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Background: Efforts for malaria elimination in India focus solely on the more prevalent human malaria parasites 
of Plasmodium falciparum (Pf) and Plasmodium vivax (Pv). The three non-Pf/Pv species - Plasmodium malariae 
(Pm), Plasmodium ovale (Po) and Plasmodium knowlesi (Pk) are seldom studied though they are often present as 
mixed infections with Pf/Pv and thus may be misdiagnosed. This study provides a comprehensive landscape of 
Pm, Po, and Pk infections from 1930 to 2020. 
Methodology: We systematically searched for published literature on Pm, Po, and Pk in India from PubMed 
database and collated data from 35 studies. The data, starting from 1930, were mapped decade-wise across India. 
The prevalence of the three neglected Plasmodium species and their proportional contribution to reported Plas-
modium mixed-infection were also calculated and analysed. 
Principal findings: Amongst the three non-Pf/Pv species, Pm infections have been reported in greater numbers 
across India and were mostly mono-infections till 1980. From 1983 onwards, reports of Pm mixed infections with 
Pf/Pv started to emerge. In contrast, reports on occurrence of Po are still rare barring few mixed infection studies. 
Further, Pk mono- and mixed cases were first reported in 2004 in India and Pk now has been found reported from 
four Indian states. 
Conclusion: This is the first account of country-wide assimilation of reported malaria parasite species data that 
covers Pm, Po, and Pk infection profiles from 1930 to 2020. This study illustrates the need to survey all 5 human 
malaria parasite species in India and to target them collectively during the malaria elimination phase.   

1. Introduction 

Malaria is a parasitic disease caused by various species of the pro-
tozoan Plasmodium that can spread to a susceptible mammalian host by 
female mosquito vectors belonging to Anopheles genus. In 2018, an 
estimated 228 million cases and ~ 0.40 million deaths from malaria 
were reported globally; 85% of malaria burden was in India and in 18 
countries of Africa [1]. The Plasmodium species infecting humans are 
Plasmodium falciparum (Pf), Plasmodium vivax (Pv), Plasmodium malariae 
(Pm), Plasmodium ovale (Po), and Plasmodium knowlesi (Pk) either as 
single Plasmodium species (mono-infections) or with multiple species 

(mixed-infections) [2,3]. The most common causal agent for malaria in 
humans is Pf while the other four species (Pv, Pm, Po and Pk) are 
commonly termed as non-falciparum malaria agents. These five species 
differ from each other in their clinical manifestations, transmission dy-
namics, ability to elicit immune responses in hosts, and resistance pat-
terns to antimalarial drugs [4–6], apart from the differences in their 
definitive hosts (invertebrate mosquito vectors) and secondary 
(mammalian) hosts. Whereas Pf (believed origin: avian parasite in 
humans and P. reichenowii in chimpanzees), Pv (believed origin: African 
great apes), Pm (believed origin: African great apes), and Po (believed 
origin: African great apes) have established themselves as human 
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malaria parasites with the ability to sustain independent human-to- 
human transmission through anopheline mosquito vectors, Pk is un-
able to independently sustain human-to-human transmission in the 
absence of extra-human vertebrate hosts (long-tailed and pig-tailed 
macaques). The vector species transmitting most of the Pf and Pv ma-
laria in India include An. culicifacies, An. dirus, An. fluviatilis, An. mini-
mus, An. sundaicus and An. stephensi [7,8]. However, for the non-Pf/Pv 
malaria transmission in India, studies mentioning incriminating vector 
species are not conclusive but include An. culicifacies, An. fluviatilis, and 
An. varuna for Pm [9], An. stephensi, An. subpictus and An. dirus for Po 
[7,10] and An. dirus, An. sundaicus and An. latens for Pk [11–15]. 

Pf remains the most virulent form of the parasite and is responsible 
for most of the fatalities. Defying the norm of Pf being a threat to malaria 
elimination program, Pv is now equally considered a threat to elimina-
tion with the emergence of cases with severe clinical presentations and 
deaths [16]. In addition, the threat from Pv is due to the asymptomatic 
infections and clinical relapses attributed to Pv hypnozoites. According 
to the World Malaria Report 2019, India accounted for 47% of all Pv 
cases globally in 2018 [1]. The other three species are often neglected 
but their infections have been reported in India since several decades. 

In terms of prevalence/occurrence, Pf and Pv dominate Pm in India 
[16]. Malaria due to Pm is known as quartan malaria since fever in such 
patients frequently occurs every fourth day [2]. The peak parasitemia in 
Pm infection is lower than that in Pf or Pv infections [9]. This is one of 
the main reasons that most Pm infections are either overlooked or are 
misidentified as mono-infections of Pf or Pv by microscopy; note that Pf 
has a tendency to predominate in mixed infections [4]. Pf is known to 
infect all ages/stages of RBCs; Pm preferably infects the older RBCs while 
Pv and Po invade younger RBCs [4,9]. Further, the intra-erythrocytic 
asexual developmental cycle of Pm is of 72  hours which might give 
more time to the human host to develop early immunity [9]. An inter-
esting feature of Pm is its ability to persist in mammalian hosts for an 
extended period of time [9]. These key factors probably make Pm in-
fections milder. Unlike Pm, Po causes tertian malaria in humans and is 
less dangerous than Pf [17]. Po consists of two distinct species - Po curtisi 
and Po wallikeri that occur globally [18]. Po cases in India are rarely 
reported as compared to Pm cases. Po, much like Pv, can cause relapse 
since its life cycle includes hypnozoites which can lay dormant in liver 
cells in human hosts. Although Po causes mild infections, few case 
studies indicate the potential of this particular species to cause severe 
disease and even death [19,20]. The fourth non-falciparum species, Pk, 
is known to infect macaques but it also has the capability to infect 
humans [3]. Pk is often misdiagnosed as Pm microscopically and has 
been proven to reach high parasitemia and to cause anemia in patients 
[21]. 

