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Abstract 
Nepeta cataria L., commonly known as catmint or catnip, belongs to the fam-
ily “Lamiaceae” and is indigenous to Europe and Asia. The essential oil of this 
species is known for the richness and diversity of nepetalactones (NPL) which 
are used as mosquito/insect repellents in perfumery and cosmetic industries. 
Reports on Indian catmint germplasm are very meager and warrants explora-
tion of its commercial potential as a natural, non-toxic source of insect repel-
lents. With this objective, commercial open-pollinated seeds of catmint col-
lected from its native, temperate habitat in Himalayas were introduced in the 
tropical plains. Subsequent to adaptation to a new zone we were able to iso-
late nineteen individual plants based on plant growth. Hydrodistillation of the 
fresh herb yielded essential oil in the range of 0.01% to 0.2%. Gas Chroma-
tography (GC) and GC-Mass Spectrometry (GC-MS) analyses of the oil re-
vealed the dominance of monoterpene hydrocarbon, namely, 4aα,7α,7aα 
NPL (1) isomer (84%). The other two isomers of nepetalactone, 4aα,7α,7aβ 
NPL (2) and 4aα,7β,7aα NPL (3) were also present, although in very less 
amounts (1.0% and 1.6%, respectively). Sesquiterpenes identified were 
α-humulene (traces), (E)-caryophyllene (0.6%) and caryophyllene oxide 
(1.7%). We compared the identified Indian catmint chemotype with the other 
oils from temperate, sub-tropical and tropical locations based on literature  
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search. The Indian chemotype was found to be similar to the oils from Bu-
rundi, France, Turkey, UK and USA, mainly due to more accumulation of 
4aα,7α,7aα NPL (1) isomer. These oils grouped together in Principal Com-
ponent Analysis. Breeding lines are presently being developed to improve 
yield related traits in this plant. Multidisciplinary R&D efforts along with set-
ting up industry related guidelines are required to successfully commercialize 
catmint cultivation. Several species of Nepeta genus have high nepetalactone 
content too and their potential as a commercial source of these isomers still 
needs to be explored. 
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1. Introduction 

The genus Nepeta includes about 275 accepted species found throughout the 
world [1]. Catmint or catnip (Nepeta cataria L.) is a small aromatic herb and a 
member of the mint family, Lamiaceae. It is indigenous to Europe and Asia, but 
over time it has naturalized in many areas around the world including Canada, 
U.S., Africa, Japan, Korea, and China (Supplementary Figure S1). In India, it is 
mostly found in the western Himalayan region in Kashmir. Along with several 
species of Nepeta, Blatter [2], Singh and Kachroo [3], Stewart [4] reported the 
presence of N. cataria in Jammu and Kashmir. Hooker [5], Mukerjee [6], Fer-
nald [7] and Bhatacharjee [8] also reported N. cataria along with several other 
Nepeta sp. in different northern regions of India (Punjab and Himachal Pradesh). 
N. cataria grows as a common garden plant or is found in hedges, fence rows, 
wastelands, roadsides and also can be cultivated easily. The euphoric effect of its 
essential oil (containing volatile iridoid monoterpenoid nepetalactones) on do-
mestic cats and other feline members is well documented. The glandular trichomes 
present in the leaf epidermis are the major site of biosynthesis of the aromatic 
volatiles [9]. 

As a medicinal herb, the plant finds its use in herbal tea (fever/cold relief, 
cough suppressant) and for culinary purposes [10]. The oil can also be used in 
the field of aroma and perfumery [11]. The plant also possesses antioxidant, 
anti-inflammatory, antimicrobial, antidiabetic, cardioprotective, insecticidal and 
antiasthmatic properties [12] [13] [14]. They are also used to make insect attrac-
tants (pheromone traps). Its essential oil is used as insect and mosquito repellent 
[15]. The essential oils are rich in bicyclic monoterpenoids called nepetalactone 
(NPL) that can exist as eight possible stereoisomers, out of which six have been 
found in nature [16]. The predominant stereoisomers in N. cataria oil are 
4aα,7α,7aα NPL (Z,E-nepetalactone) (1) and 4aα,7α,7aβ NPL  
(E,Z-nepetalactone) (2) and the isomer which is cat attractant is the  
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4aα,7α,7aα NPL (1) [17]. The (Z,E)-nepetalactone (1) can be hydrogenated to 
dihydro-nepetalactone for its use as repellents [18].  

