGTAGCGVFRDRLFNN-----TDPN 219 
17517.1_gDNA      -LPGPSDPVAKQKQDFAAKNLN-TLDLVTLVGGHTIGTAGCGLVRGRFFNFNGTGQPDPS 213 
17517.2_gDNA      -LPGPSDPVAKQKQDFAAKNLN-TLDLVTLVGGHTIGTAGCGLVRGRFFNFNGTGQPDPS 213 
02021_gDNA        -IPPPTSNFTTLQRLFANQGLN-LKDLVLLSGAHTIGVSHCSSMNTRLYNFSTTVKQDPS 222 
                   :* *          *   .:    ::* * *.*::*   *  .  *.         :   
 
C1C_gDNA          LNTTYLQTLRQ-QCPRNGN--QSVLVDFDLRTPTVFDNKYYVNLKEQKGLIQSDQELFSS 282 
C1D_gDNA          LNTTYLQTLRQ-QCPRNGN--QSVLVDFDLRTPTVFDNKYYVNLKEQKGLIQSDQELFSS 282 
C1B_gDNA          LNTTYLQTLRQ-QCPLNGN--QSVLVDFDLRTPTVFDNKYYVNLKEQKGLIQSDQELFSS 281 
C1A_gDNA          LNTTYLQTLRG-LCPLNGN--LSALVDFDLRTPTIFDNKYYVNLEEQKGLIQSDQELFSS 283 
01805_gDNA        LNTTYLQTLRV-QCPRNGN--QSVLVDFDLRTPTVFDNKYYVNLKEHKGLIQTDQELFSS 284 
C2_gDNA           LDKSYLSTLRK-QCPRNGN--LSVLVDFDLRTPTIFDNKYYVNLKENKGLIQSDQELFSS 277 
C3_gDNA           LDPTYLVQLRA-LCPQNGN--GTVLVNFDVVTPNTFDRQYYTNLRNGKGLIQSDQELFST 282 
E5_gDNA           LNPSYLADLRR-LCPRNGN--GTVLVNFDVMTPNTFDNQFYTNLRNGKGLIQSDQELFST 280 
22684.1_gDNA      LNPSYLVELRR-LCPQNGN--GTVLLNFDLVTPNAFDRQYYTNLRNGKGLIQSDQELFST 282 
22684.2_gDNA      LNPSYLVELRR-LCPQNGN--GTVLLNFDLVTPNAFDRQYYTNLRNGKGLIQSDQELFST 282 
A2A_gDNA          LNSTLLSSLQQ-LCPQNGS--ASTITNLDLSTPDAFDNNYFANLQSNNGLLQSDQELFST 283 
A2B_gDNA          LNSTLLSSLQQ-LCPQNGS--ASTITNLDLSTPDAFDNNYFANLQSNNGLLQSDQELFST 283 
04663_gDNA        LNSTLLSSLQQ-ICPQNGS--GSAITNLDLTTPDAFDSNYYTNLQSNNGLLQSDQELFSN 283 
08562.4_gDNA      LEQSFAANLRQ-RCPRSGG--DQILSVLDIISAAKFDNSYFKNLIENKGLLNSDQVLFNS 280 
08562.1_gDNA      LEQSFAANLRQ-RCPRSGG--DQILSVLDIISAAKFDNSYFKNLIENKGLLNSDQVLFSS 280 
06117_gDNA        LEQSYAANLRH-RCPRSGG--DQNLSELDINSAGRFDNSYFKNLIENMGLLNSDQVLFSS 284 
01350_gDNA        INAAFATTRQR-TCPRTSGSGDGNLAPLDVTTAASFDNNYFKNLMTQRGLLHSDQELFNG 275 
23190.1_gDNA      MNKSFANSLKR-TCP--TAN-SSNTQVNDIRSPDVFDNKYYVDLMNRQGLFTSDQDLFVD 290 
23190.2_gDNA      MNKSFANSLKR-TCP--TAN-SSNTQVNDIRSPDVFDNKYYVDLMNRQGLFTSDQDLFVD 290 
03523_gDNA        YNPRFAQALKQ-ACSNYPKD-PTLSVFNDIMTPNRFDNMYYQNIPKGLGLLESDHGLYSD 270 
06351_gDNA        LDSTFANTLTR-TCN--AGD-NAEQPFD--ATRNDFDNAYFNALQRKSGVLFSDQTLFNT 265 
05508.1_gDNA      VDQPFLTQLQT-KCPRNGD--GSVRVDLDTGSGTTFDNSYFINLSRGRGVLESDHVLWTD 272 
05508.2_gDNA      VDQPFLTQLQT-KCPRNGD--GSVRVDLDTGSGTTFDNSYFINLSRGRGVLESDHVLWTD 272 
22489.1           VNQLFLTQLQT-QCPQNGD--GAVRVDLDTGSGTTFDNSYFINLSRGRGVLESDHVLWTD 276 



