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Abstract- Polyphenol oxidases (PPOs) are copper-binding enzymes that oxidize polyphenols to quinones. PPOs are ubiquitous in plants, but, -
knowledge on their evolution and diversity in cereals is explored to a limited extent. This study reports their distribution and diversity in maize,
sorghum, barley and millet. We have identified additional PPO proteins in the four crops than those previously reported. In all, 27 PPO were
studied and an overall sequence identity across the species ranged between 30-99%. In addition to several variants of ‘HxxYC’ motif, a novel
motif (HRxYxxFxER) that begins with third conserved histidine residue of ‘Copper A’ is reported. Another tri-peptide motif, ‘AGS’ was found to
be 100% conserved. Twin-tyrosine (YxY) motif was substituted by ‘FTY’ or ‘YRF’ matif in four millet and one barley sequences. Among the 27
PPOs, 7 proteins were predicted to be synthesized via secretory pathway. PROSITE Scan analysis identified several domains including Zinc
finger C2H2-type, Immunoglobulin [Ig]-like, and ‘TAT" signal. Phylogenetic analysis revealed two major clades and also indicated a non-
species specific diversification of the cereal PPOs investigated. Overall, our study analysed the diversity among the four cereal PPOs, it is
observed that their number and distribution is consistent with their implications in different roles.
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Introduction

Polyphenol oxidases (PPOs) are copper-containing enzymes with
diverse phylogenetic distribution in plants, animals, bacteria and
fungi [1]. PPOs are nuclear-encoded proteins that are synthesized
as a precursor cytosolic protein, processed into mature proteins and
transferred to plastids [2,3]. PPOs are of three types: (i) cresolases
(monophenol oxidase) (i) ortho-diphenol: oxygen oxidoreductase
(catecholase) - mostly occur as multi-gene families and (iii) laccase-
like multi copper oxidases [4]. PPOs hydroxylate monophenols to
ortho-diphenols followed by dehydrogenation to ortho-quinones.
The quinones either undergo self-polymerization or react with nu-
cleophiles to produce dark colored pigments that are mostly unde-
sirable [5].

PPOs are expressed in diverse tissues and conditions suggesting
their involvement in varied processes [6]. PPOs have been implicat-
ed in several processes including: (i) time-dependent darkening of
cereal-based food products [7] (ii) defense against pests and patho-
gens [8,9] (iii) in latex coagulation [10], phenyl propanoid [11] and
betalain [12] biosynthesis. PPOs limit the pathogen translocation by
forming a physical barrier formed due to conversion of phenolic
compounds by PPOs. Further, the ortho-quinones produced can
bind proteins, reducing their digestibility and nutritive value to herbi-
vores [13], thereby decreasing the pest incidence. Undesirable
darkening or browning of food products reduces their nutritional
quality/appearance, consumer acceptance and causes significant

economic impact.

PPOs usually contain an N-terminal chloroplast transit peptide
(cTP), a dicopper center, and a C-terminal region [14]. Generally,
the cTP is of ~80-100 amino acid length, it regulates the import of
mature PPO into the thylakoid lumen via the ‘twin-arginine’ depend-
ent (Tat) pathway [15]. Interestingly, a signal peptide involved in
secretory pathway has also been identified and vacuolar localiza-
tion of snapdragon/poplar PPOs was demonstrated [16,17]. The
two copper binding domains (Cu A and Cu B) of PPOs are each
bound by three conserved histidine residues and form the active
site [18]. Among the two domains, CuA is more variable than CuB
and this probably affects the substrate specificity [11]. The proteo-
lytic cleavage of C-terminal fragment (seen in Vitis vinifera and
Vigna faba) may facilitate activation of latent PPO [19]. The molecu-
lar weight of latent PPO is ~65-70 kDa, which is reduced to <60
kDa upon its import in to plastids [14,20].

