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1  | THE DISCOVERY OF VIR AL ITPA SE

Plant viruses typically are under strong selection pressure to have a 
small genome size that resists the incorporation of nonessential genes. 
It is therefore rather surprising that a very small number of plant virus 
genomes, including Cassava brown streak virus (CBSV), Ugandan cassava 
brown streak virus (UCBSV), and Euphorbia ringspot virus (EuRSV), have 
seemingly acquired a “house-cleaning” inosine triphosphatase (ITPase) 
belonging to the Ham1 family, a completely novel viral protein (Knierim 
et al., 2017; Mbanzibwa et al., 2009). CBSV and UCBSV are closely re-
lated single-stranded RNA viruses belonging to the Ipomovirus genus, 
whereas EuRSV belongs to another genus in the Potyviridae family, 
Potyvirus. All other characterized viruses (n = 228; Wylie et al., 2017) 
belonging to the Potyviridae virus family, which is the largest family of 
RNA plant viruses, lack a gene for ITPase despite sharing an overall 
similar genomic structure (Figure 1).

The ITPase Ham1 in (U)CBSV and EuRSV is implicated to play an 
important role in the pathogenesis of these viruses because not only 
is it unusual for plant viruses to acquire additional genes, but in this 
case the same type of gene has appeared in different genera. The 
viral-encoded Ham1 shows sequence motifs typical of ITPase en-
zymes involved in dephosphorylation of noncanonical nucleotides, 
atypical nucleotides that arise from oxidative damage or stresses 
within the purine salvage pathway.

2  | VIR AL HAM1 IS AN ITPA SE ,  BUT 
POSSIBLY NOT A SUPPRESSOR OF 
MUTATION

The role of viral ITPase has yet to be fully elucidated. However, ex-
pression in Escherichia coli and purification of the ITPases encoded 
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Abstract
Plant viruses typically have highly condensed genomes, yet the plant-pathogenic viruses 
Cassava brown streak virus, Ugandan cassava brown streak virus, and Euphorbia ringspot 
virus are unusual in encoding an enzyme not yet found in any other virus, the “house-
cleaning” enzyme inosine triphosphatase. Inosine triphosphatases (ITPases) are highly 
conserved enzymes that occur in all kingdoms of life and perform a house-cleaning 
function by hydrolysing the noncanonical nucleotide inosine triphosphate to inosine 
monophosphate. The ITPases encoded by cassava brown streak virus and Ugandan cas-
sava brown streak virus have been characterized biochemically and are shown to have 
typical ITPase activity. However, their biological role in virus infection has yet to be 
elucidated. Here we review what is known of viral-encoded ITPases and speculate on 
potential roles in infection with the aim of generating a greater understanding of cassava 
brown streak viruses, a group of the world's most devastating viruses.
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by CBSV and UCBSV has shown that both are indeed functional 
ITPase enzymes with typical activity towards deoxyinosine triphos-
phate (dITP) and xanthosine triphosphate (XTP) (Tomlinson et al., 
2019). The Ham1 of CBSV and UCBSV shows weak activity toward 
canonical nucleotides, with highest activity towards deoxyguano-
sine triphosphate (dGTP) and guanosine triphosphate (GTP). The 
relevance of the GTP/dGTP degradation is unknown; however, ino-
sine triphosphate (ITP) may act as a competitive inhibitor for activity 
towards canonical nucleotide substrates in vivo.

A proposed expected function was that the viral Ham1 would 
help reduce mutation rates in replicating viruses. This possible role 
of Ham1 was evaluated in vivo by determining mutation rates of vi-
ruses infecting transgenic Nicotiana tabacum expressing the CBSV 
ITPase; however, there were no significant differences in mutation 
rates between wild-type and Ham1-expressing plants. The rates of 
acquisition of mutations in genomes of wild-type CBSV compared 
with CBSV infectious clones (Duff-Farrier et al., 2019) lacking Ham1 
in Nicotiana benthamiana were also measured, but viral Ham1 did not 
influence mutation rates, therefore its role as a suppressor of muta-
tion is questionable.

3  | THE IMPORTANCE OF ITPA SE IN 
DEPLETION OF MUTAGENIC POOL S OF 
NONC ANONIC AL NUCLEOTIDES

In all kingdoms of life, pools of noncanonical nucleotide triphos-
phates (NTPs) can build in the cells through normal metabolic 
processes or via exposure to external mutagens that result in modi-
fication of canonical nucleotides. If incorporated into DNA or RNA, 
noncanonical nucleotides can result in nonspecific base pairing and 
random mutagenesis or lead to chromosomal aberrations through 
error-prone repair mechanisms. A number of different enzymes 
function in house-cleaning roles to reduce the pool of noncanonical 

NTPs by hydrolysing pyrophosphate to give nucleotide monophos-
phates. There are four structurally distinct families each defined by 
a strictly conserved substrate specificity domain that is essential to 
exclude canonical nucleotides. The families are Nudix hydrolases, 
dUTPase, all-α NTP pyrophosphatases (MazG), and ITPase (Maf/
Ham1) (Galperin et al., 2006).

Inosine triphosphate is produced through oxidative or enzy-
matic deamination of purine bases or phosphorylation of IMP 
(Sakumi et al., 2010). Incorporation of dITP in DNA is not usually 
mutagenic as it is recognized, excised, and repaired, but this can 
lead to strand breaks and chromosomal rearrangements (Burgis 
et al., 2003; Waisertreiger et al., 2010). Incorporation of ITP into 
RNA has been shown to inhibit translation and could potentially 
lead to mistranslation or changes to RNA secondary structure 
(Sakumi et al., 2010; Thomas et al., 1998). ITP may also function 
as a competitive agonist or antagonist for reactions using other 
nucleotides.