22489.2           VNQLFLTQLQT-QCPQNGD--GSVRVDLDTGSGTTFDNSYFINLSRGRGVLESDHVLWTD 276 
17517.1_gDNA      IDPSFVPLVQA-RCPQNGN--ATTRVDLDTGSAGDFDTSYLSNVRSSRVVLQSDLVLWKD 270 
17517.2_gDNA      IDPSFVPLVQA-RCPQNGN--ATTRVDLDTGSAGDFDTSYLSNVRSSRVVLQSDLVLWKD 270 
02021_gDNA        LDSEYAANLKANKCKSLND--NTTILEMDPGSSKTFDLSYYRLVLKRRGLFQSDSALTTN 280 
                   :           *                 :   **  :   :     :: :*  *    
 
C1C_gDNA          PNATDTIPLVRSYADGTQ---TFFNAFVEAMNRMGNITPLTG-TQGEIRLNCRVVNSNSL 338 
C1D_gDNA          PNATDTIPLVRSYADGTQ---TFFNAFVEAMNRMGNITPLTG-TQGEIRLNCRVVNSNSL 338 
C1B_gDNA          PNATDTIPLVRSFADGTQ---KFFNAFVEAMNRMGNITPLTG-TQGEIRLNCRVVNSNSL 337 
C1A_gDNA          PNATDTIPLVRSFANSTQ---TFFNAFVEAMDRMGNITPLTG-TQGQIRLNCRVVNSNSL 339 
01805_gDNA        PNAADTIPLVRSYADGTQ---KFFNAFMEAMNRMGNITPLTG-TQGQIRQNCRVINSNSL 340 
C2_gDNA           PDASDTIPLVRAYADGQG---KFFDAFVEAMIRMGNLSPSTG-KQGEIRLNCRVVNSKPK 333 
C3_gDNA           P-GADTIPLVNLYSSNTF---AFFGAFVDAMIRMGNLRPLTG-TQGEIRQNCRVVNSR-- 335 
E5_gDNA           P-GADTIPLVNLYSSNTL---SFFGAFADAMIRMGNLRPLTG-TQGEIRQNCRVVNSR-- 333 
22684.1_gDNA      P-GADTIPLVNLYSKNTF---AFFGAFVDAIIRMGNIQPLTG-TQGEIRQNCRVVNSR-- 335 
22684.2_gDNA      P-GADTIPLVNLYSKNTF---AFFGAFVDAIIRMGNIQPLTG-TQGEIRQNCRVVNSR-- 335 
A2A_gDNA          T-GSATIAVVTSFASNQT---LFFQAFAQSMINMGNISPLTG-SNGEIRLDCKKVNGS-- 336 
A2B_gDNA          T-GSATITVVTSFASNQT---LFFQAFAQSMINMGNISPLTG-SNGEIRLDCKKVNGS-- 336 
04663_gDNA        T-GSPTIAIVNSFASNQT---LFFEAFAQSMIKMGNISPLTG-TSGEIRQDCKAVNGQSS 338 
08562.4_gDNA      N--EKSRELVKKYAEDQG---EFFEQFAESMIKMGNISPLTG-SSGEIRKNCRKINS--- 331 
08562.1_gDNA      N--EKSRELVKKYAEDQG---EFFEQFAESMIKMGNISPLTG-SSGEIRKNCRKINS--- 331 
06117_gDNA        N--DESRELVKKYAEDQE---EFFEQFAESMVKMGNISPLTG-SSGQIRKNCRKINS--- 335 
01350_gDNA        G--S-TDSIVRGYSNNPS---SFSSDFAAAMIKMGDISPLTG-SSGEIRKVCGRTN---- 324 
23190.1_gDNA      K---RTRGIVESFAIDQN---LFFDHFTVAMIKMGQMSVLTG-TQGEIRSNCSARNTASF 343 
23190.2_gDNA      K---RTRGIVESFAIDQN---LFFDHFTVAMIKMGQMSVLTG-TQGEIRSNCSARNTASF 343 
03523_gDNA        P---RTRPFVDLYARDQD---LFFKDFARAMQKLSLFGVKTG-RRGEIRRRCDAIN---- 319 
06351_gDNA        P---RTRNLVNGYALNQA---KFFFDFQQAMRKMSNLDVKLG-SQGEIRQNCRTIN---- 314 
05508.1_gDNA      P---ATRPIVQQLMSSSG---NFNAEFARSMVKMSNIGVVTG-TNGEIRKVCSAIN---- 321 
05508.2_gDNA      P---ATRPIVQQLMSSSG---NFNAEFARSMVKMSNIGVVTG-TNGEIRKVCSAIN---- 321 
22489.1           P---ATRPIVQQLMSPRG---NFNAEFARSMVRMSNIGVVTG-ANGEIRRVCSAVN---- 325 
22489.2           P---ATRPIVQQLMSPRG---NFNAEFARSMVRMSNIGVVTG-ANGEIRRVCSAVN---- 325 
17517.1_gDNA      T---ETRAIIERLLGLRRPVLRFGSEFGKSMTKMSLIEVKTRLSDGEIRRVCSAIN---- 323 
17517.2_gDNA      T---ETRAIIERLLGLRRPVLRFGSEFGKSMTKMSLIEVKTRLSDGEIRRVCSAIN---- 323 
02021_gDNA        S---ATLKMINDLVNGPEK--KFLKAFAKSMEKMGRVKVKTG-SAGVIRTRCSVAGS--- 331 
                       :  .:            *   *  :: .:. .        * **  *   .     
 