Molecular characterization of PPOs in plants suggested the pres-
ence of multi-gene and mostly intronless PPO families (tomato/
potato - seven and five single-exon PPOs respectively) [21,22]. But,
presence of introns in PPOs has been reported in monocot species
like wheat and pineapple [23]. Though PPO sequences have been
reported in several crops, little is known about PPOs in cereal
(maize/barley/sorghum/foxtail millet) crops. Further, diversity in
PPO’s occurrence and structure in these crops has never been fully
captured or reported. Therefore, we have taken advantage of the
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recent progress made in PPO research and genome sequencing
efforts to study the multi-gene families of different cereal and millet
PPOs. We compared and characterized 27 PPOs in four economi-
cally important cereal crops grown in different agro-ecological
zones of the world. In the text of this manuscript foxtail millet will be
referred to as ‘millet. The major objective of the present effort was
to gain insights into the conserved domains/motifs present in PPOs
that will aid in better understanding PPOs and the varied roles they
are mostly implicated in.

Materials and Methods

Initially two wheat PPO proteins (AAT06523 & AEY79824) were
utilized to search for PPO homologs from other cereals of interest
including maize (Zea mays), sorghum (Sorghum bicolor), barley
(Hordeum vulgare) and finger millet (Setaria italica). ‘Basic Local
Alignment Search Tool P (BLASTP)’ of ‘National Center for Biotech-
nology Information (NCBI - http://blast.ncbi.nim.nih.gov/Blast.cgi)
was used for identifying PPO sequences from the 4 crops. BLASTP
software tool was used to identify maximum number of PPO se-
quences. The obtained sequences were exported to ‘San Diego
SuperComputer Center (SDSC) Biology WorkBench (http:/
seqtool.sdsc.edu)’ for preliminary sequence analysis. CLUTAL W
tool was used to perform ‘Multiple Sequence Alignment’ of the iden-
tified PPOs [24]. After the preliminary sequence alignment, se-
quences <475 amino acids in length and those that were duplicated
or identical to other sequences were not considered for further anal-
ysis.

‘Multiple Sequence Alignment’ was done using ‘Clustal W’ function
of MEGA 6.0 [25] using progressive alignment method. In this meth-
od most similar sequences with the highest alignment score are
aligned first. Later, progressively farther group of sequences are
aligned until a global alignment is obtained. Default parameter set-
tings with a delay divergent cutoff of 30% was utilized for sequence
alignment. PROSITE Scan was used to compare all 27 protein se-
quences with default parameter settings for searching patterns and
profiles (www.ebi.ac.uk/Tools/pfa/ps_scan) [26,27]. Target and
signal peptide prediction was done utilizing TargetP 1.1. TargetP
1.1 is a tool based on neural networks for prediction of sub cellular
localization [28]. TargetP 1.1 predicts chloroplastic ‘Transit Pep-
tide’ (cTP), mitochondrial ‘Transit Peptide’ (mTP), and secretory
‘Signal Peptide’ (SP).

The phylogeny was inferred by using the maximum likelihood meth-
od based on the Jones-Taylor-Thornton (JTT) matrix-based model
[29]. The initial tree for maximum likelihood was formed automati-
cally using default neighbor joining matrixes. The bootstrap consen-
sus tree inferred from 1000 replicates is taken to represent the phy-
logeny of the sequences analyzed [30]. The ‘Nearest-Neighbor-
Interchange’, a heuristic method was used to improve the likelihood
of a tree. Branches corresponding to partitions reproduced in less
than 50% bootstrap replicates are collapsed. All positions contain-
ing gaps and missing data were eliminated [31]. A polyphenol oxi-
dase from nitrifying bacteria Nitrosomonas europaea (GenBank
accession CAD85152) was used as an out-group to construct a
rooted tree.

Results

Significant developments have taken place in the recent past in the
field of sequencing (genome/expressed sequence tags ‘EST'/gene)
in several important crops. Therefore, we have taken advantage of
these and other developments in performing a detailed analysis of

PPOs in four important cereal crops. This search resulted in identifi-
cation of additional multiple genes in these four crops. The pub-
lished sequences of wheat PPOs were used to identify PPOs from
different crops and these identified (crop specific) were further uti-
lized to unearth the additional PPOs among the respective crops. In
total, 27 PPO protein sequences (sorghum-9; maize-8; millet-7;
barley-3] were identified and overall sequence identity among these
ranged between 30-99% over a minimum amino acid length of 480.
Wide variation in within crop PPOs (barley-39-74%; sorghum/
maize/millet - 30-99%) was also observed (data not reported).