The enzymes belonging to the Maf/Ham1 superfamily hydrolyse 
ITP to form IMP and pyrophosphate. ITPases hydrolyse ITP, dITP, 
and the noncanonical nucleotide XTP. IMP can then be used as a 
substrate for ATP or GTP biosynthesis. Structurally characterized 
ITPases belonging to the Maf/Ham1 superfamily exist as homodi-
mers and possess a β-sheet backbone from which two α-helix lobes 
extend, forming a substrate-binding cleft (Stenmark et al., 2007). 
Highly conserved residues within the substrate-binding pocket de-
termine substrate specificity. In a comprehensive mutation analysis 
of human ITPA, Gall et al. (2013) identified key residues that influ-
ence substrate specificity.

ITPases have been biochemically and structurally characterized 
in E. coli (rdgB), human (ITPA), and yeast (Ham1). The yeast ITPase is 
named for its mutant phenotype that shows sensitivity to the muta-
genic purine analog, 6-N-hydroxylaminopurine (HAP). This mutant 
phenotype was also seen in ITPA knockdown HeLa cells and E. coli 
(Burgis et al., 2003; Menezes et al., 2012). In yeast, HAP sensitivity 

F I G U R E  1   The EuRSV and (U)CBSV genomes possess a Ham1-like gene encoding an ITPase that is absent from all other characterized 
viruses in the Potyviridae family. The type virus, Potato virus Y (PVY), is shown in comparison and represents the typical genome structure for 
this virus family. P1, the first protein, a serine protease; HC-Pro, helper component cysteine proteinase; P3, the third protein; 6K1 and 6K2, 
6-kDa proteins; CI, cylindrical inclusion protein; VPg, viral genome-linked protein; NIa-Pro, nuclear inclusion body protease; NIb, nuclear 
inclusion body, RNA-dependent RNA polymerase; CP, coat protein; PIPO, Pretty Interesting Potyviridae ORF, translated in the +2 reading 
frame
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requires, in addition to mutation of Ham1, mutation of a gene neces-
sary for IMP to AMP conversion, ade12 (Pang et al., 2012). Similarly, 
in E. coli sensitivity to HAP required double mutation of both rdgB 
and moa, a gene involved HAP detoxification. Phenotypes of mam-
malian ITPase mutants can be severe, with ITPase-deficient mice 
showing growth retardation and premature death (Sakumi et al., 
2010). In humans, many drug interactions can be affected by ITPA 
deficiency, particularly in the use of purine analogs and the antiviral 
nucleotide triphosphate ribavirin (Nyström et al., 2018). ITP concen-
tration has been shown to increase in humans under disease con-
ditions following deamination of ATP. Under these conditions, ITP 
can reach higher levels than adenosine due to a much longer half-life 
(Welihinda et al., 2016). ITPA deficiency has also been associated 
with infantile encephalopathy and increased susceptibility to tuber-
culosis (Burgis, 2016; Kaur et al., 2019). It is clear that ITPase has a 
very important role in the cellular maintenance of pools of nonca-
nonical nucleotides.

4  | WHAT ABOUT THE PL ANT HAM1?

To gain a greater understanding of the potential role of plant viral 
ITPase, it is important to reflect on the role of plant-encoded 
ITPases. Unfortunately, no studies of plant endogenous ITPase have 
been completed. As ITPase is highly conserved across all kingdoms 
of life, it is likely that ITPase in plants shares a similarly important 
role in the removal of potentially mutagenic noncanonical nucleo-
tides. However, despite extensive studies in animal systems, there 
have been no studies on what other important roles plant ITPase 
may have, particularly in plant disease. In silico data sets show 
ITPase has nearly ubiquitous expression in Arabidopsis thaliana, with 
highest expression at the vegetative stage and in germinating seeds 
(Nakabayashi et al., 2005; Schmid et al., 2005; Waese et al., 2017). 
This correlates well with expression profiles in animals that have 
shown expression of ITPase in all tissues tested (Behmanesh et al., 
2005; Lin et al., 2001).

Cassava encodes two ITPase-like sequences, one of which shows 
elevated expression in the shoot apical meristem of healthy plants 

and the other shows similar expression across all tissues (Wilson 
et al., 2017). They both share high sequence similarity with charac-
terized plant ITPase sequences with the exception of an additional 
extended C-terminal domain that is also found in ITPases encoded 
by other members of the Euphorbiaceae family, but not in any other 
ITPases (Figure 2). Potentially, this additional domain is responsible 
for localization, or in protein–protein interactions. The extended 
C-terminus contains a KRKR motif, which is a potential nuclear or 
membrane localization signal (Do et al., 2006; Kuo et al., 2018).

Several large-scale expression studies have been completed in 
cassava in response to infection with cassava brown streak disease 
(CBSD)-causal viruses. These studies showed no change in expres-
sion of either ITPase-like gene in response to UCBSV (Amuge et al., 
2017) or mixed infection (Anjanappa et al., 2018) and a small increase 
in expression of a single ITPase gene (cassava4.1_014072m) of ap-
proximately 2-fold in a resistant cassava variety following infection 
with CBSV (Maruthi et al., 2014). From these results, it does not ap-
pear that endogenous Ham1 is regulated by infection with (U)CBSV.

5  | WHAT DO CBSV, UCBSV, AND EURSV 
HAVE IN COMMON?

CBSV and UCBSV cause CBSD, which is responsible for devastating 
losses to cassava crops in Africa. The disease was first described in 
1930, originating in Tanzania, and the two causal viruses have since 
been well characterized, allowing for rapid detection by molecular 
methods (Monger et al., 2001a, 2001b; Storey, 1936; Tomlinson 
et al., 2018). EuRSV is a more recent discovery, first reported in the 
ornamental plant Euphorbia milii × lophogona in 1976 as causing chlo-
rotic spots or mosaic, leaf, and flower deformations, and reduced 
growth (Bode & Lesemann, 1976; Marys & Romano, 2011).