C1C_gDNA          LHDIVEVVDFVSSM------ 352 
C1D_gDNA          LHDIVEVVDFVSSM------ 352 
C1B_gDNA          LHDIVEVVDFVSSM------ 351 
C1A_gDNA          LHDMVEVVDFVSSM------ 353 
01805_gDNA        LHDIVEIVDFVSSM------ 354 
C2_gDNA           IMDVVDTNDFASSI------ 347 
C3_gDNA           IRGMENDDGVVSSI------ 349 
E5_gDNA           IRGMENDDGVVSSM------ 347 
22684.1_gDNA      IKGMENDGGVVSSI------ 349 
22684.2_gDNA      IRGMENDDGVVSSI------ 349 
A2A_gDNA          -------------------- 
A2B_gDNA          -------------------- 
04663_gDNA        ATKAEDIQMQSDGPVSLADM 358 
08562.4_gDNA      -------------------- 
08562.1_gDNA      -------------------- 
06117_gDNA        -------------------- 
01350_gDNA        -------------------- 
23190.1_gDNA      ISVLEEGIVEEALSMI---- 359 
23190.2_gDNA      ISVLVEGIVEEALSMI---- 359 
03523_gDNA        -------------------- 
06351_gDNA        -------------------- 
05508.1_gDNA      -------------------- 
05508.2_gDNA      -------------------- 
22489.1           -------------------- 
22489.2           -------------------- 
17517.1_gDNA      -------------------- 
17517.2_gDNA      -------------------- 
02021_gDNA        -------------------- 
                                       
 



# HRP A. thaliana 
gene accession #

A. thaliana  peroxidase 
(database) identities positives max score total score query 

coverage % E value max 
identity %

1 C1A NP_190481.1 peroxidase 34 320/353 338/353 649 649 100 0 91
2 C1B_15901 NP_190480.1 peroxidase 33 306/342 320/342 635 635 97 0 89
3 C1C_25148 NP_190480.1 peroxidase 33 303/332 317/332 631 631 100 0 91
4 C1D_25148 NP_190480.1 peroxidase 33 303/332 316/332 630 630 100 0 91
5 C2_04627 NP_192617.1 peroxidase 37 297/332 310/332 610 610 95 0 89
6 C3 NP_181373.1 peroxidase 23 313/349 327/349 644 644 100 0 90
7 A2A NP_196290.1 peroxidase 53 318/336 327/336 635 635 100 0 95
8 A2B NP_196290.1 peroxidase 53 317/336 326/336 636 636 100 0 95
9 E5 NP_181372.1 peroxidase 22 298/349 314/349 597 597 100 0 85

10 1805 NP_850652.1 peroxidase 32 326/349 337/349 677 677 98 0 93
11 22684.1 NP_181372.1 peroxidase 22 291/349 318/349 607 607 100 0 83
12 22684.2 NP_181372.1 peroxidase 22 289/349 317/349 603 603 100 0 83
13 1350 NP_196153.1 peroxidase 52 304/324 312/324 600 600 100 0 94
14 2021 NP_188814.1 peroxidase 30 300/331 312/331 613 613 100 0 91
15 23190.1 NP_177313.1 peroxidase 12 327/359 340/359 613 613 99 0 91
16 23190.2 NP_177313.1 peroxidase 12 327/359 340/359 674 674 100 0 91
17 4663 NP_196291.1 peroxidase 54 267/292 278/292 481 481 98 6E-175 91
18 6351 NP_567919.1 peroxidase 47 298/314 308/314 610 610 99 0 95
19 3523 NP_189460.1 peroxidase 31 266/299 288/299 495 495 93 1E-180 89
20 5508.1 NP_201217.1 peroxidase 71 267/329 295/329 538 538 99 0 81
21 5508.2 NP_201217.1 peroxidase 71 265/328 293/328 544 544 100 0 80
22 22489.1 NP_201217.1 peroxidase 71 279/329 298/329 563 563 99 0 85
23 22489.2 NP_201217.1 peroxidase 71 280/329 298/329 565 565 99 0 85
24 6117 NP_179407.1 peroxidase 15 311/337 327/337 533 533 99 0 92
25 17517.1 NP_201215.1 peroxidase 69 275/334 288/334 539 539 100 0 82
26 17517.2 NP_201215.1 peroxidase 69 276/334 288/334 541 541 100 0 83
27 8562.1 NP_195361.1 peroxidase 49 311/331 320/331 592 592 99 0 94
28 8562.4 NP_195361.1 peroxidase 49 311/331 320/331 592 592 99 0 94

Additional file 3. BLASTP of respective full length HRP amino acid sequence against non-redundant protein sequences (nr) database with Arabidopsis thaliana 
(taxid:3702) as organism.



