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Abstract 

Volatile organic compounds (often abbreviated as VOCs) are emitted as sec-

ondary metabolites by plants, and contribute to a wide range of ecological 

processes, owing to their pivotal role in plant interactions with biotic and 

abiotic variables. As a result, they differ greatly between species and explain 

disparities in ecological strategy. In an effort to comprehend their genesis 

and assess potential evolutionary trends, this work probes into the enzymat-

ic pathways that lead to their synthesis. Correspondingly, we adopt and pro-

pose an in-silico approach to analyze connections between the species evo-

lution and the gene evolution of two major plant volatile organic com-

pounds. We lay focus on isoprene and pinene, volatile organic compounds 

synthesized by two common yet compartmentally isolated pathways - the 

methylerythritol phosphate (MEP) pathway and the mevalonic acid (MVA) 

pathway, respectively. Analyses of gene-specific and protein-specific phylo-

genetic trees of the enzymes involved in these pathways thereby indicate a 

mixed trend in the evolution as per the APG IV (Angiosperm Phylogeny Group 

IV) system. These results and the in-silico pipeline thus provide us with future 

opportunities to explore different networks of plant communication for a 

holistic understanding of intraspecific and interspecific interactions in diffe-

rent natural ecosystems. 
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Introduction 

The evolutionary history of plants provides us with the best evidence that 

these organisms prefer to survive in structured communities. The sustenance 

of these communities is heavily dependent on finding mechanisms of effec-

tive communication between the present members of a plant association (1). 

Volatile organic compounds (VOCs), one of the most significant plant second-

ary metabolites, are considered to be the key players in this cascade of com-

munication leading to robust evolutionary events as they are released via 

their interactions with biotic and abiotic stimuli. At room temperature, these 

lipophilic substances have a low molecular weight and high vapour pres-

sures. The physical attributes of these chemicals allow them to pass readily 

through cellular membranes and be discharged into the surrounding envi-

ronment (1 - 3). More than 1700 VOCs have been found in various angiosperm 

and gymnosperm taxa, spanning 90 families and 38 orders (2,4). They are 

usually emitted by flowers, although they can also be found in fruits, leaves, 
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stems, and roots. The chemical landscapes of various eco-

systems are shaped by VOCs, which participate in intra- 

and interspecific interactions, are extremely context-

dependent and operate in both direct and indirect ways 

from the landscape to the intrafloral scale (2,3). Plant VOCs 

influence plant-pollinator, plant-herbivore, plant–plant, 

and other interactions, as well as plant fitness. The most 

significant and well-understood of its roles is the attraction 

of pollinators, which ensures the reproductive success of 

the plant. Plant-pollinator specialization, as well as 

outcrossing and reproductive isolation, is aided by floral 

constancy (1,2). As a result, such a sexual signal is subject 

to intense selection pressure, and it is essential for plant 

development and adaptability to the environment. Despite 

this, VOCs have a vital role in plant defence against 

herbivores and pathogen protection. Due to their inherent 

or augmented release during herbivory attacks, VOCs can 

act as repellents (3,4). Moreover, certain VOCs can function 

as indirect defenses by attracting parasitoids and pre-

dators, lowering the number of herbivores, notably insects 

and larvae. Furthermore, for diagnostic objectives, plants 

emit bacteria-specific VOCs, which activate defensive si-

gnaling pathways and operate as direct inhibitors of bacte-

rial growth, making plants more impervious to pathogen 

invasion (4). 

Biosynthesis of VOCs 

VOC biosynthesis is reliant on the availability of carbon, 

nitrogen, and sulphur, as well as energy from primary me-

tabolism. The accessibility to these building blocks has a 

considerable impact on the concentration of any second-

ary metabolite, including VOCs, due to the high degree of 

crosstalk between primary and secondary metabolism. In 

the production of the vast variety of VOCs, merely a few 

fundamental metabolic pathways are involved (4). VOCs 

are categorized into many families based on their biosyn-

thetic origin, including terpenoids, phenylpropanoids/

benzenoids, fatty acid derivatives, and amino acid deriva-

tives, as well as a few species-/genus-specific compounds 

not included in those major classes (2,5). 