The two CBSD causal viruses and EuRSV all have positive-sense, 
single-stranded RNA genomes and share a similar overall genomic 
structure, as well as all infecting plants within the Euphorbiaceae. 
All three are transmitted by clonal propagation, grafting or an insect 
vector, (U)CBSV by cassava whiteflies and EuRSV by aphids. Despite 
the similarities between the viruses, the genes encoding ITPase are 

F I G U R E  2   Euphorbiaceae ITPase proteins have a conserved, extended C-terminal domain that is not present in any other ITPase 
sequence. The alignment was trimmed at the highly conserved SHR substrate specificity motif. The first residue is labelled for the Homo 
sapiens ITPA sequence. Hsa, Homo sapiens, AAK21848.1; Eco, Escherichia coli, WP_127472244.1; Sce, Saccharomyces cerevisiae, AJR66682.1; 
Ath, Arabidopsis thaliana, NP_001328955.1; UCBSV, ADA61013.1; CBSV, ADR73018.1; Mes, Manihot esculenta (cassava), XP_021594792.1, 
XP_021606115.1; Jcu, Jatropha curcas, XP_012077670.1; Hbr, Hevea brasiliensis, XP_021644689.1
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not considered to be homologs. Although it is likely that the genes 
encoding ITPase in CBSV and UCBSV are evolutionarily related due 
to their close phylogenetic relationship, the EuRSV Ham1 is dis-
tinct. The latter, when coupled with the absence of Ham1 in other 
members of the Potyviridae, suggests that ITPase was acquired in-
dependently in these two groups of viruses. It is also possible that 
CBSV, UCBSV, and EuRSV Ham1 sequences were acquired from 
each other during coinfection if they shared a common host. Other 
than in cassava, CBSV and UCBSV have only been detected in a wild 
cassava relative, but have not been shown to share a common host 
with EuRSV (Amisse et al., 2019; Knierim et al., 2017).

It is possible that the viruses acquired the ITPase gene from a 
host plant by horizontal gene transfer (HGT). HGT between host 
and virus is predicted to have protective functions through either 
production of a viral antigen by the host or mimicry of a component 
of the host immune signalling pathways by the virus (Chen et al., 
2016). Many examples of HGT of nucleotide metabolic genes from 
host to virus have been described, including the nucleotide pyro-
phosphatase, dUTPase (Baldo & McClure, 1999; Wu & Zhang, 2011). 
Similar to ITP, dUTP is mutagenic if incorporated into DNA and must 
be metabolized. Viral dUTPases have been shown to function in viral 
replication to prevent misincorporation of dUTP in cells that have 
low endogenous dUTPase expression (Hizi & Herzig, 2015).

6  | IMPORTANCE OF VIR AL HAM1 IN 
CBSV SYMPTOMOLOGY

Removal of Ham1 from the CBSV genome or mutation of a con-
served substrate-binding motif resulted in striking changes in 
symptom development in the indicator plant N. benthamiana, in-
cluding a lack of necrosis normally seen in wild-type infection and 
leaf curling and chlorotic mottling normally absent from wild-type 
infected plants (Tomlinson et al., 2019). Similarly, replacing the 
CBSV ITPase with the UCBSV ITPase-encoding sequence also re-
sulted in the same change in phenotype. Virus-induced necrosis is 
associated with pathways involved in the hypersensitive response 
(Komatsu et al., 2010; Mandadi & Scholthof, 2013), suggesting 
viral ITPase activity may be triggering these signalling pathways. 
Intriguingly, plants infected with wild-type UCBSV virus showed a 
similar phenotype to plants infected with CBSV Ham1 mutant vi-
ruses, suggesting the two viruses encode ITPases with different 
roles in infection; however, no mutant UCBSV virus was tested so 
any attenuation of symptoms is unknown (Tomlinson et al., 2019). 
The UCBSV and CBSV Ham1 sequences show low homology, which 
is probably responsible for the observed differences in symptoma-
tologies (Tomlinson et al., 2018). Research efforts need to focus on 
the specific sequence differences between the CBSV and UCBSV 
ITPases that result in such striking variations in symptom develop-
ment, which currently remain unknown. The changes to symptom 
development have also yet to be shown in the native host, cassava, 
which shows drastically different symptomology compared to the 
indicator host, N. benthamiana.

7  | POSSIBLE ROLES FOR VIR AL HAM1

7.1 | Theory 1: Reduction of mutation load

RNA viruses have very high mutation rates due to their high rate 
of replication and the lack of proofreading ability in their encoded 
RNA polymerase. Within an infected tissue, RNA viruses will exist as 
a population or viral swarm. The fittest viruses, or fastest replicat-
ing viruses, will be most abundant, and the high rate of replication 
acts as a buffer against potential deleterious mutations, whilst the 
constraints imposed by cell-to-cell movement and transmission may 
act as selective sweeps. There is no immediately obvious benefit to 
expressing a house-cleaning enzyme to prevent a potential increase 
in mutation rate in RNA viruses. The study by Tomlinson et al. (2019), 
investigating the effect of the heterologous expression of CBSV 
ITPase in N. tabacum on viral mutation rate, failed to identify any 
significant difference. Possibly, incorporation of the noncanonical 
nucleotide into the RNA genome has a greater effect on RNA struc-
ture and thus the rate of translation (Sakumi et al., 2010; Thomas 
et al., 1998). The study by Tomlinson et al. (2019) did find a delayed 
increase in transcript abundance for mutant viruses lacking ITPase 
compared to wild-type viruses, which could potentially be a result 
of reduced translation efficiency of viral proteins involved in viral 
RNA replication.