Additional file 4. Primers used for the verification of HRP sequences from A. rusticana

Number Name Sequence

P10-729 01350fw1 GGATGCGATGGTTCGATTTTAC

P10-727 01350fw2 GCGACACCGACAAAACAATTG

P10-728 01350rv1 GAGCGGAATTGCGGTTTG

P10-726 01350rv2 TGCGCGCCTGAAAAAAATGAAC

P10-725 06117fw1 GAGATTTAACAGCCAAGGTCTC

P10-724 06117rv1 CTCTTGAGAACTTAAGGAAGCG

P10-723 08562.1.4fw1 GAGCTGGGTGGTTTCATTAG

P10-722 08562.1.4rv1 GCTTTAGCTACGACTGATCTC

P10-721 08562.1.4rv2 CAAAAACCACACCGAGTTAGC

P10-720 17517fw1 CTAGTTACGTTTTTAGTATTGGTCG

P10-719 17517rv1 GACCAAATATGTAACTATTTGATTAATATACATTG

P10-573 A2_Nterm_Strepfw1 GTCCCACCCACAGTTCGAGAAGTCTGCACAATTGAATGCAACTTTCTATTCCG

P10-574 A2_Nterm_Strepfw2 ATATCTCGAGAAGAGAGAGGCCGAAGCTTGGTCCCACCCACAGTTCGAGAAG

P10-374 A2ex1rv CGAAAAAGATCAAGAAGCCTTTATG

P10-381 A2ex4fw CTTTGCTCAGTCCATGATCAAC

P10-382 A2ex4rv GCCATTATGTGTTTTTTGAAAAACAAGAG

P10-375 A2in1ex2fw CACGACTGCTTTGTTAATGTATAC

P10-376 A2in1ex2rv GCTCTGGATGCTTCCAC

P10-377 A2in2fwa CCGTGTCTTTGGTAATTAGTAATTAC

P10-379 A2in2fwb GTTATATATATATAATTTGTCTTATAAATTATGTTTTAGTAATAATATAG

P10-378 A2in2rva CTCCTGTCTGAAGATGATCAAAC

P10-380 A2in2rvb GACTATCTCGTCTTCCTAATAATAC

P10-395 B1ex1fw CTTAAACCAATAAAAGATAAGTTTCCTCTTAC

P10-396 B1ex1rv GCGTATCCACAAAATCATCAATTAAAC

P10-397 B1ex2fw GGTAGTAATTAAAGATTTGATTATGATTTCAAC

P10-398 B1ex2rv GATAAAATTAAAACTAAAAAAAAGAGATAAATTAATGTTGC

P10-436 B2CtermSpecific1a GTAAACCTATACAGCAAGAACACG

P10-438 B2CtermSpecific2 CTTCGGTGCATTCGTTGACG

P10-399 B2ex1fw TAGTCTGTCTTCCTCTTGAAAAAAG

P10-400 B2ex1rv CATGTTTTTTTCTTTTTCGGATAAAAAGATAAG

P10-403 B2ex2fw GAGGCTAAAAGCAATTTTTAATTAATAAATACAATC

P10-404 B2ex2rv ATAATATATTTTGATTAGTTTCACCCGATATAAG

P10-408 B2ex3rv ATAATACATAGAGTAGGTTATATAGATTGAAAC

P10-411 B2ex4fw TAAACATATATACAATGTATCTAAACTTTACTTTTTTTTG

P10-412 B2ex4rv CGTCGTTCTCCATACCCT

P10-401 B2in1fw CTCGTATTGCAGCTAGTCTC

P10-402 B2in1rv GCATCTTTCTCGGACTGAAATG

P10-405 B2in2fw CCTTGAGAAAGCTTGTCCTG

P10-406 B2in2rv CTCTCCTCCCCAACAAAAC

P10-409 B2in3fw GCGCCTCAGATCTAGTTG

P10-410 B2in3rv GTCACAAGTAGACATTGTGCTC

P10-329 C1Aex3in3fw GAGATAGCTTACAAGCATTTCTG

P10-330 C1Aex3in3rv CCCTAACAAAAGAAAGAGAGATC

P10-331 C1Aex4fw CACCATTTGATATAGTTGTATTTAGTGAG

P10-332 C1Aex4rv GTAGCCACATATGGCGTC



Number Name Sequence

P10-325 C1Ain1fw GTAAATTACTACTTTTCATATTTCTATTTCGTTAC

P10-325 C1Ain1fw GTAAATTACTACTTTTCATATTTCTATTTCGTTAC

P10-326 C1Ain1rv GCGTCACAACCCTTTCAAAAATC

P10-326 C1Ain1rv GCGTCACAACCCTTTCAAAAATC

P10-327 C1Ain2fw CGCAGATTTGCTCACCATTG

P10-328 C1Ain2rv CCGCCTATAATAATAACCATTTTGTTTTG

P10-333 C1Bin1fw GTTTTATCCTTTAGATATTGATAAATCACCTC

P10-335 C1Bin2fw GAAATGATGTTGTGTTGTCTAACAATATC

P10-336 C1Bin2rv GTATGCTCCATTCATTACAAACATTG

P10-337 C1Bin3fw GACCTCCTGCCTATAATATAATAG

P10-338 C1Bin3rv GATGCCTTTGCAAAAGTTGGC

P10-339 C1Cex1fw GCTTCATGCATCTTTTTCCAATG

P10-340 C1Cex1rv CACAACGCAATAGAAATATGAAAAGTAATATC

P10-343 C1Cex2fw GTTACCGGTGGTAAAGATTTAGC

P10-344 C1Cex2rv GAGGAATTGATATATTAAAATTTAAAACAATGATTTTAAC

P10-347 C1Cex3fw ACAACGATAGCCTAAGTTTGAAAAG

P10-348 C1Cex3rv ATTAAACTATACCAAATGGTGTTTAGTTTTCT

P10-348 C1Cex3rv ATTAAACTATACCAAATGGTGTTTAGTTTTCT

P10-341 C1Cin1fw CATTATCAATGAGTTACGATCGG

P10-342 C1Cin1rv GCCTTGATTCTGTCAACCACA

P10-345 C1Cin2fw CATGCCCAAGAACTGTTTCATG

P10-345 C1Cin2fw CATGCCCAAGAACTGTTTCATG

P10-350 C1Cin3ex4rv GCAGATCGAAATCCACCAAG

P10-351 C2ex1fw CAAACCTAACCAAAGAATTTTATCTTAGAG

P10-352 C2ex1rv CAGGTTTTTTACTAGCGTTAATAAAAAGTC

P10-353 C2in1ex2fwa CACTAGATTCAATATTTTCACGTATATATTAATTAAG

P10-355 C2in1ex2fwb CAAAAGAGTTGAAATATACTAAAAATATAATCTTACTAG

P10-357 C2in1ex2fwc CAAAAGAAAACACCGGAGTTAAATAAAAATAG

P10-354 C2in1ex2rva ATCAATCATATCCGAAAACGACAAC

P10-356 C2in1ex2rvb GCGATTGGTCCATTTATAAATACTG

P10-358 C2in1ex2rvc CCATCCTATCCTGAGCTATC

P10-360 C2in1ex2rvd TCCTAAATGATGTAGTGTTGTCTAG

P10-361 C2in2fw CTTTTACAATGCTATGCATCTATACATC

P10-362 C2in2rv CGCCTATTTTATTTTCATTTTCAAGTAAACAAT

P10-365 C2in3ex4fwb CAACAAATACTATGTGAATCTCAAAGAG

P10-364 C2in3ex4rva CTCGGACCAAAGGGATAG

P10-366 C2in3ex4rvb GTAGTAAAGAAAAAGATAACATTGATCATTTATTATTAG

P10-549 contig01350fw CAACTCCAACTCCAAGTCTATTC

P10-550 contig01350rv GATCAAATCTTATTCTCACCGAATC

P10-551 contig02021fw AAGAGTATTGAGAAACAAGATCGAG

P10-552 contig02021rv AACAGAAAACATCACTTTCCGAC

P10-545 contig04791fw TCTCACTTTCTCTCTTCCGC

P10-546 contig04791rv CATATAGATTTATGTGTTTTAACATTAACCAAAAAC

P10-543 contig06117fw CTTCTTCTTTCTTCTGGATCTAG

P10-544 contig06117rv CCCAAAACATCTCTCATTTTTATTTCG

P10-555 contig08562fw GTAATGGCAAGACTCACTAGC
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P10-556 contig08562rv CCCAATACTTTCCTCATTTCAAGA