The three non-PfPv species (Pm, Po, and Pk) are thus either over-
looked or misdiagnosed as either Pf or Pv and hence are clubbed as 
neglected Plasmodium species [22]. Despite scattered reports of these 
non-PfPv species in India, their true burden and distribution across the 
country remains elusive. There is also a lack of knowledge about Pm, Po 
and Pk vectors, infection rates and transmission dynamics. Further, the 
roles of each of Pm, Po, and Pk towards their specific clinical manifes-
tations in mixed infections remains unclear. Knowing the burden and 
geographical distribution of these non-PfPv species singly or in combi-
nation across India will not only highlight their undermined importance 
but also help in planning dedicated studies towards estimating their real 
prevalence, understanding their eco-epidemiology, transmission dy-
namics, responsible vector species identification, vectorial capacity, and 
type of natural hosts (particularly in case of Pk where a zoonotic spill-
over is proposed). Information on these parameters will enrich our 
knowledge for species-specific interventions and will make us future- 
ready to plan malaria elimination. 

To the best knowledge of the authors, no evidence for direct and 
primary estimation of the burden of these species exists and no attempts 
to synthesize the available information from published data are known. 
Since on the whole research to estimate the burden of Pm, Po and Pk has 

been lacking in India, most of the information on these species is thought 
to be available as a secondary outcome of published research and/or 
case reports on Pf and Pv. Thus, the present study was done to establish a 
first of its kind synthesized database on the reported burden of Pm, Po 
and Pk in India from different studies published between 1930 and 2020. 
In the following sections, we will discuss in detail the species-specific 
distribution, prevalence, proportional contribution to reported Plasmo-
dium mixed-infections, diagnosis and recommended treatment options/ 
outcomes from published evidence of Pm, Po and Pk in India. 

2. Methodology 

2.1. Data sources and search strategy 

A systematic literature analysis was conducted on human Plasmo-
dium infections from Pm, Po and Pk. Data sources selected in this study 
were retrieved from PubMed. In addition, Google® was also explored to 
supplement the research articles which did not appear in PubMed. The 
search terms were “Plasmodium malariae” and/or “Plasmodium ovale”, 
and/or “Plasmodium knowlesi” with the “state/region name” and the 
country name - “India”. Some relevant articles were extracted from 
cross-referencing. 

2.2. Inclusion and exclusion criteria 

We included only reports of Pm, Po and Pk infections (either as mono- 
or mixed infections with any Plasmodium species) in humans (including 
case studies) with available full text. Case studies were only included 
when depicting the distribution of cases and were excluded for the 
calculation of either proportion or prevalence for the species. No time 
frame was specified while searching the databases. 

2.3. Data extraction and analysis 

The distribution of Pm, Po, and Pk as mono- and mixed infections (in 
various combinations with each other and with PfPv), reference year of 
data and name of the state/region/district were extracted from the re-
ported studies and tabulated into a detailed district-level (where avail-
able) information spreadsheet (Supplementary tables 1 and 2). Each 
individual dataset was grouped into decadal data depending upon the 
availability for various years. Species-specific prevalence of Pm, Po, and 
Pk in India, in terms of mono- and mixed infections each, was estimated 
as a proportion of the total species-specific positive cases (as mono- & 
mixed infections) from the total number of persons screened for malaria 
for each decade and expressed as percentage. [Species-specific preva-
lence = (total number of species-specific cases / total number of persons 
screened for malaria) * 100]. The prevalence (%) in each decade was 
plotted as bar-graphs (Fig. 3a and b). The studies which did not specify 
the total number of persons screened for malaria were excluded for the 
estimation of prevalence. The prevalence of Pk could not be calculated 
as the total number of persons screened for malaria was not available. 
Details of the total number of people screened for malaria, the positive 
malaria cases and species distribution for respective geographical areas 
are available in supplementary table 1. 

The proportional contribution of different combinations of mixed- 
species in the total reported Plasmodium mixed infections was calcu-
lated by taking the percentage of the total number of different species- 
specific mixed-infections from the total number of mixed-infections 
(excluding PfPv) for a particular decade (Fig. 5) [Proportion of specific 
mixed-species combination = (total number of specific mixed-species 
combination / total number of mixed-species infections) * 100]. For 
calculating this, all the studies (excluding case studies) were included - 
even ones that did not specify the total number of persons screened for 
malaria (and hence were excluded from estimating prevalence). The 
results from PCR diagnosis were preferred over microscopy in calcu-
lating species-specific prevalence and proportions. All percentages in 
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decimals are shown up to 2 decimals places by rounding-up to the next 
digit if more than five. 