While enzymes involved in maintaining RNA replication fidelity 
are rare, coronaviruses encode an enzyme with 3′→5′ exoribonucle-
ase activity, probably involved in proofreading. Intriguingly, reduced 
activity of this enzyme sensitizes the virus to mutation through 
treatment with the synthetic mutagen 5-fluorouracil and the purine 
analog ribavirin, whose harmful effects are both known to be atten-
uated by ITPase activity (Carlsson et al., 2013; Hitomi et al., 2011; 
Smith et al., 2015). This potentially suggests that the proofreading 
ability reduces the influence of ITP on RNA replication fidelity. It 
is also important to note that not all viral RNA-dependent RNA 
polymerases (RdRps) show similar levels of fidelity (Smith, 2017). 
However, (U)CBSV RdRp fidelity has not been directly compared 
with RdRps from other ipomoviruses lacking Ham1. Possibly, the ac-
quisition of ITPase is a result of a low-fidelity RdRp.

A possible reason for the lack of increase in mutation fre-
quency could be that Tomlinson et al. (2019) tested this in a non-
host plant (tobacco) and under laboratory conditions. Cassava can 
naturally grow successfully under environmentally challenging 
(high temperatures and drought) conditions and this could result 
in an increased accumulation of noncanonical nucleotides through 
oxidative deamination. There have been no studies of changes to 
dITP/ITP pools following exposure to stress in plants. It is possi-
ble that endogenous ITPase expression in Eurphobiaceae is lower 
compared to that in other plants, resulting in increased accumula-
tion of ITP, which could result in a higher mutation frequency to 
the infecting viral genome. If the extended C-terminal domain is in 
fact a nuclear localization signal (Figure 2), this would suggest that 
Euphorbiaceae ITPases are specifically influencing the dITP pools 
in the nucleus to prevent incorporation into DNA. Cytosolic pools 
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of ITP would not be reduced by the endogenous ITPase and could 
be incorporated in the viral genome. This could explain why ITPase 
is not found in other viral genomes and is restricted to viruses 
infecting members of the Euphorbiaceae family.

7.2 | Theory 2: Disruption of plant 
signalling pathways

Several studies have shown that cassava responds to (U)CBSV infec-
tion with increased expression of genes belonging to the pathogenesis- 
related (PR) gene family (Amuge et al., 2017; Anjanappa et al., 2018; 
Irigoyen et al., 2020). PR proteins are frequently used as biomarkers for 
defence signalling pathways and are associated with increases in plant 
hormones such as salicylic acid (SA) (Ali et al., 2018). Furthermore, 
phytohormone genes are over-represented in the transcriptional 
 response of cassava to CBSV, also suggesting involvement of signalling 
pathways following infection (Maruthi et al., 2014). It is clear that sig-
nalling pathways are altered following infection with (U)CBSVs; how-
ever, what is triggering these changes is unknown. Intriguingly, CBSD 
causal viruses lack HC-Pro, a gene present in many other Potyviridae 
genomes that has been shown to be involved in suppression of SA-
mediated defence responses (Murphy et al., 2020; Poque et al., 2018) 
(Figure 1).

Cyclic GMP (cGMP) has been shown to increase expression of 
PR genes in N. tabacum and also promotes ethylene production and 
perception of ethylene. While ITP has not been shown to influence 
cGMP synthesis, ITP has been shown to result in increased levels 
of cAMP through agonistic engagement with adenosine receptors 
and stimulation of adenylate cyclase (Welihinda et al., 2016). Few 
adenylate cyclases have been characterized in plants because many 
exist within multifunctional, multidomain proteins and are therefore 
difficult to identify by homology (Bianchet et al., 2019), so the role 
of cAMP in plants has not been extensively studied. Knockout of 
cyclic nucleotide-gated channels results in increased sensitivity to 
biotic and abiotic stresses, including reduced resistance to plant vi-
ruses and, in A. thaliana, stress-responsive proteins show differential 
expression in response to treatment with cAMP (Alqurashi et al., 
2016; Gehring, 2010; Saand et al., 2015; Thomas et al., 2013). cAMP 
and cGMP have been shown to regulate the pathogen-responsive 
phenylpropanoid pathway and cassava infected with CBSV shows 
changes to genes involved in phenylpropanoid biosynthesis (Maruthi 
et al., 2014; Pietrowska-Borek & Nuc, 2013). It is possible that 
ITPase indirectly prevents the accumulation of cAMP and blocks 
downstream signalling pathways because IMP is a poor agonist com-
pared to ITP in interactions with adenosine receptors and, there-
fore, is unlikely to influence cAMP levels. In addition to influencing 
cAMP synthesis, ITP has been shown to function in the activation 
of G-proteins and could act a signal amplifier in plant response to 
infection (Klinker & Seifert, 1997). G-proteins are known to play a 
role in plant defence against fungal, bacterial, and viral pathogens by 
regulating phytohormone production and can also influence cAMP 
synthesis (Brenya et al., 2016).

7.3 | Theory 3: Reduction of ITP antagonistic/
agonistic interactions with nucleotide-
binding proteins

In addition to the potential role of ITP in G-protein and cyclic nu-
cleotide signalling, ITP may function as an antagonist/agonist for 
other GTP- or ATP-binding proteins. Nucleotide-binding proteins 
have enormously diverse functions in cellular processes, in addition 
to roles in signalling (Xiao & Wang, 2016). For example, the E. coli 
ITPase, YjjX, has been shown to interact with the GTPase, elonga-
tion factor Tu (EF Tu), which is involved in peptide elongation (Zheng 
et al., 2005). E. coli ITPase is predicted to interact with EF Tu via 
bound GTP to prevent formation of the EF-TuGTP-aminoacyl-tRNA 
complex and prevent peptide elongation. This is predicted to be a 
protective role in prevention of synthesis of misfolded proteins, 
similarly to when cells undergo oxidative stress (Sanchez et al., 
2019). Viral polyprotein biosynthesis requires the interaction of viral 
genome-linked protein (VPg) and the host’s eukaryotic translation 
initiation factor 4E (eIF4E) isoforms. Mutations in cassava eIF4E 
result in attenuated CBSV virulence (Gomez et al., 2019). Possibly, 
viral ITPase is interacting with a GTP-dependent enzyme involved 
in translation similarly to E. coli ITPase, such as EF Tu, Eukaryotic 
Initiation Factor 2, or the mRNA capping enzyme.