P10-547 contig17517fw CAACAACAACTTTTACAAAGCTCAAAG

P10-548 contig17517rv CTATAGCAAGCTTATTCCATAAAATAAGTG

P10-439 E5CtermSpecific1 CAGCAGCAACACGTTATCG

P10-440 E5CtermSpecific2 CGTTCTTCGGAGCATTCGC

P10-383 E5ex1fw CTCAAATCATAGTCTATCATCCTC

P10-384 E5ex1rv GTCATGGTTTTTTTTTATTAATAATAAAAACATAAGTTAAG

P10-387 E5ex2fw CAAGTACAATCGTCATATAACGTATAATATC

P10-388 E5ex2rv GACGTCAAAATTTCATAACATATTTTTATTAATTTCAC

P10-393 E5ex4fw GAATTATAAGATAAGATGGTAAAACGACAAAAC

P10-394 E5ex4rv CCCATCCTAATCATTGCATCAG

P10-385 E5in1fw GCCCATCTGTTTTCAATATTATTAAGAATG

P10-386 E5in1rv GGTTCGGAACGATTTGGAAG

P10-389 E5in2fw TAGAACAGTGTCTTGTGCAGATA

P10-390 E5in2rv CTCCCCAACGGAACTG

P10-391 E5in3fw TTAAAAAAGCTTTTGCTGACGTTGGTT

P10-392 E5in3rv GAGCTGTCACAAATAGGCATC

P10-432 gWalkingAdaptorStrand1 GTAATACGACTCACTATAGGGCACGCGTGGTCGACGGCCCGGGCTGGT

P10-433 gWalkingAdaptorStrand2a GATCACCAGCCCCT

P10-434 gWalkingAdaptorStrand2b CCGGACCAGCCCCT

P10-435 gWalkingAdaptorStrand2c AGCTACCAGCCCCT

P10-218 HRPA2_3UTR_rv CCAGAGCTTGCCATTATGTG

P10-219 HRPA2_Cterm_fw CACAATAGCGGTTGTTACCTC

P10-073 HRPA2_Cterm_rev1 CAACTTCCATTAACCTTCTTACAGTC

P10-116 HRPB1_Cterm_rev CCAAATATTCTTAAGTAATGTTTCGAGAAC

P10-103 HRPB1_ex1_rev GATCTGATCTTAGCTCGTTCAC

P10-106 HRPB1_ex2_fw CTGTGATGCATCGATTTTGTTAG

P10-107 HRPB1_ex2_rev CTGCGCATGATACGGTTC

P10-110 HRPB1_ex3_fw CAGGAGGTCCTTCTTGG

P10-111 HRPB1_ex3_rev GTCCAACATTACTAAAGCTGGC

P10-115 HRPB1_ex4_fw2 CAACTCGCTGCTCCATG

P10-114 HRPB1_ex4fw1 GGTCACACATTTGGTAAAAACCAATG

P10-104 HRPB1_in1_fw GTGAACGAGCTAAGATCAGATC

P10-105 HRPB1_in1_rev GCTGCATCTTTCTCTGTTCG

P10-108 HRPB1_in2_fw GAACCGTATCATGCGCAG

P10-109 HRPB1_in2_rev CAAGATCAAAAAATGCTTGTACGC

P10-112 HRPB1_in3_fw GCCAGCTTTAGTAATGTTGGAC

P10-113 HRPB1_in3_rev GTTACTAAAGTTGTATAGTCTGTCC

P10-075 HRPB1_Nterm_fw CAACTTAAACCAATAAAAGATAAGTTTCCTC

P10-001 HRPC1A_ex1F CGTTTTGCCTATAAAAGGATTC

P10-002 HRPC1A_ex1R AAATGATAAATGTAATTAGACAGTATG

P10-003 HRPC1A_ex2F GACAAAAATGTTACATTGTTGC

P10-004 HRPC1A_ex2R GTGTTGATATGTAAAGTGACTATTTG

P10-005 HRPC1A_ex3F CACATATTTTTCTCTTAACACATTG

P10-006 HRPC1A_ex3R CTAAATACAACTATATCAAATGGTG

P10-008 HRPC1A_ex4R GATAGAGATCTTCTCATGCTC
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P10-017 HRPC1B_ex1F GGATTATATAAGATATGGACCTTAC