3. Results 

A total of 35 studies were included from 180 search hits retrieved 
from PubMed and Google® for Pm, Po, and Pk infections in India - 
spanning 1930 to 2020. For species-specific distribution and prevalence, 
these data were grouped into six decades: 1930–1939, 1940–1950, 
1980–1989, 1990–1999, 2000–2009 and 2010–2019 based on the 
reference year of the data. Only scattered case reports of Pm/Po/Pk were 
found from 1951 to 1979 and hence these were not included in showing 
the decadal distribution. For proportional contribution of each species in 
Pm/Po/Pk mixed infections, the last two decades were modified to 
2000–2010 and 2011–2019 as per the availability of data. The compiled 
data were used to map the distribution of occurrence of Pm/Po/Pk on 
India’s map as per the above decadal intervals (Fig. 1a-f). 

Out of the 35 studies included in this paper, we found that in a little 
more than half (51%; N = 18; data reference years between 1930 and 
2004) microscopy was used to diagnose malaria and to classify the 
attributing Plasmodium species. About 43% of the studies (N = 15; data 
reference year 2005 onwards) utilized both microscopy and PCR (nested 
and gene-specific) for malaria diagnosis and species confirmation. PCR 
alone was used to diagnose malaria and Plasmodium species in the rest 
~6% studies included (N = 2). 

3.1. Geographical distribution of Pm cases 

We collated 24 reports for Pm from the 1930s to present. Of the three 
non-PfPv species, Pm cases have consistently been recorded in almost 
every decade since the 1930s (Fig. 1). However, from 1930 to 1975, only 
mono Backspace-infections of Pm were reported in various states of 
India (Fig. 1). Between 1930 and 1939, it was observed that Pm mono- 
infections were reported from four states of Assam, Haryana, Karnataka 
and West Bengal (Fig. 1a) [23]. However, from 1940 to 1950, the re-
ported Pm infections were observed to be distributed throughout India 
(Fig. 1b) [23]. From 1960 to 1975, only a handful of case-studies re-
ported mono-infections of Pm in Haryana, Karnataka, Kerala, and Tamil 
Nadu (not shown separately in figures) [24,25]. 

Reports of Pm mixed infection started to rise from the 1980s with the 
first case being reported from Sundargarh district of Odisha in 
1988–1989 [26]. The mixed infections of Pm with Pf/Pv (Pm + Pf; Pm +
Pv; Pm + Pv + Pf) were reported in Odisha’s two main districts of Kor-
aput and Sundargarh (Fig. 1c) [26–29]. Along with Odisha, the Bastar 
district of Chhattisgarh (previously a part of Madhya Pradesh), reported 
Pm mono-infection and mixed infection (Pm + Pv) (Fig. 1c) [30]. From 
1990 to 1999, case-studies for Pm infections were reported in three 
states namely – Kerala, Uttarakhand (previously a part of Uttar Pradesh) 
and West Bengal (Fig. 1d) [31–34]. It is important to note that in Kerala, 
three cases found positive for Pm infection were earlier misidentified 
and reported as Pv cases (Fig. 1d) [34]. Pm mono-infection along with 
Pm + Pf mixed infection was also reported in Delhi in the same time 
period (Fig. 1d) [35]. 

Between 2000 and 2009, the cases for Pm infections were recorded in 
five different states of India namely - Arunachal Pradesh (Pm; Pm + Pf), 
Jharkhand (case study), Karnataka (case study from Bengaluru), mul-
tiple locations in Odisha (10 districts) (Pm; Pm + Pf; Pm + Pv; Pm + Pv +
Pf) and West Bengal (Pm) (Fig. 1e; Supplementary table 1) [36–41]. A 
study from Arunachal Pradesh was the first to report Pm cases from the 
North-Eastern part of India (Fig. 1e) [36]. For cases in Odisha, both 
diagnostic techniques were utilized (microscopy and PCR) to detect Pm 
cases and it was observed that microscopy significantly underestimated 
the frequency of both mono- and mixed Pm infections [39]. 

Multiple studies reported the mono- and mixed infections of Pm that 
were scattered in multiple states of India since 2010 but the prevalence 
of the same was low (Fig. 1f) [42–44]. The diagnosis of Pm cases in 

Assam was achieved by nested PCR technique although no cases were 
detected when diagnosis was performed microscopically – this re- 
confirms that microscopy alone is not sufficient for detection of all Pm 
infections [45]. A report of a unique combination of mixed infection of 
Pm with both Po and Pf (Pm + Po + Pf) emerged in Jharkhand in 2014 
which was not reported anywhere earlier in India (Fig. 1f) [44]. 
Following the previous years’ trend, Odisha reported Pm (mono- and 
mixed infections) cases in multiple districts of the state (Pm; Pm + Pf; 
Pm + Pv; Pm + Pv + Pf) (Fig. 1f) [44,46]. Bastar in Chhattisgarh appears 
to be one of the hotspots for these neglected Plasmodium infections as all 
cases of Pm and Po have been reported from this particular region in 
Chhattisgarh earlier as well [44,47,48]. Bastar is the first place in India 
where the report of a very rare case of mixed infection with four species 
(Pm, Po, Pv and Pf) emerged in 2015 [47]. However, no further studies 
have been reported for Pm infections from 2015. But the reported rise in 
Pm mixed infections in 2010–2015 suggests that Pm was able to infect 
humans at more regular intervals in combination with Pf - or more 
targeted studies were conducted to identify Pm infections - or possibly 
that a high number of studies reported Pm by chance. 