Multiple sequence alignment of the PPOs using MEGAG.0 revealed
important conserved domain in all the sequences. Both the Cu-
binding domains (A & B) were identified by presence of at least
three conserved histidine (H) residues. The ‘HxxYC’ motif contains
the first conserved ‘H’ residue of Cu-A domain [Fig-1]. The region
between ‘HxxYC’ motif and third conserved ‘H’ is highly variable
[Fig-1]. A 'HCAYC’ motif is the most common one and others in-
clude ‘HEAYC’, ‘HQSYC’, HQAYC, or ‘HESYC ". ‘HQAYC’ motif is
observed in three PPO sequences (maize 10; sorghum 4/2) which
are grouped together [Fig-1],[Fig-2]. Similarly, two maize PPOs
(maize 4/7) contain ‘HQSYC' motif and these two are clustered
together [Fig-1],[Fig-2]. Interestingly, sorghum PPO 3 and millet 2
contain ‘HESYC’ and ‘HEAYC’ motifs respectively; they are clus-
tered separately [Fig-2]. In addition to this we report a novel motif
that begins with the third conserved ‘H' (HRxYxxFXER). Millet PPO
sequence 2 contains a distinct ‘HRMYLYFYER’ motif which is not
present in any of the analyzed sequences [Fig-1]. Two other major
modifications of the novel motif include ‘HRMYIYFYER' and
‘HRAYLYFFER'’ [Fig-1]. The first two conserved histidine residues
of the ‘Cu B’ domain form a ‘HxxxH' motif. Between the second and
third conserved histidine residues either tryptophan, phenylalanine
or proline are completely conserved along with aspartic acid [Fig-3].
In the ‘Cu-B’ domain, ‘HGPVH'’ is the most common motif and it
presentin 11 PPOs sequences [Fig-3]. It is interesting to note that 5
of the 7 millet PPOs and 50% of the sorghum PPOs have this par-
ticular motif in common [Fig-3].

PPO_DWL (Pfam12142) and PPO_KFDV (Pfam12143) domains of
50 and 140-150 amino acid length respectively constitute the C-
terminal end of PPO [Fig-4],[Fig-5]. Further, a twin-tyrosine (YxY)
motif is observed in all the sequences except five (‘Millet 4/5/6/7’
and ‘Barley 4’) [Fig-4]. In the four millet sequences, first tyrosine
residue in the 'YxY’ motif is substituted by another aromatic amino
acid, phenyl alanine ‘F’ (FTY motif) [Fig-4]. Interestingly, in the
‘Barley 4' sequence the last tyrosine residue in the ‘YxY’ motif is
replaced by ‘F’ (YRF). A glutamic acid rich motif was observed up-
stream of PPO_KFDV domain in several PPOs (data not shown).
Interestingly, an ‘AGS’ motif that is 100% conserved in all the PPOs
analyzed was identified. In several sequences a histidine residue is
conserved at the C-terminus of ‘AGS’ [Fig-5]. Four and three con-
served histidine residues are detected immediately at C-terminus of
‘AGS’ motif in Maize 5/Sorghum 8’ and ‘Millet 1’ respectively [Fig-5].