ITP can also function in the assembly of microtubules (Muraoka 
et al., 1999; Muraoka & Sakai, 1999). Changes to microtubule dy-
namics following viral infection have been demonstrated to be a 
general phenomenon, occurring in animals, bacteria, and plants 
(Naghavi & Walsh, 2017). Microtubule dynamics in plant viral infec-
tion have been shown to impact viral movement (Boyko et al., 2000), 
vector transmission (Blanc et al., 1996), and viral replication (Mas & 
Beachy, 1999). Microtubule polymerization is a dynamic process in-
volving end-to-end addition of α- and β-tubulin subunits. Assembly 
requires binding and hydrolysis of GTP, but ITP is a functional sub-
stitute (Muraoka et al., 1999; Muraoka & Sakai, 1999). While the af-
finity for GTP is much higher than for ITP, the critical concentration 
is much lower for ITP (Chakrabarti et al., 2000). Viral ITPase activity 
could potentially be involved in regulation of microtubule polymer-
ization via reduction of the pool of ITP, which is possibly increased 
in response to infection. Furthermore, a gene expression analysis 
study of UCBSV-infected cassava showed changes in expression to 
microtubulin biosynthetic genes (Amuge et al., 2017). Changes to 
microtubulin biosynthetic genes were observed in the resistant line 
and no changes were shown in the sensitive line, suggesting that 
microtubule dynamics may be important for the plant response to 
viral infection (Amuge et al., 2017).

8  | CONCLUSIONS AND FUTURE WORK

ITPases are highly conserved across all kingdoms of life and are 
important enzymes for prevention of mutagenic effects caused by 
accumulation of noncanonical nucleotides. ITPases have recently 
been discovered in three plant RNA viruses, but their biological role 
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remains a mystery (Knierim et al., 2017; Mbanzibwa et al., 2009). 
As RNA viruses encode very few genes and will not maintain un-
necessary genetic information within their genomes, is highly likely 
that these viral-encoded ITPases carry out an important function. 
Evidence from analysis of mutant viruses shows changes to the 
disease phenotype, suggesting that ITPases modulate the plant 
response to the virus (Tomlinson et al., 2019). Understanding their 
function may assist in the development of virus-resistant cassava, an 
essential quest to improve food security across sub-Saharan Africa 
(Tomlinson et al., 2018).

Here we have proposed three theories for the potential function 
of ITPase during infection by the Euphorbiaceae-specific viruses (U)
CBSV and EuRSV: prevention of mutagenic effects of an increased 
pool of ITP, disruption of plant signalling following infection, and 
disruption of other potential cellular roles of ITP. Further research 
should target these as well as the function and expression profiles 
of plant-encoded ITPase, particularly in the host plants for (U)CBSV 
and EuRSV. It is unclear if viral ITPase expression is important as 
a result of reduced expression of endogenous ITPase, potentially 
resulting in increased pools of cellular ITP. Viral sequences do not 
appear to show increased levels of mutation; however, this has yet 
to be shown in the host plant. Potentially, these viruses, which in-
fect members of the Euphorbiaceae family, have acquired ITPase in 
response to a host-specific regulation of ITP pools. A greater under-
standing of the host's maintenance of cellular ITP will help to eluci-
date a role for viral Ham1.

ACKNOWLEDG EMENTS
A.M.J. was supported by BMGF Global Development grant number 
OPP1149777 and BBSRC CONNECTED-COmmunity Network for 
africaN vECTor borne plant viruses (BB/R005397/1) pump-prime 
funding.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing is not applicable to this article as no new data were cre-
ated or analysed in this study.

ORCID
Susan E. Seal  https://orcid.org/0000-0002-3952-1562 
Andy M. Bailey  https://orcid.org/0000-0002-7594-3703 
Gary D. Foster  https://orcid.org/0000-0002-1979-1397 

R E FE R E N C E S
Ali, S., Ganai, B.A., Kamili, A.N., Bhat, A.A., Mir, Z.A., Bhat, J.A. et al. 

(2018) Pathogenesis-related proteins and peptides as promising tools 
for engineering plants with multiple stress tolerance. Microbiological 
Research, 212–213, 29–37.

Alqurashi, M., Gehring, C. & Marondedze, C. (2016) Changes in the 
Arabidopsis thaliana proteome implicate cAMP in biotic and abiotic 
stress responses and changes in energy metabolism. International 
Journal of Molecular Sciences, 17, 852.

Amisse, J.J.G., Ndunguru, J., Tairo, F., Boykin, L.M., Kehoe, M.A., Cossa, 
N. et al. (2019) First report of Cassava brown streak viruses on 
wild plant species in Mozambique. Physiological and Molecular Plant 
Pathology, 105, 88–95.

Amuge, T., Berger, D.K., Katari, M.S., Myburg, A.A., Goldman, S.L. & 
Ferguson, M.E. (2017) A time series transcriptome analysis of cas-
sava (Manihot esculenta Crantz) varieties challenged with Ugandan 
cassava brown streak virus. Scientific Reports, 7, 9747.

Anjanappa, R.B., Mehta, D., Okoniewski, M.J., Szabelska-Beresewicz, 
A., Gruissem, W. & Vanderschuren, H. (2018) Molecular insights 
into Cassava brown streak virus susceptibility and resistance by 
profiling of the early host response. Molecular Plant Pathology, 19, 
476–489.