3.2. Geographical distribution of Po and Pk infections 

We collated 9 reports for Po infections from 1930 to date, starting in 
1988 from Koraput district (Odisha) with three mixed infections of Po 
with Pf (Fig. 1c) [49]. The first report of Po mono-infection in north 
India was observed in Delhi in the year 1997 (Fig. 1d) [35]. Between 
2000 and 2009, Po (mono-infections) were also reported in Assam and 
Gujarat (Fig. 1d) [50,51]. The Po + Pf pair has been recorded from 
Jharkhand, Madhya Pradesh and Odisha between 2010 and 2015 
(Fig. 1f) [44,52,53]. Po sympatric species - Po curtisi and Po wallikeri - 
have been reported from Bastar (Chhattisgarh) along with a fatal case of 
cerebral malaria with Po + Pv + Pf (Fig. 1f) [52]. 

Only two studies have reported human Pk infections in India to date 
[54,55]. (Fig. 1f). Between 2004 and 2010, 53 Pk infections (mostly 
mixed with Pf (46) and Pv (4)) were reported from the Andaman and 
Nicobar Islands predominantly from Car Nicobar and Port Blair (Fig. 1f) 
[54]. The other study published in 2020 (samples collection was done 
from 2011 to 2018), the occurrence of Pk infections was reported from 
Bihar, Delhi and Uttar Pradesh (Fig. 1f) [55]. 

The distribution of the number of non-PfPv infections (mono- and 
mixed-infections) across the identified six decades (Fig. 2) shows rise in 
Pm mixed infections from the 1980s, while Po mixed and Pk mixed in-
fections were reported between 2011 and 2019 and 2000–2010 
respectively (Fig. 2). The reported number of mixed infections for Pm 
was greater than Pm mono-infections from 1990 onwards. For the 
combined six decades (1930–2019), the number of Pm mono-infections 
seems to be considerable higher than Pm mixed infections while mixed 
infections for both Po and Pk dominated over their corresponding mono- 
infections. 

3.3. Variations in parasite species-specific prevalence 

We then analysed species-specific prevalence of mono- and mixed 
infections across six decades in India (Fig. 3a). A higher prevalence of 
Pm mono-infection was observed during 1930–1939 (1.3%) as 
compared to that in the following decade (0.9%). Moreover, Pm in the 
form of both mono- and mixed infection was observed to be more 
prevalent during 2000–2009 [0.68% (Pm - 0.3%, Pm + Pf - 0.3%, Pm +
Pv - 0.06%, Pm + Pf + Pv - 0.03%)] followed by 2010–2019 [0.57% (Pm - 
0.3%, Pm + Pf - 0.2%, Pm + Pv - 0.03%, Pm + Pf + Pv - 0.07%, Pm + Po 
+ Pv + Pf - 0.01%)] and 1980–1989 [0.33% (Pm - 0.3%, Pm + Pf - 
0.03%, Pm + Pv - 0.02%, Pm + Pf + Pv - 0.04%)]. Furthermore, during 
1990–1999 Pm was reported with only Pf in the form of mixed infections 
(0.2%) and rest as mono-infection (0.03%) (Fig. 3a). 

It has been reported that Pm mono-infections were scattered in 14 
regions/states of India between 1930 and 1950 (Fig. 3a) [23]. The 
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Fig. 1. Geographical distribution for the years. A) 1930–1939; B) 1940–1950; C) 1980–1989, D) 1990–1999; E) 2000–2009; F) 2010–2019. P. malariae (Pm), P. ovale 
(Po) and P. knowlesi (Pk) mono-infections are denoted as circles; mixed infections are denoted as - triangle for Pm with Pf/Pv/Po; rhombus - for mixed infections with 
Po with Pf/Pv/Pm; four-point star - for mixed infections of Pk with Pf/Pv. 7-point star - for mixed infection with all four species i.e. Pm, Po, Pv and Pf. 
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highest prevalence in that period for Pm cases was recorded in West 
Bengal (1.8%), followed by current state of Telangana (1.4%), Assam 
(1.4%), Tamil Nadu (1.2%) and Maharashtra (1.1%) (Supplementary 
table 1) [23]. Reports of mixed infections of Pm with Pf/Pv started to 
emerge from 1981 with very low prevalence from the two neighbouring 
states - Chhattisgarh (Pm + Pv - 0.1%) and Odisha (Pm + Pf - 0.02%; Pm 
+ Pv - 0.01%; Pm + Pv + Pf - 0.04%) (Fig. 3a; Supplementary table 1) 
[26–30]. Pm mixed infection with Pf was reported in Delhi with 1.2% 
prevalence in 1997 (Supplementary table 1) [35]. Pm cases have been 
persistent in Odisha and have been recorded every decade from the 
1980s. From 2000 to 2009, only three states reported a low prevalence 
of Pm mono and/or mixed infections – Arunachal Pradesh, Odisha and 
West Bengal [36,39–41]. Different combinations of mixed infections 
were observed in Odisha (Pm + Pf - 0.5%, Pm + Pv - 0.1%, and Pm + Pv 
+ Pf - 0.04%) and Arunachal Pradesh (Pm + Pf - 0.05%) whereas West 
Bengal reported only Pm mono-infections (Fig. 3a; Supplementary table 
1) [36,39,40]. The highest prevalence of Pm + Pf (22%) was observed in 
2008 and was distributed in 8 different districts of Odisha (Supple-
mentary table 1) [39]. 