Terpenoids: Terpenoids are the most abundant and diver-

sified family of secondary metabolites, with many volatile 

compounds produced from two common five-carbon pre-

cursors, isopentenyl diphosphate (IPP) and its allylic iso-

mer, dimethylallyl diphosphate (DMAPP). Plants produce 

these C5-isoprene building blocks using two independent, 

compartmentally isolated pathways: methylerythritol 

phosphate (MEP) and mevalonic acid (MVA) (5, 6). The MVA 

route yields volatile sesquiterpenes (C15), whereas the 

MEP pathway generates volatile hemiterpenes (C5), mono-

terpenes (C10), and diterpenes (C20). The MEP route is re-

ferred to as "plastidic" since experimental findings and 

predicted subcellular localization implies that a complete 

set of the corresponding enzymes occurs solely in plastids. 

The subcellular location of the MVA route, on the other 

hand, is less known. This pathway was formerly thought to 

be cytosolic; however, fresh data reveals that it is dis-

persed throughout the peroxisomes, endoplasmic reticu-

lum, and cytosol (4,6,7). The MVA pathway is comprised 

primarily of eight enzymatic activities that start with the 

progressive condensation of three molecules of acetyl-CoA 

to 3-hydroxy-3-methylglutaryl-CoA, which is subsequently 

reduced to MVA by two sequential phosphorylations and a 

decarboxylation/elimination step, yielding IPP. The Ara-

bidopsis genome has two genes that produce acetoacetyl-

CoA thiolase (AACT), one of which (AACT2) catalyses the 

first step in the MVA pathway and is found in peroxisomes, 

according to proteome analysis. The Arabidopsis genome 

encodes two genes that synthesize acetoacetyl-CoA thio-

lase (AACT), one of which (AACT2) catalyses the first step in 

the MVA pathway and is present in peroxisomes, according 

to proteome analysis. The MEP pathway is composed pri-

marily of nine enzymatic steps that begin with the conden-

sation of D-glyceraldehyde-3-phosphate (GAP) and py-

ruvate (Pyr) to form 1-deoxy-D-xylulose-5-phosphate, 

which would then be isomerized/reduced to form the pro-

cess's unique intermediate, MEP (8). Converting MEP to IPP 

and DMAPP is a five-step process. Pyr and GAP are supplied 

to the MEP system by primary metabolism, with the latter 

acquired via both glycolysis and the pentose phosphate 

pathway (PPP). Short-chain prenyltransferases can then 

create geranyl diphosphate (GPP), which are prenyl di-

phosphate precursors, alongside farnesyl diphosphate 

(FPP), and geranylgeranyl diphosphate (GGPP), that can 

subsequently be acted on by a vast family of terpene syn-

thases/cyclases (TPSs). For example, although IPP is trans-

formed to pinene through a geranyl diphosphate interme-

diate in the MVA route, the MEP pathway's direct precursor 

of isoprene is DMAPP (5, 6). While the MEP pathway yields 

both IPP and DMAPP in a 6: 1 ratio, the MVA route however 

solely generates IPP. IPP, DMAPP, and short prenyl diphos-

phates (GPP and FPP) act as bridging metabolites, allowing 

metabolic interaction between the compartmentally sepa-

rated MVA and MEP pathways. Due to the isoprenoid bio-

synthetic pathways being interconnected, the MEP path-

way, which typically has a higher carbon flux than the MVA 

route, can facilitate terpenoid synthesis in the cytosol (5,9). 

Phenylpropanoids/ Benzenoids: The second largest class 

of plant VOCs is composed of phenylpropanoid and 

benzenoid compounds. This is derived from the aromatic 

amino acid phenylalanine (Phe). Phe is linked to central 

carbon metabolism via seven enzyme processes of the 

shikimate pathway and three of the arogenate pathway. 

Phosphoenolpyruvate (PEP) and D-erythrose-4-phosphate 

(E4P), the shikimate pathway's immediate precursors, are 

produced from glycolysis and the PPP, respectively (4). 