Globally, a number of synthetic formulations are used as insect and mosquito 
repellents, the most commonly used synthetic is DEET (N, N-diethyl-meta- 
toluamide). Though a potent repellent, it possesses an unpleasant odour and 
there are concerns regarding its safety and toxicity when applied to children. 
These synthetic actives have toxic effects and thus, there is a need to substitute 
them with the natural insect repellents. Although, several plant-based repellents, 
like citronella oil, eucalyptus oil, lemongrass, pyrethrum are popularly being 
used, most evaporate too quickly leaving the user unprotected [19]. This, in turn, 
has warranted the search for new and effective natural biomolecules to be used 
as insect repellents. Odalo et al. (2005) tested the topical repellency of some of 
the essential oil native to Kenya from plants namely, Plectranthus marrubioides, 
Tetradenia riparia, Conyza newii, Lippia javanica, Tarchonanthus camphoratus 
and found the oils to repel mosquitoes better than DEET under their experi-
mental conditions (forearm exposure, 3 min) [20]. The effectiveness of hydro-
genated N. cataria oil enriched in dihydro-nepetalactone isomers as insect and 
mosquito repellents which are as effective as DEET has been reported [21] [22] 
[23]. 

Patience et al. (2018) also tested the stability and acceptability of N. cataria es-
sential oil formulated as mosquito repellent lotion that contained 5% NPL in 
vegetable oil, almond oil and citronella [22]. They found a high degree of ac-
ceptability, good mosquito repellency and low toxic effect among the volunteers 
in Burundi region of East Africa. The authors proposed a sustainable method to 
tackle the high incidence of malaria in the region and recommended growing N. 
cataria plants by the local population and producing their own mosquito repel-
lent. 

The catmint essential oil from different geographical locations shows wide 
variation especially in the NPL isomers mentioned above. These differences may 
be environmental or genetic or dependent on prevalent agricultural practices to 
that region, disease incidence, drying processes, essential oil extraction tech-
niques etc. [22]. Cultivation studies of catmint have been reported in the US, and 
Egypt. A study of yield statistics done in New Jersey, US revealed oil content of 
0.1% - 0.2%, the oil yield of 8.9 kg/ha, biomass yield of 7.7 t dry wt./ha and ne-
petalactone content of 6.0% - 73.2% [24]. In one of the studies done in Burundi, 
East Africa, essential oil yield of 3kg/t (dry plant matter) was reported [22]. In 
another study at National Research Centre, Egypt, Ibrahim et al., 2017 reported 
oil content of 0.22 %, the oil yield of 18.93 L/ha, biomass yield of 8.76 t fresh wt/ 
ha and nepetalactone content between 22.60% - 24.67% [25]. Also, there are two 
varieties of N. cataria reported from the United States: 1) N. cataria L. var. 
“Thaya”—a distinct form of catmint (Nepeta cataria L.), useful in the production 
of essential oil (0.33%) [26]; 2) Catnip cultivar “CR9”—a new highly aromatic 
catnip cultivar with high oil content (0.80% on dry wt. basis) and increased lev-
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els of (Z,E)-nepetalactone (1) (87% - 90%) [9]. This variety was developed espe-
cially for commercial agriculture production having an upright growth habit and 
increased biomass. 

Despite the increased interest in catnip as a natural source of insect and mos-
quito repellent, only a few studies have been taken up to explore its yield poten-
tials. Although a source of essential oil, large scale production of catmint poses 
countless challenges because of its low biomass production and oil yields. How-
ever, improvement in essential oil and biomass can be achieved by proper selec-
tion and systematic breeding programmes. 

With this backdrop, the present investigation was undertaken to evaluate ex-
isting and improved lines for high essential oil of better quality especially high 
nepetalactone and cultivar recommendation for commercial farming in India. 