Between 2010 and 2015, Pm + Pv + Pf mixed-species infections 
occurred at a prevalence of 0.1%. In addition, a rare case with four 
species infection was observed in Chhattisgarh (Pm + Po + Pv + Pf - 
0.01%) (Fig. 3a; Supplemenatry table 1) [47]. Pm mixed infections were 
reported in six states namely - Assam (2012; Pm + Pf-0.8%), Chhattis-
garh (2015; Pm + Pf - 0.04%; Pm + Pv + Pf - 0.1%), Madhya Pradesh 
(2012; Pm + Pf - 0.4%), Maharashtra (2012; Pm + Pf - 0.4%; Pm + Pv - 
0.4%), Odisha (2014; Pm + Pf - 0.3%; Pm + Pv - 0.2%; Pm + Pv + Pf - 
0.3%), and Tamil Nadu (2012; Pm + Pf - 0.2%) (Fig. 3a) [42,45–48]. Pm 
mono-infections were also observed in the same time period in five 
states - Assam (1%), Andhra Pradesh (0.8%), Madhya Pradesh (1%), 
Odisha (0.6%), and Tamil Nadu (0.8%) (Supplemenatry table 1) 
[42,45,46,48]. Pm mono- and mixed infections therefore show their 
persistent nature in various states of India with varying prevalence. 
However, no reports of Pm monoand/or mixed infection cases have been 
noted after 2015. This may stem from the use of microscopy and RDTs 
for diagnosis as former will tend to miss or misidentify non-PfPv in-
fections while the latter cannot detect these neglected Plasmodium 

parasites. 
The overall prevalence of Po has been low compared to that of Pm. Po 

mono-infection was detected in Delhi between 1992 and 1997 but at low 
prevalence of 0.03% (Fig. 3b) [35]. Alarmingly to date only Bastar 
district in Chhattisgarh has reported the prevalence of a unique mixed 
combination of Po (Po + Pv + Pf - 0.01%) and a rare quadruple mixed 
species infection (Pm + Po + Pv + Pf - 0.01%) in the year 2015 (Fig. 3b; 
Supplemenatry table 1) [47]. Such cases depict the complexity of 
emerging mixed Plasmodium infections and their threat to elimination of 
malaria if the focus remains only on Pv and Pf surveillance. 

We have also analysed the dominance of mixed over mono-infections 
expressed in terms of number of mixed infections per mono-infection for 
each species across the identified decades (Fig. 4). Mixed infections 
consistently dominate for each species (except between 1980 and 1989) 
(Fig. 4). For each mono-infection of Pm and Po, just a little over 1 mixed 
infection was reported except for Pm in 1980–1989 (less than one mixed 
infection for each mono-infection) and in 1990–1999 (more than 6 
mixed infections for each mono-infection) was reported (Fig. 4). Strik-
ingly, the dominance of mixed over mono-infections was greater for Pk 
wherein between 3 and 5 mixed infections were always reported for 
each mono-infection. Overall, mixed infections dominated for Po and Pk 
(Fig. 4). 

3.4. Proportional contributions in mixed Plasmodium infections 

Amongst all mixed infections, Pm + Pf has contributed the highest 
proportion for the last three decades (Figs. 1, 6). Reports of Pm and Po 
co-infection started to emerge in 1980s (Fig. 1) when all 30 mixed in-
fections had Pm as a component. The triple infection Pm + Pv + Pf 
comprised ~47% of the total followed by Pm + Pf (33%) and Pm + Pv 
(20%) in 1980s. Between 1990 and 1999, of 37 mixed infections, all 
were Pm + Pf while from 2000 onwards diverse combinations of mixed- 
infections involving Pm/Po/Pk were reported which included all five 
Plasmodium species i.e. Pm, Po, Pk, Pv, and Pf (Fig. 5). Between 2000 and 
2010, almost half (46%) of the total 125 mixed infections had Pm + Pf. 
Pk with either Pf (37%) or Pv (~4%) were also observed for the first time 
in Andaman & Nicobar between 2004 and 2010 (Fig. 5; Supplemenatry 