Given that the same mechanisms provide precursors for 

the MEP system, the latter has to contest for carbon alloca-

tion with the shikimate/phenylpropanoid route, especially 

given that Phe gets 30% of photosynthetically fixed car-

bon, mostly to form lignin. The first gene in the shikimate 

pathway, 3-deoxy-D-arabino-heptulosonate-7-phosphate 

synthase (DAHP synthase), is critical in adjusting carbon 

intake in the process (5,10).  However, the molecular pro-

cesses behind this control in plants are mostly unexplored. 

Derivatives of Volatile Fatty Acids: Plant VOCs even in-

clude fatty acid derivatives generated from C-18 unsaturat-

ed fatty acids, linoleic or linolenic acids, such as 1-hexanal, 

cis-3-hexenol, nonanal, and methyl jasmonate. In the pro-
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duction of these fatty acids, the plastidic pool of acetyl-

CoA produced from Pyr, the end product of glycolysis, is 

utilized. After entering the lipoxygenase (LOX) pathway, 

unsaturated fatty acids undergo stereospecific oxygena-

tion, releasing 9-hydroperoxy and 13-hydroperoxy inter-

mediates, which are subsequently metabolized by the two 

branches of the LOX pathway to form volatile compounds 

(11). The allene oxide synthase branch uses the 13-

hydroperoxy intermediate solely to generate jasmonic acid 

(JA), which is then converted to methyl jasmonate by JA 

carboxyl methyl transferase. The hydroperoxide lyase 

branch, on the other hand, converts both types of hydrop-

eroxide fatty acid derivatives into C6 and C9 aldehydes, 

which are usually reduced to alcohols before being con-

verted to their esters by alcohol dehydrogenases. The sat-

urated and unsaturated C6/C9 aldehydes and alcohols are 

also known as green leaf volatiles and are typically gener-

ated in the green organs of plants in response to injury, but 

they also offer the distinctive 'fresh green' aroma of fruits 

and vegetables (5,11). 

Volatile branched-chain amino acids derivatives: Nu-

merous volatile chemicals, particularly those seen in 

flower smells and fruit odours, are produced from ami-

no acids or intermediates in their formation and con-

tain nitrogen and sulphur. The manufacture of these 

amino acid-derived volatiles in plants is considered to 

be analogous to that reported in bacteria or yeast, 

where these pathways have garnered more attention 

(12). As in microbes, aminotransferases catalyse the 

first deamination or transamination of the amino acids, 

resulting in the synthesis of the matching α-ketoacid 

(13).  Such α-ketoacids can be further decarboxylated, 

then reduced, oxidised, and/or esterified to produce 

aldehydes, acids, alcohols, and esters (3). 

Significance of VOCs 

Insect-Plant Interactions: Floral VOCs have long been 

recognized as important in attracting pollinators. The 

importance of tri-trophic interactions among plants, 

insect herbivores, and natural enemies of herbivores 

was not recognized until the 1980s when Price along 

with other researchers  highlighted the importance of tri

-trophic interactions among plants, insect herbivores, 

and natural enemies of herbivores (2). Plant VOCs ap-

pear to have a prominent role in plant-plant dissemina-

tion of defensive responses, for example. When it 

comes to VOC detection in biological systems, insects 

have been shown to detect scents through their periph-

eral nervous system (14). Several subsequent investiga-

tions established the significance of herbivore-induced 

plant VOCs (HIVOCs) as host location cues for parasi-

toids and herbivore predators. This indirect chemical 

defense is likely to be as important as or more im-

portant than direct chemical and physical defenses in 

terms of reducing herbivore damage. When a herbivore 

consumes a plant, many VOC production pathways are 

activated. While terpenes and sesquiterpenes play a 

pivotal role, several additional types of volatiles are 

created depending on the plant species attacked (15). 

Plant to Plant Communication: While animal reactions to 

VOCs have been widely studied, particularly in insects, 

plant-to-plant communication is significantly less unders-

tood. In the last 10-15 years, it has been conclusively de-

monstrated that plants detect and respond to VOCs and 

that this capability is an important defense mechanism. 