2. Materials and Methods 
2.1. Germplasm Maintenance and Selection 

The open-pollinated seeds of catmint were procured from Jammu and Kashmir Me-
dicinal Plants Introduction Centre and grown in the research farm at CSIR-Central 
Institute of Medicinal and Aromatic Plants (CIMAP), Lucknow, India (26.5˚N and 
80.50˚E) for two successive years (2018 and 2019) during the growing seasons 
(January-June). In the first year (2018), 30-days old seedlings were transplanted 
to the field with a 50 cm row to row and 40 cm plant to plant spacing and mass 
selection was done. The collected seeds were bulked and stored properly. In the 
next year (2019), the bulked seeds were grown and the crops were raised follow-
ing the standard cultivation practices. Nineteen individual plants out of a total of 
50 were selected based on single plant selection (SPS)/individual plant selection 
considering the morphological characters like plant vigour, growth and plant 
height > 50 - 60 cm with a bushy canopy for the extraction of oil and further 
studies. 

2.2. Essential Oil Extraction 

The essential oil was extracted from the fresh herb (100 g) by hydrodistillation at 
flowering stage using a Clevenger apparatus [27] [28] in duplicate. The essential 
oil samples were dried using anhydrous sodium sulphate and stored in am-
ber-coloured glass bottles in a refrigerator until chromatographic analysis. 

2.3. GC and GC/MS Analyses 

The essential oil analysis was carried out using GC-FID and GC-MS techniques. 
The quantification of the essential oil constituents was done on Centurion Scien-
tific Gas Chromatograph (model CS-5800), equipped with flame ionization detec-
tor (FID) and BP-5 fused silica capillary column (5% phenyl)-polymethylsiloxane 
stationary phase; 30 m × 0.25 mm internal diameter; film thickness 0.25 µm). 
The oven temperature was programmed from 60˚C to 240˚C with an increase of 
3˚C min−1 and final hold time of 10 min. The injector and detector temperatures 
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were 240˚C and 250˚C, respectively. Nitrogen was used as carrier gas at 1.0 mL 
min−1. The injection volume was 0.3 µL (diluted in hexane: 1:1) with a split ratio 
of 1:60. The GC-MS analysis was done using a Clarus 680 GC interfaced with a 
Clarus SQ 8C mass spectrometer of PerkinElmer fitted with Elite-5 MS fused-silica 
capillary column (5% phenyl)-polymethylsiloxane stationary phase; 30 m × 0.25 
mm internal diameter, film thickness 0.25 µm). The oven temperature program 
was from 60˚C to 240˚C, at 3˚C min−1, and programmed to 270˚C at 5˚C min−1; 
injector temperature was 250˚C; transfer line and source temperatures were 
220˚C; injection size 0.03 µL neat; split ratio 1:50; carrier gas He at 1.0 mL·min−1; 
ionization energy 70 eV; mass scan range 40 - 450 amu. Identification of the es-
sential oil constituents was done on the basis of retention index (RI), determined 
with reference to homologous series of n-alkanes (C7-C30), MS Library search 
(NIST and WILEY), and by comparing RI and mass spectral data with the lit-
erature [29]. The relative amounts of individual components were calculated 
based on the relative % peak areas (FID response), without using a correction 
factor. 

2.4. Statistical Analyses 

The statistical analysis of the mean data of oil and nepetalactone content was 
carried out using the Web Based Agricultural Statistics Software Package (Wasp 
2.0). 

The SPSS v. 21 was used to derive the Pearson’s correlation matrix on the ba-
sis of individual components of catmint essential oil from 13 countries. Some of 
the oil profiles from these countries were reported from two or more locations/ 
populations/chemotypes; so a total of 22 oil profiles were compared. Factor re-
duction on the basis of principal components using direct oblimin rotation was 
done followed by plotting of the first two components two dimensionally. 