Fig. 2. Distribution of non-PfPv infections. The number of reported cases for both mono- and mixed Pm, Po, and Pk from the 1930s have been plotted to depict trends. 
Pm mono-infections prevailed over mixed infections from 1930 to 1989 but from 1990s mixed infections dominated. For both Po and Pk, mixed infections have 
prevailed over the years. For the combined 6 decades (1930–2019), Pm mono-infections dominated over mixed infections but mixed infections for Po and Pk 
dominated over their mono-infections. Y-axis depicts the number of reported cases while x-axis depicts decades for respective reported cases. 
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Fig. 3. Graphical representation of prevalence. A) 
Pm cases either as mono- or mixed-infections (with 
Po, Pv and Pf) for the years 1930–2019 and, B) Po 
cases either as mono- or mixed-infections (with Pm, 
Pv and Pf) for the years 1990–2019 in India. The 
numbers at the top of each bar indicate the total 
number who were screened for malaria. The data 
time-frames (in decades) are specified at the bottom. 
Special note for Singh et al.: for the ease of descrip-
tion and uniformity, the data from 1930 to 1950 were 
split into that of two decades 1930–1939 and 
1940–1950. The year 1950 was included in the pre-
vious decade (1940–1949) as there were no studies 
reporting Pm between 1951 and 1979. Where the 
data spanned across two decades and were not 
available separately for each of the two decades, such 
data were split equally into two decades in order to 
maintain uniformity.   

Fig. 4. Distribution of mono- or mixed infections. The dominance of mixed over mono-infections was calculated by taking the ratio for mixed over mono-infections 
for each Pm, Po, and Pk cases from the 1980s decade. 
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table 2) [54]. Between 2000 and 2010, Pm + Pv and Pm + Pv + Pf 
contributed 8% and 4% respectively to the total mixed infections re-
ported. Po as mixed with Pf and with both Pv and Pf was also reported for 
the first time in Bastar (Chhattisgarh) and contributed ~1.6% and 0.8% 
of the total mixed infections respectively (Fig. 5; Supplementary table 2) 
[53]. In the most recent decade (2010–2019), a total of 22 studies have 
reported 65 mixed infection cases and the majority of mixed infections 
involved Pm and Pf (66%). The reported proportion of Pm + Pv + Pf 
mixed infections was ~4 times to that in the previous decade (Fig. 5). In 
the same period, mixed infection of Po was again reported along with a 
rare quadruple infection (1.5%) in which all four species infected a 
patient (Pm + Po + Pv + Pf) (Fig. 5) [47]. Interestingly, mixed infections 
of Pk with Pv alone (3%) and both Pf and Pv (4.6%) were also reported 
from 2011 to 2019 (Fig. 5; Supplementary table 2) [55]. The details for 
the proportional contribution of Plasmodium mixed species are provided 
in supplmentary table 2. 

3.5. Treatments and outcomes 

The treatment plan for malaria relies on the specific diagnosis of the 
Plasmodium species followed by recommended chemotherapy. Chloro-
quine may be administered in conventional doses for Pm, Po, and Pk at 
10 mg base/kg body weight for uncomplicated cases [56]. The Gov-
ernment of India’s recommended treatment plan for Po is the same as for 
Pv as both species tend to form hypnozoites and hence use chloroquine 
(25 mg/kg body weight for three days) along with radical treatment 
with primaquine (15 mg daily for 14 days; total 3.5 mg base/kg body 
weight) [57]. Although Pm is reported to be sensitive to chloroquine, 
Government of India recommends that Pm should be treated in the same 
way as Pf. For mixed infections of Pm with Pf/Pv/Po, the focus should be 
on the species known to have a higher virulence or fatality - hence the 
treatment for mixed infections involving Pm/Po/Pk is generally recom-
mended to be the same as Pf treatment i.e. artemisinin combination 
therapies (AS+SP; artesunate 4 mg/kg body weight for 3 days; sulfa-
doxine 25 mg/kg body weight; and pyrimethamine 1.25 mg/kg body 
weight) should be administered in all India except the Northeast [57]. In 
such areas with documented failure rates of more than 10% with 
sulfadoxine-pyrimethamine, artemether combined with lumefantrine 
(AL) is the treatment of choice for Pf malaria (artemether 80 mg +
lumefantrine 480 mg for more than 34 kg weight) [57]. Although, most 
malaria mixed infection cases recover there have been a few reports of 
fatal outcomes from Pm + Pf. 

Two studies have reported Pk infections from India and showed its 
distribution along with Pf and/or Pv [54,55]. Pk mono-infections are 
likely susceptible to chloroquine while the co-infecting species Pf might 

be resistant to chloroquine in India. For this reason, Pk infections with 
Pf + Pv are given ACTs. Fatalities related to Pk infections have been 
reported from Malaysian region earlier and has been considered as 
potentially life-threatening in a few cases [21]. 