Baldo, A.M. & McClure, M.A. (1999) Evolution and horizontal transfer 
of dUTPase-encoding genes in viruses and their hosts. Journal of 
Virology, 73, 7710–7721.

Behmanesh, M., Sakumi, K., Tsuchimoto, D., Torisu, K., Ohnishi-Honda, 
Y., Rancourt, D.E. et al. (2005) Characterization of the structure 
and expression of mouse Itpa gene and its related sequences in the 
mouse genome. DNA Research, 12, 39–51.

Bianchet, C., Wong, A., Quaglia, M., Alqurashi, M., Gehring, C., 
Ntoukakis, V. et al. (2019) An Arabidopsis thaliana leucine-rich 
repeat protein harbors an adenylyl cyclase catalytic center and 
affects responses to pathogens. Journal of Plant Physiology, 232, 
12–22.

Blanc, S., Schmidt, I., Vantard, M., Scholthof, H.B., Kuhl, G., Esperandieu, 
P. et al. (1996) The aphid transmission factor of Cauliflower mosaic 
virus forms a stable complex with microtubules in both insect and 
plant cells. Proceedings of the National Academy of Sciences of the 
United States of America, 93, 15158–15163.

Bode, O. & Lesemann, D. (1976) Euphorbia ringspot virus, a new virus in 
Euphorbia milii × lophogona. Acta Horticulturae, 59, 161–166.

Boyko, V., Ferralli, J., Ashby, J., Schellenbaum, P. & Heinlein, M. (2000) 
Function of microtubules in intercellular transport of plant virus 
RNA. Nature Cell Biology, 2, 826–832.

Brenya, E., Trusov, Y., Dietzgen, R.G. & Botella, J.R. (2016) Heterotrimeric 
G-proteins facilitate resistance to plant pathogenic viruses in 
Arabidopsis thaliana (L.) Heynh. Plant Signaling & Behavior, 11, 
e1212798.

Burgis, N.E. (2016) A disease spectrum for ITPA variation: advances in 
biochemical and clinical research. Journal of Biomedical Sciences, 23, 
73.

Burgis, N.E., Brucker, J.J. & Cunningham, R.P. (2003) Repair system for 
noncanonical purines in Escherichia coli. Journal of Bacteriology, 185, 
3101–3110.

Carlsson, M., Gustavsson, M., Hu, G.Z., Murén, E. & Ronne, H. (2013) 
A Ham1p-dependent mechanism and modulation of the pyrimidine 
biosynthetic pathway can both confer resistance to 5-fluorouracil in 
yeast. PLoS One, 8, e52094.

Chakrabarti, G., Mejillano, M.R., Park, Y.-H., Vander Velde, D.G. & 
Himes, R.H. (2000) Nucleoside triphosphate specificity of tubulin. 
Biochemistry, 39, 10269–10274.

Chen, D.S., Wu, Y.Q., Zhang, W., Jiang, S.J. & Chen, S.Z. (2016) 
Horizontal gene transfer events reshape the global landscape of 
arm race between viruses and Homo sapiens. Scientific Reports, 6, 
26934.

Do, H.-J., Song, H., Yang, H.-M., Kim, D.-K., Kim, N.-H., Kim, J.-H. et al. 
(2006) Identification of multiple nuclear localization signals in murine 
Elf3, an ETS transcription factor. FEBS Letters, 580, 1865–1871.

Duff-Farrier, C.R.A., Mbanzibwa, D.R., Nanyiti, S., Bunawan, H., Pablo-
Rodriguez, J.L., Tomlinson, K.R. et al. (2019) Strategies for the con-
struction of cassava brown streak disease viral infectious clones. 
Molecular Biotechnology, 61, 93–101.

Gall, A.D., Gall, A., Moore, A.C., Aune, M.K., Heid, S., Mori, A. et al. (2013) 
Analysis of human ITPase nucleobase specificity by site-directed mu-
tagenesis. Biochimie, 95, 1711–1721.

Galperin, M.Y., Moroz, O.V., Wilson, K.S. & Murzin, A.G. (2006) House 
cleaning, a part of good housekeeping. Molecular Microbiology, 59, 
5–19.

https://orcid.org/0000-0002-3952-1562
https://orcid.org/0000-0002-3952-1562
https://orcid.org/0000-0002-7594-3703
https://orcid.org/0000-0002-7594-3703
https://orcid.org/0000-0002-1979-1397
https://orcid.org/0000-0002-1979-1397


388  |     JAMES Et Al.

Gehring, C. (2010) Adenyl cyclases and cAMP in plant signaling – past 
and present. Cell Communication and Signaling, 8, 15.

Gomez, M.A., Lin, Z.D., Moll, T., Chauhan, R.D., Hayden, L., Renninger, K. 
et al. (2019) Simultaneous CRISPR/Cas9-mediated editing of cassava 
eIF4E isoforms nCBP-1 and nCBP-2 reduces cassava brown streak 
disease symptom severity and incidence. Plant Biotechnology Journal, 
17, 421–434.

Hitomi, Y., Cirulli, E.T., Fellay, J., McHutchison, J.G., Thompson, A.J., 
Gumbs, C.E. et al. (2011) Inosine triphosphate protects against riba-
virin-induced adenosine triphosphate loss by adenylosuccinate syn-
thase function. Gastroenterology, 140, 1314–1321.

Hizi, A. & Herzig, E. (2015) dUTPase: the frequently overlooked enzyme 
encoded by many retroviruses. Retrovirology, 12, 70.

Irigoyen, M.L., Garceau, D.C., Bohorquez-Chaux, A., Lopez-Lavalle, 
L.A.B., Perez-Fons, L., Fraser, P.D. et al. (2020) Genome-wide anal-
yses of cassava pathogenesis-related (PR) gene families reveal core 
transcriptome responses to whitefly infestation, salicylic acid and 
jasmonic acid. BMC Genomics, 21, 93.