Plants exposed to VOCs from neighbouring plants that 

have been harmed by insect herbivores might build their 

defenses and respond more quickly and powerfully if at-

tacked later by the herbivores. As a result, HIVOCs not only 

attract natural herbivore enemies, but also act as warning 

signals for adjacent plants. In rare cases, VOCs can act as 

intra-plant signals between injured leaves and those far 

from the source of harm (15).  

 However, it is still unclear how plants detect and 

respond to various VOCs. Nonetheless, studies have 

demonstrated altered plant defense in response to mVOCs 

or nearby plant VOC emissions (16 – 21).  Brosset and 

Blande (22) evaluate current information on plant-plant 

signaling where the authors describe 40 distinct plant-

derived VOCs that have been shown to modify receiver 

plant resistance or defense-related internal signals. As a 

result, it is probable that detection of diverse VOCs and 

consequent changes in plant internal signaling rely on 

more than one or more unique receptors in plants. Brosset 

and Blande (18) review recent evidence that suggests a 

distinct method of VOC detection in receiver plants, in-

cluding absorption and subsequent conversion of VOCs to 

soluble metabolites. Metabolizing VOCs might be a useful 

functional method of plant-plant communication since it 

allows compound-specific responses in a dose-dependent 

way. It is still difficult to ascertain how the various volatile 

cues are incorporated into a plant response (23). 

Mimicry and Eavesdropping: Although a molecule or mix-

ture of molecules may operate as a very specific phero-

mone for members of the species that generates it, preda-

tors and parasites routinely intercept these signals that 

dependably identify the presence of their prey or hosts. 

Some orchids produce sex pheromones that attract male 

bees and hence aid in pollination. Other blossoming plants 

smell like decaying meat or animal waste, which attracts 

flies and other insects that consume and/or oviposit on 

these items (16). 

 As a result, VOC signals transmit a wide variety of 

communications between and among organisms from the 

planet's most diversified spectrum of life forms. Depend-

ing on the receiver, the same chemical or chemical combi-

nation may have several meanings. They are widespread in 

nature and critical to ecosystem functioning (16). 

 However, even though scientists have been study-

ing the composition and function of VOC signals for over 

50 years, we are yet to resolve the evolutionary origin of 

these compounds. Through this study, laying our focus 

primarily on the MVA and MEP pathways, we investigate 

and discern a possible correlation between the species 

and gene evolution to aid our understanding of the origin 

of volatile organic compounds and evaluate its future 

trend patterns. 
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Materials and Methods  

Initially, a text mining-based approach was adopted to 
identify the top 28 plants reported in literature emitting 

VOCs. This list was then further curated based on the type 

of VOC emitted (Supplementary Table 1). This step allowed 

us to identify that isoprene and pinene were the two most 

common VOCs that were emitted ubiquitously by the 28 

plants identified in step one. Following this, the pathways 

of synthesis of these two compounds were studied in de-

tail to note down the enzymes that play key roles. Next, 

NCBI GenBank and UniProt databases were mined to ob-

tain the sequences  of the enzymes of the pathways. These 

sequences were then subjected to multiple sequence 

alignment followed by phylogenetic reconstruction using 

Fig. 1: Flowchart depicting and explaining the databases that were used in the analysis pipeline  
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 Table 1: Description of gene-specific and protein-specific phylogenetic trees for enzymes in the methylerythritol phosphate (MEP) and mevalonic acid 
(MVA) pathways 

MEP Pathway 

Enzyme Gene-specific tree Protein-specific tree 

Deoxyxylulose 5-phosphate (DXP) 
Synthase 

Mostly composed of dicots, with an occasional 
presence of monocots, algae and gymnosperms 

Mixed clustering of plant families with sister 
groups from both monocots and dicots. 

Deoxyxylulose 5-phosphate (DXP) 
Reductoisomerase Small tree – not suitable for analysis 

No tree generated – less than 4 sequences re-
trievable. 

Diphosphocytidylyl methyl 
 erythritol (CDP-ME) Synthase 

Distinct clustering of plant families – one of them 
composed majorly of gymnosperms and algae, 
the others composed of sister groups from both 

monocots, dicots and algae. 