P10-018 HRPC1B_ex1R CAAAACAAATTGACTCTTTGTATC

P10-019 HRPC1B_ex2F GTTAGCTATGGATGTAATACATG

P10-020 HRPC1B_ex2R GAACAGTTGTTGATACTAAATATAG

P10-021 HRPC1B_ex3F CTTCCGAGTGACAAATTAATCTC

P10-022 HRPC1B_ex3R CTAATTGAACTTATATCAAATGGTG

P10-023 HRPC1B_ex4F CACCATTTGATATAAGTTCAATTAG

P10-024 HRPC1Bex4R CTTCTCCTTCTCAAGTAACATC

P10-228 HRPC1C_ex1_rv CACTTCCACGACTGCTTTG

P10-231 HRPC1C_ex2_fw GGTTGTGACGCATCGATC

P10-232 HRPC1C_ex2_rev CAGATTGTTGAGCTGCAATGG

P10-235 HRPC1C_ex3_fw GCAGGAGGTCCTTCTTG

P10-236 HRPC1C_ex3_rv GAGAGCAACGAGATCAGAAG

P10-239 HRPC1C_ex4_fw1 GGTCACACATTTGGTAAAAATCAATG

P10-240 HRPC1C_ex4_fw2 GAACTCAAGGAGAAATCAGGTTG

P10-188 HRPC1C_fw2 GCTTCATGCATCTTTTTCCAATG

P10-229 HRPC1C_in1_fw CAAAGCAGTCGTGGAAGTG

P10-230 HRPC1C_in1_rv GTTCGAAATGATGTTGTGTTGTC

P10-233 HRPC1C_in2_fw CCATTGCAGCTCAACAATCTG

P10-186 HRPC1C_rv2 CACACTACACACCAATAAAGATATTC

P10-009 HRPC2_ex1F CACTCAACTTCAAACCTAAC

P10-010 HRPC2_ex1R GAAGTACTTAAACAGGTTTTTTACTAG

P10-011 HRPC2_ex2F GATTTAACTATGAATATGGTAGTTG

P10-012 HRPC2_ex2R CCTAAAAATTAAAATCAATAAGATGATATG

P10-013 HRPC2_ex3F CATATCATCTTATTGATTTTAATTTTTAGG

P10-014 HRPC2_ex3R GAGTTTATTAATGACTACAACTATAG

P10-016 HRPC2_ex4R CTATAGTTGTAGTCATTAATAAACTC

P10-195 HRPE5_rv1 GATATATATTCCCAACATAATCACATAGAAC

P10-449 newC1CNtermSpecific1a GTAACTCATTGATAATGATGTCCC

P10-450 newC1CNtermSpecific2 TCATTGATAATGATGTCCCGTACTATG

P10-451 newNNtermSpecific1a GACAATTTGTAAAAGATTCGGGCAC

P10-453 newNNtermSpecific2 GTGCCCTAACCGCTGAAC

P08-483 pJET1.2fw CGACTCACTATAGGGAGAGCGGC

P08-484 pJET1.2rv AAGAACATCGATTTTCCATGGCAG

P07-514 RT-synPDI-rev ACTTGGACGATAACTGGCTCTTTAG

P09-338 Zeocin:fw GACTCGGTTTCTCCCGTGACT

P09-337 Zeocin_rv CTGCGGAGATGAACAGGGTAA

P12022 23190F1 GGAACAACAAGAAGCAGAGAAGAGAGAG

P12023 23190F2 CGACTGAAACAACAAAAAATGGCAATG

P12024 23190F3 ATGGCAATGAGTTATTCGATACGTGTC

P12025 23190R1 GAGATAGTCTTAGGCATTCCACAAACC

P12026 23190R2 GTTATTTTAGATCATGGAAAGAGCTTCC

P12027 23190R3 GGATATGAAACTTGCGGTGTTTCTGG

P12028 04663F1 CAAAGCTCTATCATTATTTGCAACAAAC

P12029 04663F2 CTGATTAATGGCTGCAACAAGCTCTTC

P12030 04663F3 ATGGCTGCAACAAGCTCTTCTACTAC
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P12031 04663R1 GACTGAGCAAAAGCCTCAAAAAACAGG