As stated above PPOs contain transit/signal peptides at the N-
terminus of the sequence. Among the 27 cereal PPOs analyzed, 20
of them contained a chloroplast transit peptide (cTP) at the N-
terminal [Table-1] and the other seven sequences were predicted
by TargetP1.1 to be synthesized via secretory pathway [Table-2].
The cTP (except for ‘Maize 3" and ‘Barley 3') and signal peptide
length mostly ranged between 26-52 and 19-41 amino acids re-
spectively [Table-1],[Table-2].
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Maize 1 G———RRGRDS-—VARYRRAVATL n 13
Maize 10 T LS—————-— REYQERYREAVAFR I ! D
Maize g ~ VD—————— AEYVARYEFRAVAT 13 E D
Maize 7 LD—————— PEYQERYREAVGE I 1 D
Maize & = G———RLGADS-—-VARYARAVAL 13 ﬁ 123
Sorghum 1 VD————-——EEYLARYERAVAIL H 1 D
Barley =2 E —————— AESLARYERAVATL H I D
Barley 4 ~ ————— AAEHMARYERATIAT ! 'i 1
Barley 3 u —————— AGHLARYERAVATY H H D
Millet 4 ~ ****** QEHLARYERAVSL) H H D
Millet 5 ~ —QEHLAERYERAVSI H H D
Millet & ! —————— CQEHLARYERAVSL H H D
Millet 7 BVRPARHLVD--—----— QEHLAEYERAVSLY ! ARYDOVGFPN—————————————— [ D
Maize 5 BRTRPARHVT-—----— TDYVARFNAGIARL ! GBYSPEGFPG—————————————- 1
Sorghum % S3G3GSGTDNSVVARYRRAVALY H n 13
Sorghum &  ETRREVEVVG—————— AEYMARYRRAVATY H ! 13
Sorghum &  RTRPARESVT---—-—— LDYVARFNAGIRE H 123
Sorghum 5 ~ —————— EEYVARYERAVAL H 1 D
Sorghum 4  BVRCAVEHLLS-———-—— RENQERYERERVAE il D
Sorghum 2 H —————— AEYQRRYREAVRE il D
SD].Cg'hL:Im 2 u —QEYQEEYERELTSF il D
Maize 4 ! —————— PEYQERYREAVGE 1 D
Maize 3 ~ —————— SRYVRAEYERAVAT ] GRYGOAGFPD—————————————— 1 D
Sorghum 7 VD——————EEYVARYERAVAL GARFDOVGEPD— 1 D
Millet 3 = D-——--AGRAG-DMARLRRAVAT, GRHROAGRPE— I 13
Millet 1 12 BV —————— ADYVARLNAGIAR L, GBYSPNGFPR— a 1
Millet 2 E AD—————— PETVEEYRRALAF GHYRYGGGGE————————————— | D

Fig. 1- Multiple sequence alignment of conserved CuA domain of different PPOs as identified using ‘Molecular Evolutionary Genetics Analysis
(MEGA 6.0)".

oo Sorghum 5

Sorghum 7
Sorghurmn 1
Maize 9
Millet 4
Millet 5

100 | Millet 6
Millet 7
Barley 2

=] Barley 3

a5

Maize 3
gﬂ;[ Maize 5
100 L Sorghum 8
L— Millet 1
Barley 4
Sorghum 6

Millet 3
Sorghum 9

a7

B

a1 Maize 1
100! Maize 6
Millet 2
100 Maize 4
100 Maize 7

Sorghum 3

-] Sorghum 4
100 Maize 10
43 L Sorghum 2

Nitrosomonas europaea

Fig. 2- Maximum likelihood tree showing phylogenetic relationships among different cereal PPOs.
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PROSITE Scan’ analysis of the 27 sequences identified several
additional (to those described above) domains/profiles [Table-3].
Zinc finger C2H2-type domain signature (PS00028) was observed
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in three sequences: ‘Maize 1, 6’ and ‘Barley 4'. Similarly, ‘Maize 4, ‘Millet 2’, and ‘Sorghum 2, 3'.
7’ contained an ‘Immunoglobulin (Ig)-like domain’ (PS50835). Fur-

LI B o R B R N O I A |

e [ Y o O T N Y O I e 31

(R S )

VWAGDLSQ-—————————————————————— PNHENMGTYYSARRDPIFFFE
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ISGDPRQ———--—————————————————— PNGELDMGNEY SAARDPLEFA
Q5QG VEVWIT GRAN-—--PATCSAEQGGEVVGH--DGKPHCQVDMGEF LGTAGRDPLEY S
PGAGTVELSE VWAGDLSQ PNHENMGTYY SAARDPIFFF
PNGELDMGNEY SAARDPLEFA