Mixed clustering of plant families with sister 
groups from both monocots and dicots 

Diphosphocytidylyl methyl  
erythritol (CDP-ME) Kinase 

Mixed clustering of plant families with sister 
groups from both monocots, dicots and algae Small tree – not suitable for analysis 

Methylerythritol 2,4-cyclodiphosphate 
(ME-cPP) Synthase Small tree – not suitable for analysis 

Mixed clustering of plant families with sister 
groups from both monocots and dicots 

Hydroxymethylbutenyl diphosphate 
(HMBPP) Synthase 

Mixed clustering of plant families with sister 
groups from both monocots and dicots 

No tree generated – less than 4 sequences re-
trievable. 

Hydroxymethylbutenyl diphosphate 
(HMBPP) Reductase 

Two major clusters of plant families – one com-
posed of sister groups majorly of asterids, the 
other composed majorly of sister groups from 

commelinids 

No tree generated – less than 4 sequences re-
trievable. 

Isopentenyl diphosphate Isomerase 
Mostly composed of dicots, with an occasional 

presence of algae 
Mostly composed of dicots, with an occasional 

presence of monocots 

Isoprene Synthase 
Mixed clustering of plant families with sister 

groups from both monocots and dicots 
Mixed clustering of plant families with sister 

groups from both monocots and dicots 

MVA Pathway 

Enzyme Gene-specific tree Protein-specific tree 

Acetoacetyl-CoA thiolase 
Mixed clustering of plant families with sister 

groups from both monocots and dicots Small tree – not suitable for analysis 

3-hydroxy-3-methylglutaryl-CoA 
 (HMG-CoA) Synthase 

Mostly composed of dicots, with an occasional 
presence in monocots, algae and gymnosperms Small tree – not suitable for analysis 

3-hydroxy-3-methylglutaryl-CoA  
(HMG-CoA) Reductase 

Two major clusters of plant families – one com-
posed of eudicots, and the other of monocots 

Two major clusters of plant families – one com-
posed of eudicots, and the other of monocots 

Mevalonate-5-kinase 
Mixed clustering of plant families with sister 

groups from both monocots and dicots Small tree – not suitable for analysis 

Phosphomevalonate kinase 
Mixed clustering of plant families with sister 

groups from both monocots and dicots Small tree – not suitable for analysis 

Mevalonate pyrophosphate  
decarboxylase 

Mixed clustering of plant families with sister 
groups from both monocots and dicots Small tree – not suitable for analysis 

Geranyl diphosphate synthase 

Distinct clustering of plant families – one com-
posed majorly of gymnosperms, the other is com-

posed of sister groups from both monocots and 
dicots 

Distinct clustering of plant families – one com-
posed majorly of gymnosperms, the other is a 
mixed cluster, composed of sister groups from 

both monocots and dicots 

Pinene synthase 

Two major clusters of plant families – one com-
posed of sister groups majorly from gymno-

sperms, the other composed of sister groups from 
core eudicots 

Two major clusters of plant families – one com-
posed of sister groups majorly from gymno-
sperms, the other composed of sister groups 

from core eudicots 
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the neighbour-joining method with 100 bootstrap itera-

tions using MEGA and the consensus sequences of each 

were obtained. Following this, the trees were analyzed 

and an enrichment table (Supplementary Table 2) was 

prepared in a family-specific manner which embodied 

the occurrence of the enzymes corresponding to each 

family. This enabled us to compare the families with 

the APG IV (Angiosperm Phylogeny Group) system (18, 

21) to check the phylogenetic and evolutionary fidelity. 

A summary of the workflow is provided in Fig. 1.  

 

Results  

Gene-specific and protein-specific phylogenetic trees 
were constructed for 9 major enzymes in the MEP path-

way and 8 major enzymes in the MVA pathway 

(Supplementary Figures). Out of the 34 expected trees 

(including 18 from the MEP pathway and 16 from the 

MVA pathway), 3 protein-specific trees in the MEP path-

way corresponding to DXP reductoisomerase, HMBPP 

synthase and HMBPP reductase could not be generated 

due to the non-availability of a minimum number of 

sequences. Thus, a total of 31 phylogenetic trees were 

taken into consideration and analysed. Thereafter, the 

clustering of members from different families of plants 

was identified for comparison with the APG IV classifi-

cation for the orders and families of flowering plants 

(20, 23). A brief description of the trees has been includ-

ed in Table 1.  