Kaur, P., Neethukrishna, K., Kumble, A., Girisha, K.M. & Shukla, A. (2019) 
Identification of a novel homozygous variant confirms ITPA as a de-
velopmental and epileptic encephalopathy gene. American Journal of 
Medical Genetics - Part A, 179, 857–861.

Klinker, J.F. & Seifert, R. (1997) Functionally nonequivalent interactions 
of guanosine 5'-triphosphate, inosine 5'-triphosphate, and xan-
thosine 5'-triphosphate with the retinal G-protein, transducin, and 
with Gi-proteins in HL-60 leukemia cell membranes. Biochemical 
Pharmacology, 54, 551–562.

Knierim, D., Menzel, W. & Winter, S. (2017) Analysis of the complete ge-
nome sequence of Euphorbia ringspot virus, an atypical member of 
the genus Potyvirus. Archives of Virology, 162, 291–293.

Komatsu, K., Hashimoto, M., Ozeki, J., Yamaji, Y., Maejima, K., Senshu, 
H. et al. (2010) Viral-induced systemic necrosis in plants involves 
both programmed cell death and the inhibition of viral multiplica-
tion, which are regulated by independent pathways. Molecular Plant-
Microbe Interactions, 23, 283–293.

Kuo, Y.C., He, X., Coleman, A.J., Chen, Y.J., Dasari, P., Liou, J. et al. (2018) 
Structural analyses of FERM domain-mediated membrane localiza-
tion of FARP1. Scientific Reports, 8, 10477.

Lin, S., McLennan, A.G., Ying, K., Wang, Z., Gu, S., Jin, H. et al. (2001) 
Cloning, expression, and characterization of a human inosine tri-
phosphate pyrophosphatase encoded by the ITPA gene. Journal of 
Biological Chemistry, 276, 18695–18701.

Mandadi, K.K. & Scholthof, K.B. (2013) Plant immune responses 
against viruses: how does a virus cause disease? The Plant Cell, 25, 
1489–1505.

Maruthi, M.N., Bouvaine, S., Tufan, H.A., Mohammed, I.U. & Hillocks, R.J. 
(2014) Transcriptional response of virus-infected cassava and identi-
fication of putative sources of resistance for cassava brown streak 
disease. PLoS One, 9, e96642.

Marys, E. & Romano, M. (2011) Occurrence of Euphorbia ringspot virus in 
Euphorbia milii cv. Splendens in Venezuela. Journal of Phytopathology, 
159, 66–68.

Mas, P. & Beachy, R.N. (1999) Replication of tobacco mosaic virus on 
endoplasmic reticulum and role of the cytoskeleton and virus move-
ment protein in intracellular distribution of viral RNA. Journal of Cell 
Biology, 147, 945–958.

Mbanzibwa, D.R., Tian, Y., Mukasa, S.B. & Valkonen, J.P. (2009) Cassava 
brown streak virus (Potyviridae) encodes a putative Maf/HAM1 pyro-
phosphatase implicated in reduction of mutations and a P1 protein-
ase that suppresses RNA silencing but contains no HC-Pro. Journal of 
Virology, 83, 6934–6940.

Menezes, M.R., Waisertreiger, I.S.R., Lopez-Bertoni, H., Luo, X. & Pavlov, 
Y.I. (2012) Pivotal role of inosine triphosphate pyrophosphatase in 
maintaining genome stability and the prevention of apoptosis in 
human cells. PLoS One, 7, e32313.

Monger, W.A., Seal, S., Cotton, S. & Foster, G.D. (2001a) Identification of 
different isolates of Cassava brown streak virus and development of 
a diagnostic test. Plant Pathology, 50, 768–775.

Monger, W.A., Seal, S., Isaac, A.M. & Foster, G.D. (2001b) Molecular 
characterization of the Cassava brown streak virus coat protein. 
Plant Pathology, 50, 527–534.

Muraoka, M., Fukuzawa, H., Nishida, A., Okano, K., Tsuchihara, T., 
Shimoda, A. et al. (1999) The effects of various GTP analogues on 
microtubule assembly. Cell Structure and Function, 24, 101–109.

Muraoka, M. & Sakai, H. (1999) Effects of purine nucleotide analogues 
on microtubule assembly. Cell Structure and Function, 24, 305–312.

Murphy, A.M., Zhou, T. & Carr, J.P. (2020) An update on salicylic acid bio-
synthesis, its induction and potential exploitation by plant viruses. 
Current Opinion in Virology, 42, 8–17.

Naghavi, M.H. & Walsh, D. (2017) Microtubule regulation and function 
during virus infection. Journal of Virology, 91, e00538–e617.

Nakabayashi, K., Okamoto, M., Koshiba, T., Kamiya, Y. & Nambara, E. 
(2005) Genome-wide profiling of stored mRNA in Arabidopsis thali-
ana seed germination: epigenetic and genetic regulation of transcrip-
tion in seed. Plant Journal, 41, 697–709.

Nyström, K., Wanrooij, P.H., Waldenström, J., Adamek, L., Brunet, S., 
Said, J. et al. (2018) Inosine triphosphate pyrophosphatase dephos-
phorylates ribavirin triphosphate and reduced enzymatic activity 
potentiates mutagenesis in hepatitis C virus. Journal of Virology, 92, 
e01087-18.

Pang, B., McFaline, J.L., Burgis, N.E., Dong, M., Taghizadeh, K., Sullivan, 
M.R. et al. (2012) Defects in purine nucleotide metabolism lead to 
substantial incorporation of xanthine and hypoxanthine into DNA 
and RNA. Proceedings of the National Academy of Sciences of the 
United States of America, 109, 2319–2324.

Pietrowska-Borek, M. & Nuc, K. (2013) Both cyclic-AMP and cyclic-GMP 
can act as regulators of the phenylpropanoid pathway in Arabidopsis 
thaliana seedlings. Plant Physiology and Biochemistry, 70, 142–149.