P12032 04663R2 GTTTGGTTACTTGCAAAGGATTACAATC

P12033 04663R3 CTTGCAAAGGATTACAATCGCGATGG

P12034 06351F1 GATTACAAGATTTAAGATAGAAAATAATAAGATGG

P12035 06351F2 GATGGTTAGGGCAAATTTAGTGAGCG

P12036 06351F3 GCAAATTTAGTGAGCGTGATTCTGTTAATGC

P12037 06351R1 GGAGCATAAATACAAAAATCGGCCTAGGC

P12038 06351R2 GACATTATGACTCGAATTAATGACAGAGTAGG

P12039 06351R3 AAATCGGCCTAGGCTTAGTTAATAGTCC

P12040 05508F1 CTAAAAACACACTTGATCTTCTCTAAAACATCG

P12041 05508F2 CACTTGATCTTCTCTAAAACATCGAAACATAAATAC

P12042 05508F3 ATACAAGATGGGTTTGATTAGATCATTATGC

P12043 05508R1 ATCGGTTAATTAATTAATCGCAGAGCAAACC

P12044 05508R2 CACCACTGATTTTAATCGGTTAATTAATTAATCG

P12045 05508R3 CAAACCTTACGAATTTCCCCATTAGTCC

P12046 22489F1 CACTTGATCTTCTCTAAAACACTAAAATTATATATCC

P12047 22489F2 CACTAAAATTATATATCCAATATGGAGTTTGTTAG

P12048 22489F3 CCAATATGGAGTTTGTTAGATCATTATGC

P12049 22489R1 TCTGTTTATCACCACTGATTTTAATCGG

P12050 22489R2 GCAGAGCAAACCCTACGAATTTCC

P12051 22489R3 GATTTTAATCGGTTAATTAATTAACCGCAGAGC

P12195 23190seqF1 GAGAACAATCATCGATCCCGAAC

P12196 23190seqF2 GTCAACAAGCCTTTGTTGTCATCAATAACC

P12197 23190seqF3 CATCGGAATTGCGCATTGTCCGTC

P12198 23190seqF4 CAAGATCCAACCATGAACAAGTCTTTC

P12199 04663seqF1 CCATCGTACGCAGCACTATCCAGC

P12200 04663seqF2 GCAAGCTCTTCAATCCGACCCGAG

P12201 04663seqF3 TTGCCTCAGAGGCTTCCGTGTCTTTG

P12202 04663seqF4 CCTTCGAAGGCCTTAACAACATCAC

P12203 06351seqF1 GCTCTTCAAGCCGATCCCACTTTAGC

P12204 06351seqF2 CCACTTTAGCCGCAGGTCTTATACG

P12205 06351seqF3 CCTTTGGCAACCGTGGCTTCTCTCC

P12206 06351seqF4 GCAAGATGTTGTTGCTCTCTCTGG

P12207 05508seqF1 GCACCCGGAATATTGAGAATGC

P12208 05508seqF2 GCATTTCCACGACTGCTTCGTTCAAG

P12209 05508seqF3 CGTGACTCCGTCGCCGTTCAACAAC

P12210 05508seqF4 CAGTGCGCGTGGATCTCGATAC

P12211 22489seqF1 GGAATATTGAGAATGCATTTCCACG

P12212 22489seqF2 CGACTGCTTCGTTCTAGGTTGTGACG

P12213 22489seqF3 CGTGACTCCGTCGCCGTTCAACAAC

P12214 22489seqF4 CGACACCGGAAGTGGAACCAC

P12320 05508seqF5 ATGTGAGAAACGTTTTACGTGCGTG

P12321 05508seqR5 TTAACATGAAGAGTTTCTCAACG

P12322 05508seqR6 CATGAAGAGTTTCTCAACGTTAATTTTTCG

P11114 03523noSSfw1 ATATCTCGAGAAGAGAGAGGCCGAAGCTAGACTGACTACCAACTTCTAC

P11115 03523noSSrv1 TATAGCGGCCGCATTAGTTGATTG



Number Name Sequence

P11116 04663noSSfw1 ATATCTCGAGAAGAGAGAGGCCGAAGCTCAGTTGAACGCAACCTTCTAC

P11117 04663noSSrv1 TATAGCGGCCGCATTACTTACACAAG