 Next, we identified families that were common to 

both types of trees for each enzyme in the pathways, 

Fig. 2: The MEP pathway. (A) The major enzymes involved in the conversion of pyruvate and glyceraldehyde-3-phosphate to isoprene via the MEP pathway have 
been shown. The table illustrates the families common to both gene-specific and protein-specific phylogenetic trees for each of the enzymes in the MEP pathway, 
alongside the major plant group/ evolutionary lineage of occurrence, identified independently for each enzyme. (B) The enrichment profile of the enzymes com-
mon to both gene-specific and protein-specific trees has been represented as a pie chart. Isoprene synthase is the most enriched enzyme in the MEP pathway, 
with an enrichment value of 39%. (C) The prevalence of common families has been represented as a tag cloud, which shows that Lamiaceae is the most repre-
sented family.  
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and an enrichment profile of the enzymes comparing 

the number of common families was developed. While 

isoprene synthase was the most enriched enzyme in the 

MEP pathway, with an enrichment value of 39%, and 

having 5 common families in the gene-specific and pro-

tein-specific trees, geranyl diphosphate synthase was 

the most enriched in the MVA pathway with a value of 

59% and having 13 common families.  

 Thereafter, the prevalence of the common fam-

ilies was determined for each pathway, and it was 

observed that while Lamiaceae was the most repre-

sented family in the MEP pathway, Brassicaceae is 

highly prevalent in the MVA pathway (Figures 2 and 

3). However, it should be noted that the genus Arabi-

dopsis, a model experimental plant and a member of 

Brassicaceae, may have contributed to an over-

representation of the family, leading to an experi-

mental bias. In that case, the other prevalent families 

in the MVA pathway were found to be Lamiaceae, So-

lanaceae and Pinaceae. Finally, the major evolution-

ary lineages of plants (angiosperm/gymnosperm) 

from the two types of phylogenetic trees were inde-

pendently identified (Figs. 2 and 3). Overall, the high-

est number of common genes and proteins were iden-

tified in angiosperms, except the enzyme pinene syn-

thase in the mevalonate pathway, which had a con-

siderable representation in gymnosperms alongside 

angiosperms. This bias may also be attributed to the 

data available in the data repositories where a large 

number of angiosperms have been studied, for which 

more data were available for that group.  

 

Fig. 3: The MVA pathway. (A) The major enzymes involved in the conversion of acetyl-CoA to pinene via the MVA pathway have been shown. The table illustrates 
the families common to both gene-specific and protein-specific phylogenetic trees for each of the enzymes in the MVA pathway, alongside the major plant 
group/ evolutionary lineage of occurrence, identified independently for each enzyme. (B) The enrichment profile of the enzymes common to both gene-specific 
and protein-specific trees has been represented as a pie chart. Geranyl diphosphate synthase is the most enriched enzyme in the MVA pathway, with an enrich-
ment value of 59%. (C) The prevalence of common families has been represented as a tag cloud, which shows that Brassicaceae is the most represented family. 
(D) If Brassicaceae is selectively removed from consideration due to probable experimental bias (see text), the tag cloud indicates a high prevalence of the fami-
lies Lamiaceae, Pinaceae and Solanaceae. 
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Discussion 

It is largely believed that the origin of scent compounds in 

plants can be attributed to a couple of evolutionary phe-

nomena - the first being gene duplication and the other 

being divergence - convergence (24, 26). Genes have also 

been reported to have undergone structural changes be-

cause of pollinator interactions, which may have led to 

specific speciation events (26). Some workers believe that 

alteration in the expression levels of the genes under spe-

cific conditions may also have a long-term impact on the 

evolution of certain compounds (28, 29). The changes in 

the expression level may have epigenetic causes as well 

which if found to be beneficial for the plant will be trans-

mitted to the next generation and thus inherited and evo-

lutionarily accepted (30). We do find such evidence in Bras-

sica rapa (31). Another key contributor is whole genome 

duplication which, in synergy with epigenetic regulators, 

influence changes in plant floral traits. 