PNREDMGNEY SARRDPIFFA

RNVEDMGTYYSAGRDPLEYFE
WIGDPRAQ-——————————————————————— PNGEDMGNEFY SARRDFPIFFA
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VWTGNPSL-——--—————————————————— PNGELDMGNEY SEARDPAFFA
——————————————————————— PNGELDMGNEY SEARDPAFFA
SL—————————————————————— PNGELDMGNEY SEARDPAFFA
————————————————— PDGEDMGNEY SAGFDPLEYA
————————————————— ANHENMGAYYSRAARDPIFYE
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IWCGED PN" ——————————————————————— PHGEDMGNEFY SAGFDPLEYA
FWsSGDPSQ-——--—————————————————— PNNEDMGNEY SAARDPLEFFA
VIWVGK————PTTKPCDASTGGVLSH-KDGAFNCNNDMGEFLGTAGNDPVEY 3
-AQGTLERMA \ AGRSSP-FAPATCTVDGGGEVVAH--DGKPHCNNDMGELGTAGRDPLEY S|
SSMESLERMA L VRV WVGKAGPTPATATCSEASGGVPNHSKGGVYSCNNDMGEFLGTAGRDPLEY S
Q3QGTLERMA (TGRAN-———PATCSARQGEVVGH--DGEPHCQVIMGEF LGTAGEDPLEY 5
WEDPTQ-——---——-—-—-—-————————————— PNGELDMGNEY SAARDPVEFA
——————————————————————— PNNELDMGNEY SEARDPLEFA

GTSGSLESMARTSVEVWTGDPG———————— SSTTG--———-

ther, a ‘TAT’ signal (PS51318) was detected in several sequences
including ‘Millet 1, 5, 7" and ‘Sorghum 1, 5, 7'. Insect “Larval Stor-
age Protein (LSP; PS00210)’ signature was found in ‘Maize 4, 7',

Fig. 3- Multiple sequence alignment of conserved CuB domain of different PPOs as identified using ‘Molecular Evolutionary Genetics Analysis

(MEGA 6.0)".

Fig. 4- Conserved DWL domain of different PPOs as identified using ‘Molecular Evolutionary Genetics Analysis (MEGA 6.0)".
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Fig. 5- Conserved KFDV domain of different PPOs as revealed by ‘Molecular Evolutionary Genetics Analysis (MEGA 6.0)'.
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Fig. 6- Phylogenetic relationships of different cereal PPOs.
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Table 1- Chloroplast transit peptide (cTP) identified among different Most of the sequences (except ‘Maize 10’ and ‘Sorghum 4’) in clade
cereal PPOs using ChloroP 1.1 ‘2" have LSP signature profile. Further, millet sequences in which
the twin-tyrosine motif is not conserved (FTY instead of YxY; ‘Millet

GenBank Accession Length cTP cTP- length : ] > )
Maize 3 NP 001149552 480 v 19 4,5, 6, T’) are clustered in to a distinct clade [Fig-6]. It is observed
Maize 4 NP 001142971 645 v 46 that none of the analyzed cereal PPOs form a separate clade based
Maize 5 DAAST297 57 v 39 on species specificity except for some sequences in millet (4, 5, 6,
Maize 7 AFWB1050 645 y 46 7)and sorghum (1, 5, 7) [Fig-2]. But, several of the analysed PPO
Maize 9 AFW59173 546 y 52 sequences from across species showed high percentage of se-
Maize 10 AFW56923 613 y 36 quence similarity. Some of the PPOs showed single amino acid
Millst 1 XP 004972211 504 Y 37 change in the entire polypeptide sequence ex. sorghum PPOs 5/7,
Millet 2 XP 004974375 600 Y 40 millet PPOs 4/5/6/7 and maize PPOs 4/7 (data not shown). Further,
Millet 4 gAP82254 571 Y 44 Sorghum PPO 1 had a 13 amino acid difference with sorghum
Millet 5 BAP82255 571 \% 44 PPOs 5/7. Similarly, other PPO sequences like maize 1 and 6 had
Millet 6 BAP82256 571 Y 44 only 4 amino acids difference in the entire polypeptide length. Bar-
Millet 7 BAP82257 571 Y 44 ley PPOs 2/3, sorghum 2 and maize PPO 3 are quite variable re-
Barley 3 BAK03848 581 Y 15 gions in the entire polypeptide length in comparison to most other
Sorghum 1 AHX26180 554 Y 26 sequences in the clade and this is also shown by clustering of se-
Sorghum 2 EES14670 623 Y 38 quences [Fig-2]. A 43 amino acid difference was observed between
Sorghum 3 EES13482 659 Y 50 maize 5 and sorghum 8.
Sorghum 4 EES13481 616 Y 41
Sorghum 5 EES11272 566 Y 38 Table 2-Target peptides identified among different cereal PPOs
Sorghum 7 XP_002446944 566 Y 38 using TargetP 1.1
Sorghum 8 EES03743 598 Y 39 Sequence GenBank Accession  Length  Localization TP length
Note: "Y' and '-' refers to presence and absence of cTP (chloroplast transit Maize 1 ACG28948 569 S 26
peptide) Domain respectively Maize 6 AFW87458 569 S 26
Phylogenetic analysis revealed two major clades [1,2] [Fig-2],[Fig- Barley 2 BAJ1081 575 M 37
6]. The 1st larger clade is divided into two smaller clades (1A/1B), Barley 4 BAJO0T44 580 S 22
which are further sub-divided (a, b, c). Interestingly, the nodes at Milet 3 XP_004965883 604 M 19
the base of both larger and smaller clades were mostly well sup- Sorghum 6 EES03688 591 S 2
ported and robust (boot strap values >80%). The sequences of Sorghum 9 EER90048 5% S 41
smaller clade “1Aa’ (Maize 1, 6; Sorghum 6, 9; Barley 4; and Millet Note : TP length refers to Target Peptide length.
3) are all secretory in nature with no cTP [Fig-2],[Fig-6],[Table-2]. 'S'and 'M' refers to Secretary and Mitochondrial Localization.