P11118 05508noSSfw1 ATATCTCGAGAAGAGAGAGGCCGAAGCTCAAGCTATCTCCATTTCCATTAC

P11119 05508noSSfw2 ATATCTCGAGAAGAGAGAGGCCGAAGCTACCATCAGAATTGGTTTCTACCTTAC

P11120 05508noSSrv1 TATAGCGGCCGCATTAGTTGATAGC

P11121 06351noSSfw1 ATATCTCGAGAAGAGAGAGGCCGAAGCTTTCCCATTCCACGCCAGAGGTTTG

P11122 06351noSSrv1 TATAGCGGCCGCATTAGTTGATGGTTC

P11123 23190noSSfw1 ATATCTCGAGAAGAGAGAGGCCGAAGCTAAGAAGCCACGTAGAGACGTTC

P11124 23190noSSfw2 ATATCTCGAGAAGAGAGAGGCCGAAGCTGGTTTGTCATGGAACTTCTAC

P11125 23190noSSrv1 TATAGCGGCCGCATTAGATCATAGAAAG

P11126 22489noSSfw1 ATATCTCGAGAAGAGAGAGGCCGAAGCTCAGGCTGCCGCTAGAAGACCAG

P11127 22489noSSfw2 ATATCTCGAGAAGAGAGAGGCCGAAGCTGGTACTAGAATTGGTTTCTACTTAAC

P11128 22489noSSrv1 TATAGCGGCCGCATTAGTTGACTGCTG

P11129 04791noSSfw1 ATATCTCGAGAAGAGAGAGGCCGAAGCTAGATTGACTACCAACTTCTACTCTAAG

P11130 04791noSSrv1 TATAGCGGCCGCATTAATTGATAG

P11131 06117noSSfw1 ATATCTCGAGAAGAGAGAGGCCGAAGCTGACGACGAGTCCAACTACGGTG

P11132 06117noSSfw2 ATATCTCGAGAAGAGAGAGGCCGAAGCTAAGTTGTTCCCTGGATTCTAC

P11133 06117noSSrv1 TATAGCGGCCGCATTAAGAGTTGATC

P11134 17517noSSfw1 ATATCTCGAGAAGAGAGAGGCCGAAGCTAGAAGACCTAGAGTTGGTTTC

P11135 17517noSSfw2 ATATCTCGAGAAGAGAGAGGCCGAAGCTAGACCTAGAGTTGGTTTCTAC

P11136 17517noSSrv1 TATAGCGGCCGCATTAGTTGATGGC

P11137 08562noSSfw1 ATATCTCGAGAAGAGAGAGGCCGAAGCTGACAAATCCTACGGTGGAAAG

P11138 08562noSSfw2 ATATCTCGAGAAGAGAGAGGCCGAAGCTAAGTTGTTCCCAGGTTTCTAC

P11139 08562noSSrv1 TATAGCGGCCGCATTAAGAGTTGATC

P12518 04663R6 ACACAAATGATTCAGCTTAGGAG

P12519 04663R7 GATTCAGCTTAGGAGTAATTATTCATGTATC

P12520 04663R8 CATGTATCATAAACAAACGGTG

P12521 04663R9 GTATCATAAACAAACGGTGAAACTGATCC

P12522 C3F1 GATTCACACCATCAGCCACAC

P12523 C3F2 CGCCTTAGCTAGATTCACACC

P12524 C3F3 GTTCCTTCTACGCCTTAGC

P12525 C3F4 CTCCAGCTACTCTATATAGTGTTCC

P12526 C3F5 CACATATAGAATAGAGGCCAAAAGG

P12527 C3F6 CATCGCCTCTCAAATATCAGTGC

P12528 C3F7 CTTCGATTTGGCTAATACAGCTCTTC

P12529 C3F8 CAACTGACAAACCATAAAAACTTAAACATGC

P12530 C3F9 GAATTAGGGGTATGGAGAACGATG

P12531 C3R1 CGACATGCATGTTCCCACACATTTTATG

P12532 C3R2 GTGAGAGCTTTTATTTAGTCGACATGC

P12533 C3R3 CACAAGTCATAACTCGTGAGAGC

P12534 C3R4 CAGTTGTAATCTCACAAGTCATAACTCG

P12535 C3R5 CTTTTCTTTCCTTTGGTTTTTTCAGTTG

P12536 C3R6 GAGTCGAGAAGAGCTCTTGG

P12537 C3R7 AAAGTCATGATTTTTTCGTTTTACTAATTCATG

P12538 C3R8 GCTTGAAGACATTTTGTTTGAGATGG
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