 Analysis of the phylogenetic trees generated in this 

analysis allowed their segregation into three major types – 

a) trees that entirely showed similar evolutionary patterns 

as per the APG IV system (24) (b) trees that showed a mixed 

pattern with only small stretches showing similar evolu-

tionary patterns as per the APG IV system, and c) small 

trees with only a few recurring members which could not 

be analyzed for gaining evolutionary insights.  

Trees with evolutionary patterns similar to APG IV 

In the MEP pathway, none of the trees obtained was 
found to be strictly consistent with the APG IV system 

although, in the MVA pathway, pinene synthase showed 

accordance with the APG IV system entirely, both in the 

gene-specific and the protein-specific trees. In each 

tree, two distinct clusters were observed – the larger 

cluster was dominated by members from Pinaceae, 

which is a gymnosperm family, while the other cluster 

was composed of sister groups from the closely -related 

core eudicots, belonging to asterids and rosids, with no 

contribution of monocots, magnoliids, or more ancient 

orders, which may, however, be attributed to data defi-

ciency due to lesser experiments with such plants (24). 

Another example is the gene-specific tree of HMG CoA 

reductase, which has two major clusters – one with eu-

dicots from Brassicaceae, Plantaginaceae, Lamiaceae, 

Cucurbitaceae, Solanaceae, Fabaceae, Malvaceae, Ru-

biaceae, and another smaller cluster from monocots, 

especially commelinids like Melanthiaceae, Poaceae, 

Orchidaceae.  

 Such evolutionary patterns underline the con-

cept of molecular evolution, indicating that the com-

plexity of the plant system increased in tandem with 

the increase in diversity of the sequence of the enzyme 

encoded as earlier reported in acyl-activating enzymes 

(32) and diacylglycerol acyltransferases (33).  

Trees with mixed evolutionary patterns  

The MEP pathway was dominated by this pattern with 

evolutionarily advanced and primitive families placed 

close together, as was seen in the case of the gene-

specific trees of CDP-ME kinase and synthase where a 

mixed evolutionary pattern was observed, composed of 

algae (Chlorophyceae), gymnosperms (Taxaceae, Gink-

goaceae, and Pinaceae), a wide variety of dicots and 

monocots such as Euphorbiaceae, Lamiaceae, Sola-

naceae, Brassicaceae, Asteraceae, Apocynaceae, Rubia-

ceae, Brassicaceae, Poaceae, Euphorbiaceae, Solanace-

ae, Ranunculaceae, Aizoaceae, Rutaceae and Zingibera-

ceae. The gene-specific tree of the enzyme isoprene 

synthase, which likewise displayed a mixed clustering 

pattern, shared 5 common families with the gene-

specific tree (Figure 2), achieving the greatest enrich-

ment value in the MEP pathway. In addition to this, the 

gene-specific trees of HMBPP reductase (dominated by 

asterids and commelinids), HMBPP synthase, DXP syn-

thase, and isopentenyl diphosphate Isomerase - com-

prise sister groups from algae, dicots, monocots 

(Poales), and gymnosperms (Pinaceae). Several work-

ers attribute this apparent polyphyletic pattern to the 

coevolution of these plant groups based on habitat 

conditions exemplified in plant receptor-like kinases 

(30 - 33) and the players of the plant immune system 

(36). 

 In the MVA pathway as well, most of the enzymes 

exhibited this pattern. For example, both the gene-

specific and protein-specific trees of geranyl diphos-

phate synthase showed a mixed evolutionary pattern. 

In the gene-specific tree, one cluster was composed of 

members of Pinaceae, which are gymnosperms, while 

the other larger cluster had members from a wide vari-

ety of monocot and dicot families, such as Lamiaceae, 

Plantaginaceae, Rubiaceae, Brassicaceae, Lauraceae, 

Vitaceae, Solanaceae, Salicaceae, Rosaceae, Apocyna-

ceae, Canabaceae, Asteraceae, Fabaceae, and Orchida-

ceae. The protein-specific tree also had a similar pat-

tern, with 13 common families with the gene-specific 

tree (Figure 2), and the highest enrichment value in the 

MVA pathway. Similarly, gene-specific trees of most 

other enzymes in the MVA pathway showed a mixed 

pattern – e.g., mevalonate pyrophosphate decarbox-

ylase (dominated by rosids and asterids, but also has 

monocots like Alismatales and Poales, and Ranuncu-

lales, which is a transition between monocots and eudi-

cots), phosphomevalonate kinase, mevalonate-5-

kinase, HMG-CoA synthase, and acetoacetyl CoA thio-

lase– these have sister groups from core eudicots like 

asterids and rosids, as also monocots (Poales, Alisma-

tales), and occasionally from Pinaceae (gymnosperms). 