Table 3- Different domains/profiles identified among the different cereal PPOs using ‘PROSITE Scan’

GenBank Accession Zinc Finger  TAT signal Ig-like domain CuA CuB Insect LSPs() AA-tRNA synthetases

Maize 1 ACG28948 1 0 0 1 1 0 0
Maize 3 NP_001149552 0 0 0 0 1 0 0
Maize 4 NP_001142971 0 0 1 0 1 1 0
Maize 5 DAA57297 0 0 0 1 1 0 0
Maize 6 AFW87458 1 0 0 1 1 0 0
Maize 7 AFW61050 0 0 1 0 1 1 0
Maize 9 AFW59173 0 0 0 1 1 0 0
Maize 10 AFW56923 0 0 0 0 1 0 0
Millet 1 XP_004972211 0 1 0 1 1 0 0
Millet 2 XP_004974375 0 0 0 0 1 1 0
Millet 3 XP_004965883 0 0 0 1 1 0 0
Millet 4 BAP82254 0 0 0 1 1 0 0
Millet 5 BAP82255 0 1 0 1 1 0 0
Millet 6 BAP82256 0 0 0 1 1 0 0
Millet 7 BAP82257 0 1 0 1 1 0 0
Barley 2 BAJ10871 0 0 0 1 1 0 0
Barley 3 BAK03848 0 0 0 1 1 0 0
Barley 4 BAJ90144 1 0 0 1 1 0 0
Sorghum 1 AHX26180 0 1 0 1 1 0 0
Sorghum 2 EES14670 0 0 0 0 1 1 0
Sorghum 3 EES13482 0 0 0 0 1 1 0
Sorghum 4 EES13481 0 0 0 0 1 0 0
Sorghum 5 EES11272 0 1 0 1 1 0 0
Sorghum 6 EES03688 0 0 0 1 1 0 1
Sorghum 7 XP_002446944 0 1 0 1 1 0 0
Sorghum 8 EES03743 0 0 0 1 1 0 0
Sorghum 9 EER90048 0 0 0 1 1 0 0

Note: ‘0’ and ‘1’ - refers to absence or presence of domain as per PROSITE Scan respectively
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Discussion