3. Results and Discussion 

Originally growing wild on the banks of Lidder valley in J & K (having a 
sub-humid, temperate climate at an altitude of ~2200 m), the catmint was in-
troduced and grown in the warm, sub-tropical climate of Indo-gangetic plains 
(Lucknow, with an altitude of 123 m). The plant growth of the catmint popula-
tion in the first year was very poor and non-uniform. This might be attributed to 
change in niche environmental requirement of the plant. Since the seeds were 
collected from an open pollinated population thriving on high altitudes, the rela-
tive low altitude and high temperature of new environment (Lucknow) might 
have selected only those genotypes having better adaptability to the new envi-
ronment. The plant having favourable combination of alleles and selection pres-
sure of the breeders helped this crop in acclimatization into a new agro-climatic 
zone. Subsequently, we observed variation in growth parameters, such as plant 
height and plant architecture. Several of the plants were stunted whereas 19 
showed luxuriant growth with a height of about 50 - 60 cm and a bushy pattern. 
Figure 1 represents field grown plant at vegetative and flowering stage. On the  
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Figure 1. Field-grown catmint (N. cataria) plants at CSIR- 
CIMAP. (a): N. cataria: vegetative stage; (b): inflorescence of 
N. cataria; (c): N. cataria: flowering stage. 

 
basis of the plant growth, we selected nineteen plants for essential oil extraction 
and chemical analysis by adopting the single plant selection (SPS)/individual 
plant selection breeding approach.  

The essential oil content of the lines at the flowering stage ranged from 0.01% 
to 0.20% (fresh wt. basis) showing a fair degree of variation providing enough 
scope for selection of promising lines (Coefficient of variation = 52.99%) (Table 
1). Line CM12 and CM15 exhibited the highest oil content (0.20%) and least was 
recorded in CM04 (0.01%). Oil accumulation showed variation in the range of 
0.01% - 0.05% (2 plants); 0.06% - 0.10% (11 plants); 0.11% - 0.15% (4 plants); 
and 0.16% - 0.20% (2 plants) (Supplementary Figure S2). In one of the reports 
on Indian catmint grown at 1400 m (Institute of Himalayan Bioresource Tech-
nology, Palampur, Himachal Pradesh, India), the oil yield was found to be 0.4% 
(fresh wt. basis) [30]. In a study on Nepeta pogonesperma in Iran, the essential 
oil and morphological characters were recorded from plants growing at different 
altitudes [31]. A better essential oil yield and quality at the highest altitude (2800 
m) was found. They concluded that the light and wind stress in the higher alti-
tudes were responsible for an increase in oil yield and its quality; conversely, 
heat stress and water deficit in the lower altitudes were the possible causes for 
reduced oil yield and quality. In our study, the low essential oil yield may be due 
to the effect of change of altitude and temperature regime on plant growth. 
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Table 1. Variation in essential oil content and nepetalactone isomers of N. cataria 
plants grown in Lucknow, India. 

S.No. 
Name of  

the sample 
Oil content 

(%) 
4aα,7α,7aα-nepetala

ctone (1) 
4aα,7α,7aβ-nepetala

ctone (2) 
4aα,7β,7aα-nepetala

ctone (3) 

1 CM 01 0.1 84.9 0.9 0.3 

2 CM 02 0.08 87.5 0.5 0.2 

3 CM 03 0.08 88.2 0.7 0.3 

4 CM 04 0.01 88.2 0.7 0.7 

5 CM 05 0.11 49.7 1.8 1.7 

6 CM 06 0.07 84.3 1.0 1.6 

7 CM 07 0.04 81.8 0.9 1.3 

8 CM 08 0.06 85.4 0.9 1.0 

9 CM 09 0.06 88.5 0.8 0.6 

10 CM 10 0.07 77.2 1.0 0.5 

11 CM 11 0.09 78.4 0.7 1.2 

12 CM 12 0.20 83.4 0.04 0.9 

13 CM 13 0.06 88.4 0.5 0.6 

14 CM 14 0.14 28.9 1.0 1.6 

15 CM 15 0.20 85.8 0.8 1.0 

16 CM 16 0.08 73.3 2.0 2.2 

17 CM 17 0.07 66.5 1.0 0.4 

18 CM 18 0.14 68.4 0.1 1.0 

19 CM 19 0.15 85.1 0.1 0.5 

 
Standard 
Deviation 

0.05 15.401 0.494 0.557 

 
Variance 0.003 237.178 0.244 0.31 

 