For the treatment of Po infections, all the cases reported from Indian 
states since 1980s are being prescribed chloroquine with mostly suc-
cessful treatment outcomes. To prevent relapse due to the ability of Po to 
form hypnozoites, primaquine has to be co-administered with chloro-
quine in all G6PD sufficient children and adults except infants and 
pregnant ladies. A few instances of severe Po infections, either mono- or 
mixed infections have been reported. In 1988, a case report from Odisha 
showed the infection of a 7-month-old male with Pv + Po mixed infec-
tion. This patient was given 50 mg of chloroquine, but within two 
months patient was found to be positive again with Po + Pv + Pf mixed 
infection [49]. A fatal case of Po infection was also reported in Delhi in 
1997 wherein a 60-year old female who was hospitalised in a comatose 
state died within 48  hours of starting quinine-sulphate infusion [35]. 
Another case of severe disease due to Po was reported in 2015 in a 75- 
year-old male in Uttar Pradesh. The patient presented with Po infec-
tion with complicated jaundice, hypotension, thrombocytopenia and 
acute renal failure [58]. The patient was administered IV artesunate, 
ceftriaxone and antipyretics and discharged on primaquine for 14 days 
[58]. An interesting case of a 12-year-old boy with rare quadruple mixed 
species infection (Pm + Po + Pv + Pf) was reported in Chhattisgarh [47]. 
In this case, the bivalent Pf + Pv RDT showed the presence of Pf infection 
only. The microscopist was unable to identify other Plasmodium species 
and the patient was given oral AS + SP. The fever of the patient did not 
reduce, and the patient was then given IV Quinine. However, the patient 
soon left the hospital and the exact outcome could not be determined 
[47]. This particular case of misdiagnosis emphasises the importance of 
utilizing PCR-based diagnosis techniques for non-PfPv species. Misdi-
agnosis poses severe health concerns and can lead to delayed treatment/ 
parasite clearance. 

4. Discussion 

The Government of India has developed a framework to eliminate 
malaria from India by the end of 2030 [59]. This program focuses on 
eliminating the burden of malaria due to Pf and Pv in India. However, no 
light is shed upon the burden and/or elimination of the non-Pf/Pv ma-
laria agents (Pm, Po, and Pk). Malaria in India is predominantly caused 
by Pf and Pv with gradually declining peaks in reported cases from 1976 
(~6.4 million cases), 1996 (~3 million cases) and 2015 (~1.1 million 
cases) [59]. Despite this, there has been a conspicuous increase in the 
proportional contribution of Pf malaria as compared to the Pv malaria in 

Fig. 5. Proportion in mixed infections for the years 1980–2019: Data were not available for the years 1930–1979. The numbers at the top of each bar indicate total 
number of mixed species infections. The data timeframes (in decades) are specified at the bottom. The details of the total number of persons screened for malaria 
along with the positive malaria cases and species distribution for respective geographical areas are available in supplemenatry table 2. 
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India: 12% in 1976, 39% in 1996 and 67% in 2015, as reported by the 
National Vector-Borne Disease Control Program (NVBDCP) of the Gov-
ernment of India [59]. The NVBDCP however does not track malaria 
cases due to Pm, Po and Pk and hence data on non-PfPv infections in 
India are available only in published case reports and other studies, and 
that too usually as a secondary outcome. This study, therefore, puts 
together and elaborates on the published data from all possible resources 
on the occurrence, distribution and prevalence of neglected Plasmodium 
spp. in India over nearly a century (1930–2020). The current study 
shows that Pm and Po infections (though less when compared to Pv and 
Pf) have been reported since 1930 and the 1980s respectively followed 
by that of Pk from 2004 onwards. This work thus emphasises the sig-
nificance and need of tracking malaria infections due to the neglected 
parasites - Pm, Po, and Pk. 

Infection by Pm is shown to be more prevalent than Po or Pk in India. 
Pm is reported to survive in a single host for decades and this might be 
advantageous to its long-term survival, particularly in absence of 
symptoms in the host [60,61]. Persistence of Pm in infecting humans 
presents an opportunity for sustained transmission of malaria [60,61]. 
The highest number of reported studies for mixed infections of Pm seems 
to be concentrated in Odisha while for Po mixed infections, Bastar 
(Chhattisgarh) has the highest number of reports. So, it could be pro-
posed that both Odisha and Bastar (Chhattisgarh) may be considered as 
potential hotspots for Pm and Po infections in India respectively. While 
human Pk infections are more common in neighbouring south-east Asian 
countries like Malaysia, only 2 studies have reported Pk infections in 
India from four states namely- Andaman & Nicobar, Bihar, Delhi, and 
Uttar Pradesh (2004–2018) [54,55]. It is to be noted that Pk infections 
were previously misdiagnosed as Pm as they appear to be morphologi-
cally similar and it was not until molecular detection methods (like PCR) 
were used that Pk infections became common in South-East Asia [62]. 
This information on potential Pm/Po/Pk hotspots could serve a vital role 
for the decision-making bodies to focus on development of policies on 
the targeted detection, diagnosis, and treatment of neglected Plasmo-
dium species in India. It is worthwhile to note that non-PfPv mixed in-
fections were reported more after 1980s for Pm and after the year 2000 
for Pk and Po mixed infections. This could be due to many factors 
including more emphasis on non-PfPv species detection, better tech-
nology (PCR) to detect mixed infections (especially those involving non- 
PfPv species), and misdiagnosis of species by microscopy particularly 
between Pv and Pm. However, it has to be noted that the relative 
abundance of reported/published prevalence of non-PfPv species in 
certain areas is most likely to be due to a higher number of studies 
conducted and therefore reported due to a higher established burden of 
Pf and Pv in these areas (Odisha, Chhattisgarh, Madhya Pradesh). A 
similar discrepancy could be clearly interpreted from the difference in 
reported Pm occurrence between 1930s and 1940s. It is evident from the 
data in supplementary tables that both decades, starting 1930 and 1940, 
differ in the number of studies reported within the respective time 
brackets. Whereas 1930s reported only 3 studies (involving 3 states; 
with 14,830 blood smears examined), 1940s reported 14 studies from 14 
states wherein 2,10,301 blood smears were examined. Thus, it is clear 
that the wider reported distribution of Pm during 1940–1950 is due to 
huge increase in the number of reporting studies, and Fig. 1 shows only 
the occurrence of Pm across India. Further, it is important to note that 
the prevalence of Pm is similar in 1930s (1.3%) and 1940s (0.97%) and 
hence it could be said that the burden of Pm is similar between the two 
decades but the reporting is different. This again highlights the need for 
adding these non-PfPv species in routine surveillance, independent of 
existing burden of Pf and Pv malaria, to gauge the real burden of 
neglected Plasmodium species in India and the reasons thereof. In 
addition, since most of the PCR-based Plasmodium-species research is 
focussed in areas with relatively better access to health care and health 
seeking behaviour, these neglected Plasmodium species may be left un-
detected in remote and hard-to-reach areas with ongoing malaria 
transmission. A further layer of complexity in detecting and 