These enzymes may have the property of enzyme prom-

iscuity, where at very low levels, they catalyze non-

canonical reactions thus adding to the metabolic noise 

on which natural selection acts, selecting for certain 

enzymes (36). The environmental conditions have also 

been reported to influence the organism's “fitness 

landscape” and the more flexible the metabolic en-

zymes are, the better adapted the organism is to ma-

noeuvre across and achieve adaptive evolution (37). 

These promiscuous modules contribute significantly 
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toward the “evolvability” of the metabolic pathways 

and diversity of specialised metabolism (17).  

Small trees  

The protein-specific trees for CDP-ME kinase and gene-

specific tree for ME-cPP synthase of the MEP pathway had 

very few representative families, and recurrence of the 

same members of the families was observed, as was the 

case for protein-specific trees for acetoacetyl CoA thiolase, 

HMG CoA synthase, mevalonate-5-kinase, phosphomeva-

lonate kinase and mevalonate pyrophosphate decarbox-

ylase of the MVA pathway. For example, the protein-

specific tree for CDP-ME kinase had only 3 representative 

families Solanaceae, Lamiaceae and Brassicaceae while in 

the protein-specific tree for phosphomevalonate kinase, 

all 4 members of the tree were from different strains of 

Arabidopsis thaliana, belonging to Brassicaceae. Thus, 

such trees could not be analyzed for the determination of 

evolutionary significance due to the non-availability of 

sufficient comparative data. 

 Apart from these three types, a few interesting evo-

lutionary anomalies were observed within the trees. For 

example, in the gene-specific tree for DXP synthase, one 

sister group consisted of members from Rutaceae (a core 

eudicot family, rosid) and Pinaceae (gymnosperm) along-

side the protein-specific tree for geranyl diphosphate syn-

thase, where one sister group had members from 

Rosaceae (a core eudicot family) and Selaginellaceae (a 

pteridophyte family), while another sister group had 

Pseudotsuga menziesii (Pinaceae, gymnosperm) and Cistus 

creticus subsp. critecus (Cistaceae, angiosperm), marking 

the gymnosperm – angiosperm transition in the tree. 

Again, in the gene-specific tree of HMG CoA synthase, an 

anomalous sister group was found with members from 

Poaceae (a monocot family) and Mesostigmataceae (an 

algal family) while interestingly, in the gene-specific tree of 

CDP-ME synthase, 4 anomalous sister groups were found 

with members from Taxaceae (a gymnosperm family) and 

Chlorophyceae (an algal family), Euphorbiaceae (a core 

eudicot family, rosid) and Chlorophyceae, Brassicaceae (a 

core eudicot family, rosid) and Chlorophyceae and finally, 

Poaceae (a monocot family) and Chlorophyceae.  

 

Conclusion  

The phylogenetic analyses showed a mixed trend in the 

evolution of the enzymes involved in the VOC synthesis 

cascades. Some adhere well to the standard APG IV ar-

rangement of the families while others veer out of the 

trend. The authors believe that the anomalies observed 

and reported are largely due to the lack of experimental 

data and may exhibit a different pattern once more data 

accumulates in public repositories. We are still in the infan-

cy of our understanding of how microbial VOCs in the rhi-

zosphere and phyllosphere engage in crosstalk with the 

plant VOCs, which may also be regulated by the prevalent 

abiotic conditions. With the threat of climate change loom-

ing large, the build-up and sustenance of our future com-

munities may well be reliant on the elucidation and char-

acterization of such intraspecific and interspecific interac-

tions in natural ecosystems. 
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