Standard 
Error of 

Mean 
0.012 3.533 0.113 0.128 

 
Co-efficient 
of Variation 

52.993 19.853 60.803 60.09 

 
The N. cataria oil yield reported by other workers also showed a wide varia-

tion from different geographical regions (Table 2). Catmint oil yield (dry wt. ba-
sis) from Morocco [32], Iran [33] [34] and Argentina [35] were found to be 
1.02%, 0.94%, 0.9% and 0.93%, respectively. The highest catmint oil yield (fresh 
wt. basis) was reported to be 0.25% from Egypt [25]. They also found the flow-
ering stage to yield maximum oil (0.45%; dry wt. basis). Different aerial parts 
yielded essential oil in the following manner: leaves > flowers > stems > and 
seeds. Hydrodistillation for longer hours resulted in changes in oil profile with 
more accumulation of lactones and drop in hydrocarbons [36]. In addition, or-
ganic solvent extraction resulted in upto 57.24 g/kg nepetalactones when ethanol 
was used as the solvent.  
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Table 2. Variation in nepetalactone isomers in N. cataria oil. 

S. 
No. 

Name of the 
country 

Altitude 

Nepetalactone isomers (%) 
Epi 
NPL 

Dihydro 
NPL 

Dehydro 
NPL 

Oil content 
(%) 

References 4aα,7α,7a
α (1) 

4aα,7α,7a
β (2) 

4aα,7β,7a
α (3) 

4aβ, 7α,7aα 
(4) 

4aβ,7α,7a
β (5) 

4aα,7β,7a
β (6) 

1 
Argentina 
(Cordoba 
Province) 

btw 352 
and  

544 m 
57.30 * - - 

 
3.43 - 0.93 (dwb) [35] 

2 

Brazil 
(Piracicaba, 
São Paulo, 
Brazil) 

610 m 6.66 21.74 - 50.38 - - - - - 0.02 (fwb) [50] 

3 
Bulgaria 
Population 1 
Population 2 

 
199 m 
670 m 

- 
 

24.0 
78.0 

- 
 

11.0 
6.0 

- - - - - 
 

0.4 (dwb) 
0.3 (dwb) 

[35] 

4 
Burundi 
(East Africa) 

1707 m 72.4 0.5 1.1 - - - - 0.4 - 0.3 (dwb) [18] 

5 
Egypt 
(Dokki) 

23 m 22.60 - 24.67* - - - - - 0.25 (fwb) [21] 

6 
France 
(Saint  
Saturnin) 

282 - 442 
m 

73.3 0.4 1.1 - - - - 0.46 - - [32] 

7 France  1.3 - 2.8 11.4 - 56.9 - - - - - 1.7 - 2.0 - 0.13 (dwb) [29] 

8 
India 
(Lucknow) 

123 m 28 - 88.5 0.1 - 2.0 0.2 - 2.2 - - - - - 0.1 
0.01 - 0.20 

(fwb) 
present 
study 

9 
India  
(Palampur) 

1400 m 85.7 0.4 0.4 - - - - 0.2 - 0.4 (fwb) [23] 

10 Iran 1585 m - 55 31.2 - - - - - - 0.9 (dwb) [27] 

11 Iran  2.6 28.8 11.9 - - - - - - 0.94 (dwb) [26] 

12 
Morocco 
(Kenitra) 

26 m 
 

77.4 - - - - - 5.0 - 1.02 (dwb) [25] 

13 
Pakistan 
(Karachi) 

10 m - - - - - - - - - - [37] 

14 Turkey 800 m 6.0 70.4 2.5 - - - - - - 0.74 (dwb) [36] 

15 Turkey 30m 89.0 - - - - - - - - 0.4 (dwb) [33] 

16 Turkey 
1100 - 
1200 m 

27.5* - - - - - 0.45 (dwb) [39] 

17 
UK 
Chemotype 1 
Chemotype 2 

 
 

91.95 
16.98 

 
 

69.83 

 
 
- 

 
 
- 

 
 
- 

 
 
- 

 
 
- 

 
 
- 

 
 
- 

0.09 (fwb) [12] [34] 

18 
U.S.A. 
(Richland, 
New Jersey) 

29 6.0 - 73.2 - - - - - - - - 
0.1 - 0.2 
(dwb) 