understanding the real burden of these neglected Plasmodium infections 
in humans is added by a relative lack of entomological studies to identify 
the local vectors that transmit these parasites to humans. This is 
particularly true for Pk infections as reported from Andaman and Nic-
obar Islands where An. sundaicus has been specifically reported to carry 
Pk parasites [63]. 

One of the major restrictions in comparing the data for the neglected 
species includes the type of diagnostic techniques (microscopy and PCR) 
used to detect these infections as the limits of detection are different in 
both techniques. PCR is ~50–100 times more sensitive than microscopy 
[64–68] for the detection of Plasmodium (particularly of low density 
infections). PCR is also a robust tool for species identification (particu-
larly in case of mixed-species infections) and for estimating parasite 
densities. This therefore contributes to the difference in reported prev-
alence of different Plasmodium species, either singly or as mixed in-
fections, before and after the introduction of PCR in mid-1990s. Thus, an 
increase in species-specific prevalence of infections (particularly for 
non-PfPv species) post-PCR period may be a false increase as more in-
fections were being detected by PCR. 

On the other hand, microscopy has its own limitations not because of 
the technique but due to a lack of skilled manpower particularly to 
differentiate various Plasmodium species. Hence microscopy cannot be 
recommended as a routine point-of-care (POC) diagnostics for the three 
neglected Plasmodium spp. The use of artificial intelligence (AI) coupled 
with microscopy may be harnessed to compensate for the dependence on 
skilled workforce, but its use is still in infancy even for detection of Pf 
and Pv [69,70]. A pentavalent pan-Plasmodium RDT is the only practical 
solution worth exploring as a POC screening/diagnostic technique. In 
addition, a POC PCR or its modification like the Loop-mediated 
isothermal amplification (LAMP) could be another solution feasible if 
coupled to the pan-Plasmodium RDT in order to improve its sensitivity 
and specificity [71,72]. Alternatively, current bivalent Pf/Pv RDTs could 
be used as a screening tool coupled with traditional lab-based confir-
matory PCR. The dual use of RDT/PCR for non-Pf and non-Pv infections 
can be exploited so that if the bivalent RDTs suggest a non-Pf/Pv 
infection, PCR can then be done to identify the other three neglected 
species. The problem could still persist if Pf/Pv is also present with either 
Pm/Po/Pk as reported in many studies. Therefore, a robust solution for 
community-wide screening for all 5 Plasmodium species would be a pan- 
Plasmodium pentavalent RDT. 

Further, for countries like India, it would be worthwhile to explore 
the incorporation of making and archiving dried blood spots (DBS) along 
with a microscopic blood smear in the National malaria control pro-
grams. This is expected to generate a repository from which a population 
representative sub-sample (proportional to the population size) could be 
examined intermittently to screen for Pm/Po/Pk infections along with 
for sub-microscopic Pf/Pv across India. Special emphasis is required for 
detecting Pk infections in India not only in humans but also in suspected 
vectors and natural hosts. For Pk transmission, there is the presence of 
suitable vectors (including An. dirus, An. sundaicus and An. latens), 
pigtailed macaques and susceptible human hosts in India, especially in 
North-Eastern states (that neighbour the Pk endemic regions of South- 
East Asia) and in Andaman and Nicobar Islands (that harbour the 
parasite) [11–15]. Thus, to conclude, data on neglected (non-PfPv) in-
fections in India is meagre and is required for species-specific thera-
peutic purposes, for disease prevention, to enhance our understanding of 
disease epidemiology, to address transmission dynamics and to inform 
malaria control strategies. The need and type of preventive measures 
will depend upon the real burden of these species, their specific vector 
bionomics and their parasite biology. More importantly, in light of In-
dia’s commitment of malaria elimination by 2030, a ‘complete’ 
coverage must include all human malaria parasites species. 
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