Poque, S., Wu, H.W., Huang, C.H., Cheng, H.W., Hu, W.C., Yang, J.Y. et al. 
(2018) Potyviral gene-silencing suppressor HCPro interacts with 
salicylic acid (SA)-binding protein 3 to weaken SA-mediated defense 
responses. Molecular Plant Microbe-Interactions, 31, 86–100.

Saand, M.A., Xu, Y.P., Li, W., Wang, J.P. & Cai, X.Z. (2015) Cyclic nucle-
otide gated channel gene family in tomato: genome-wide identifica-
tion and functional analyses in disease resistance. Frontiers in Plant 
Science, 6, 303.

Sakumi, K., Abolhassani, N., Behmanesh, M., Iyama, T., Tsuchimoto, D. & 
Nakabeppu, Y. (2010) ITPA protein, an enzyme that eliminates deam-
inated purine nucleoside triphosphates in cells. Mutation Research/
Genetic Toxicology and Environmental Mutagenesis, 703, 43–50.

Sanchez, M., Lin, Y., Yang, C.C., McQuary, P., Rosa Campos, A., Aza Blanc, 
P. et al. (2019) Cross talk between eIF2α and eEF2 phosphorylation 
pathways optimizes translational arrest in response to oxidative 
stress. iScience, 20, 466–480.

Schmid, M., Davison, T.S., Henz, S.R., Pape, U.J., Demar, M., Vingron, M. 
et al. (2005) A gene expression map of Arabidopsis thaliana develop-
ment. Nature Genetics, 37, 501–506.

Smith, E.C. (2017) The not-so-infinite malleability of RNA viruses: 
Viral and cellular determinants of RNA virus mutation rates. PLoS 
Pathogens, 13, e1006254.

Smith, E.C., Case, J.B., Blanc, H., Isakov, O., Shomron, N., Vignuzzi, M. 
et al. (2015) Mutations in coronavirus nonstructural protein 10 de-
crease virus replication fidelity. Journal of Virology, 89, 6418–6426.

Stenmark, P., Kursula, P., Flodin, S., Gräslund, S., Landry, R., Nordlund, 
P. et al. (2007) Crystal structure of human inosine triphosphatase. 
Substrate binding and implication of the inosine triphosphatase 
deficiency mutation P32T. Journal of Biological Chemistry, 282, 
3182–3187.

Storey, H. (1936) Virus diseases of East African plants. East African 
Agriculture Journal, 1, 333–337.



     |  389JAMES Et Al.

Thomas, L., Marondedze, C., Ederli, L., Pasqualini, S. & Gehring, C. (2013) 
Proteomic signatures implicate cAMP in light and temperature re-
sponses in Arabidopsis thaliana. Journal of Proteomics, 83, 47–59.

Thomas, M.J., Platas, A.A. & Hawley, D.K. (1998) Transcriptional fidelity 
and proofreading by RNA polymerase II. Cell, 93, 627–637.

Tomlinson, K.R., Bailey, A.M., Alicai, T., Seal, S. & Foster, G.D. 
(2018) Cassava brown streak disease: historical timeline, current 
knowledge and future prospects. Molecular Plant Pathology, 19, 
1282–1294.

Tomlinson, K.R., Pablo-Rodriguez, J.L., Bunawan, H., Nanyiti, S., Green, 
P., Miller, J. et al. (2019) Cassava brown streak virus Ham1 protein 
hydrolyses mutagenic nucleotides and is a necrosis determinant. 
Molecular Plant Pathology, 20, 1080–1092.

Waese, J., Fan, J., Pasha, A., Yu, H., Fucile, G., Shi, R. et al. (2017) ePlant: 
visualizing and exploring multiple levels of data for hypothesis gener-
ation in plant biology. The Plant Cell, 29, 1806–1821.

Waisertreiger, I.S.R., Menezes, M.R., Randazzo, J. & Pavlov, Y.I. (2010) 
Elevated levels of DNA strand breaks induced by a base analog in the 
human cell line with the P32T ITPA variant. Journal of Nucleic Acids, 
2010, ID 872180.

Welihinda, A.A., Kaur, M., Greene, K., Zhai, Y. & Amento, E.P. (2016) 
The adenosine metabolite inosine is a functional agonist of the ade-
nosine A2A receptor with a unique signaling bias. Cell Signalling, 28, 
552–560.

Wilson, M.C., Mutka, A.M., Hummel, A.W., Berry, J., Chauhan, R.D., 
Vijayaraghavan, A. et al. (2017) Gene expression atlas for the food 
security crop cassava. New Phytologist, 213, 1632–1641.

Wu, D.D. & Zhang, Y.P. (2011) Eukaryotic origin of a metabolic pathway 
in virus by horizontal gene transfer. Genomics, 98, 367–369.

Wylie, S.J., Adams, M., Chalam, C., Kreuze, J., Lopez-Moya, J.J., Ohshima, 
K. et al. (2017) ICTV virus taxonomy profile: Potyviridae. Journal of 
General Virology, 93, 352–354.

Xiao, Y. & Wang, Y. (2016) Global discovery of protein kinases and 
other nucleotide-binding proteins by mass spectrometry. Mass 
Spectrometry Reviews, 35, 601–619.

Zheng, J., Singh, V.K. & Jia, Z. (2005) Identification of an ITPase/XTPase 
in Escherichia coli by structural and biochemical analysis. Structure, 
13, 1511–1520.

How to cite this article: James AM, Seal SE, Bailey AM, Foster 
GD. Viral inosine triphosphatase: A mysterious enzyme with 
typical activity, but an atypical function. Mol Plant Pathol. 
2021;22:382–389. https://doi.org/10.1111/mpp.13021

https://doi.org/10.1111/mpp.13021