[20] 

19 
USA 
(Oklahoma) 

366 m 77.6%* - - 15.0 0.3 - 0.2 (fwb) [40] 

*Total nepetalactone content instead of individual isomers, NPL-nepetalactone; dwb-dry weight basis and fwb-fresh weight basis. 
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3.1. Indian Catmint Chemotype Is Rich in 4aα,7α,7aα NPL Isomer  

The oil was further characterized by GC-MS analysis, which identified 16 com-
pounds, as presented in Table 3 and Supplementary Figure S3. The essential oil 
of N. cataria was found to be dominated by monoterpenes, followed by ses-
quiterpenes. Among the monoterpenes, acyclic {(E)-β-ocimene, lavandulol}, 
monocyclic (p-cymene, limonene), and bicyclic (4aα,7α,7aα NPL (1), 
4aα,7α,7aβ NPL (2), 4aα,7β,7aα NPL (3), dehydronepetalactone and (E,Z)- iri-
dolactone α-pinene, β-pinene, 1,8-cineole, and trans-pinocarveol) class of com-
pounds were identified as notable constituents. However, identified monocyclic 
(α-humulene) and bicyclic {(E) caryophyllene and caryophyllene oxide} ses-
quiterpenes accumulated very less in the essential oil (traces, 0.6%, 1.7%, respec-
tively). 

The Indian catmint essential oil was dominated by one nepetalactone isomer 
{4aα,7α,7aα NPL (1)} which was present in the range of 28% - 88.5% in the 
studied lines. The two other NPL isomers identified were 4aα,7α,7aβ NPL (2) 
and 4aα,7β,7aα NPL (3) present relatively at very low concentrations in the es-
sential oil (in the range of 0.04% - 2.0% and 0.2% - 2.2%, respectively). The oil 
also showed the presence of dehydronepetalactone. The highest levels of 
4aα,7α,7aα NPL (1) isomer was identified in line CM09 followed by CM13 
(88.40%) > CM03 (88.20%) > CM02 (87.50%) > CM15 (85.8%) > and CM08  
 
Table 3. Essential oil composition of the catmint plant as identified by GC-MS. 

S. no. Name of the compound RIa RIb Content (%) 

1 α-Pinene 934 932 0.1 

2 β-Pinene 975 974 0.1 

3 p-Cymene 1021 1020 0.1 

4 Limonene 1026 1024 T 

5 1,8-Cineole 1028 1026 0.1 

6 (E)-β-Ocimene 1047 1044 T 

7 trans-Pinocarveol 1138 1135 T 

8 Lavandulol 1169 1165 0.1 

9 4aα,7α,7aα-Nepetalactone 1359 1357 84.3 

10 4aα,7α,7aβ-Nepetalactone 1388 1386 1.0 

11 4aα,7β,7aα-Nepetalactone 1392 1391 1.6 

12 (E)-Caryophyllene 1418 1417 0.6 

13 (E,Z)-Iridolactone 1442 1443 0.1 

14 α-Humulene 1454 1452 T 

15 Dehydronepetalactone 1477 1470 0.1 

16 Unidentified compound 1524 - 4.7 

17 Caryophyllene oxide 1586 1582 1.7 

aExperimental retention index; bRetention index from literature; t: trace (<0.05%). 
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(85.4%). Sufficient variation was present among the lines for nepetalactone con-
tent so as to exercise selection between them. Among the nineteen lines taken up 
for the study, two lines had the 4aα,7α,7aα-nepetalactone content of <50%, two 
in the range of 51% - 70%, 3 lines in the range of 71-80% and 12 lines with more 
than 80% nepetalactone content. Similar 4aα,7α,7aα NPL (1) content (85.7%) 
was reported by Stappen et al., 2015. It is interesting to see that nepetalactone % 
was almost same in Indian catmint plants growing at different altitudes, al-
though essential oil yield varied. 