In our evaluation of PPOs from four important cereal crops (maize,
sorghum, barley and foxtail millet), several previously uncharacter-
ized PPOs were identified. Substantial diversity was observed with-
in and among the different crops both in number and sequence
identity. The divergence/similarity among the analyzed PPOs to
some extent can be explained based on the modifications within in
different domains: ‘Cu-A and B’, ‘DWL’ and KFDV; motifs: ‘HxxYC’
and ‘HRxYxxFXER’ and ‘HxxxH'. It was observed that six PPOs
(sorghum 2/3/4 and maize 4/7/10) containing ‘HRMYIYFYER' motif
were grouped into a separate clade [Fig-2],[Fig-6]. Similarly, 5 millet
PPOs (1/4/5/6/7), 4 sorghum PPOs (1/5/8/7), barley 2 and maize 5
had a common ‘HGPVH’ motif, clustering them into same sub-clade
(1Bc) [Fig-2],[Fig-6]. ‘FTY’ motif in ‘DWL’ domain and modification
of ‘KFDV' domain (‘RFDV') was observed among four millet PPOs
(4/5/6/7) and sorghum 6/millet 3 respectively [Fig-4],[Fig-5]. These
differences/similarities coupled with random amino acid variations
as explained in the results could be responsible for the divergence
among the sequences and these could probably result in differ-
ences in functions. Interestingly, several PPOs were found to be
secretory in nature [Table-2], which has been experimentally shown
only in snapdragon and poplar [16,17]. But, predicted non-plastidic
PPOs are found in several crops including rice, maize and blue
columbine (Aquilegia coerulea) [11]. Several studies suggested the
presence of two domains at the C-terminal end of PPOs:
PPO_DWL and PPO_KFDV. Thought the functional importance of
these two domains is yet to be ascertained, it is observed that C-
terminal based-proteolytic processing (if it occurs) occurs in the
PPO_DWL domain immediately after the twin tyrosine (YxY) motif
[32]. This processing results in a loss of ~16-18 kDa polypeptide
fragments including the PPO_KFDV domain [19].

As previously observed in other plants [33], multi-gene families
were observed for all the four crops [Table-3]. Tran et al. [11] has
reported that monocots typically contain 2-8 PPOs, our results pre-
sented here are in agreement [Table-3]. Additionally, several well-
supported PPO clades (bootstrap values >70%) for several mono-
cot PPOs coupled with at least three PPO genes in the common
ancestor of modern grasses was observed. Interestingly, in eudicot
species (Glycine, Populus and Mimulus) independent PPO gene
diversification along with presence of several PPOs in their com-
mon ancestor was observed [11]. We observed that many of the
PPOs across the four cereal species have PPOs intermingled on
separate well-supported clades/branches. It is evident from our
analysis that the ancestor of the four cereals analysed have multiple
PPO proteins.

The number of PPOs reported here could be a conservative esti-
mate as some shorter length PPO proteins were not considered for
analysis. Despite the ambiguity regarding their exact number in
different crops, the variability (in number) of PPOs observed here in
different cereal crops is interesting as this variability is not observed
in other oxidative enzymes. Further, PPO diversification in the four
cereal crops may not be a consequence of species-specific gene
duplication and divergence. This could perhaps be a reflection of
different functions or clade-specific ecological/metabolic selection
pressure. But, species possessing complex phenol-based second-
ary metabolism could contain duplicated PPO proteins. Among the
cereals, sorghum is reported to contain high levels of phenolics and
largest PPO family [34].

PPOs have been implicated in carrying out different functions in

plants and this is demonstrated in their features including variation
in numbers, structure, localization and lineage-specific diversifica-
tion. PPOs could play diverse physiological roles owing to their
diverse substrate specificity (tyrosine, catechol, phenol, and L-3,4-
dihydroxyphenyl alanine (L-DOPA) [35] in addition to their role in
cereal product quality. The primary cause of time-dependent discol-
oration of cereal-based products like white-salted and yellow alka-
line wheat noodles are PPOs [7]. Over-expression or silencing of
PPOs in tomato resulted either in decreased or increased suscepti-
bility to pathogens respectively [36,37]. Further, PPOs are also
reported to be in production of aurone and betalin pigments in
Snapdragon (Antirrhinum majus) and order Caryophyllales respec-
tively [38,39]. As evidenced from our data PPO family is significant-
ly expanded in some crop species like sorghum, maize or millet but
reduced in others like barley. Perhaps, this could be a strategy to
match the distribution of secondary metabolites and different roles
in plants, which also varies among the different plant species and
appears to be governed by duplication and diversification of genes
[40].

Conclusion

Our study of PPOs in four cereal crops identified significant diversity
in gene family size and structure. The PPO protein diversity is not
species-specific as evidenced by our phylogenetic analysis. Addi-
tionally, we have identified some interesting features among the 27
sequences, not reported earlier. Overall the dynamic nature of PPO
gene family in the analyzed cereals is consistent with its implica-
tions in diverse potential roles in plants.

Conflicts of Interest: None declared.
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