3.2. Nepetalactones in Genus Nepeta 

Nepetalactones serve as biochemical markers of the essential oils of genus Nepe-
ta and are informative biomolecules from a chemotaxonomic point of view [37]. 
Nepeta species oil exhibits wide chemical polymorphism further compounded 
by the fact that the oil composition gets influenced by age, climatic conditions, 
extraction process and analysis method. Asgarpanah et al., 2013 [37] reviewed 
endemic Iranian Nepeta species and reported presence of 5 NPL isomers—(i) 
4aα,7α,7aα NPL (1) (in 14 species); (ii) 4aα,7α,7aβ NPL (2) (in 8 species); (iii) 
4aα,7β,7aα NPL (3) (in 2 species); (iv) 4aβ,7α,7aα NPL (4) (in 8 species); and 
(v) 4aβ,7α,7aβ NPL (5) (in 10 species).  

Genus Nepeta can be subdivided into two groups on the basis of the constitu-
tion of essential oil—(i) having predominance of NPL isomers and (ii) those 
which have compounds other than NPL such as β-caryophyllene, 1,8 cineole, 
caryophyllene oxide, citral, etc. as their major constituents [38]. These species 
accumulate varying amounts of NPL isomers in their essential oil according to 
different geographical locations and other factors. The essential oil profiles of the 
species belonging to the two groups have been reported [38] and the variation in 
NPL isomers of these species has been enlisted in supplementary Table S1. The 
4aα,7α,7aα NPL (1) isomer is dominant in the essential oil of 11 species, out of 
which the highest accumulators were N. caesarea (91.2% - 95.3%), N. crassifolia 
(92.6%), N. cephalotes (90.1%) and N. teydea (89.54%). Isomer 4aα,7α,7aβ NPL 
(2) was dominant in 14 species and the highest accumulators were N. argolica 
ssp. argolica (68% - 94.5%) and N. racemosa (31.5% - 91.6%). Isomer  
4aβ,7α,7aα NPL (4) was dominant in the oils of 6 species with the highest per-
centage recorded in N. eremophila (73.3%) and N. saccharata (66.9%). Isomer 
4aβ,7α,7aβ NPL (5) was dominant in 3 species among which N. kotschyi 
(92.0%) accumulated the highest percentage. Isomer 4aα,7β,7aβ NPL (6) was 
found in only N. crassifolia (27.2%). Isomer 4aα,7β,7aα NPL (3) was recorded 
in 3 species out of which N. crassifolia (81.1%) accumulated the highest. Epine-
petalactone was recorded in single species, N. mussini (70%). The species, N. tube-
rosa subsp. tuberose (69%) recorded highest level of 5, 9-dehydronepetalacone in 
its essential oil. Trans, trans-nepetalactone was found in 2 species out of which 
N. elliptica (83.4%) recorded the highest level. Inferring from the above study, 
isomer 4aα,7α,7aβ NPL (2) was the dominant nepetalactone in the essential oil 
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of majority of the species (14 in numbers) followed by isomer 4aα,7α,7aα NPL 
(1) which was dominant nepetalactone in 11 species.  

3.3. Nepetalactone Isomers in N. cataria Oils 

Increasing interest in plant based molecules as a substitute to synthetic insect 
repellents has made N. cataria L. to be the most extensively studied species in the 
genus Nepeta. N. cataria oils from plants thriving at different altitudes (10 m to 
~1700 m) having climates ranging from temperate, sub-tropical to tropical in 
geographical regions around the world have shown highly variable composition, 
especially in relation to the accumulation of nepetalactone isomers. The oils 
from Burundi, France [39], India, Turkey [40], UK (chemotype 1) [15] [41] and 
USA [24] were rich in 4aα,7α,7aα NPL (1) isomer. Oils from Bulgaria [42], 
France [36], Iran, Morocco, Turkey [43], UK (chemotype 2) [15] [41] were rich 
in 4aα,7α,7aβ NPL (2) isomer. The third isomer, 4aα,7β,7aα NPL (3), was 
found in relatively moderate amounts in Iranian oils. The fourth isomer, 4aβ, 
7α,7aα NPL (4) was found in oils from Brazil and Bulgaria. The fifth and the 
sixth isomers, 4aβ,7α,7aβ NPL (5) and 4aα,7β,7aβNPL (6) were not detected in 
any of the oils. In addition to these isomers few of the oils had epinepetalactone 
(15% in oil from USA); dihydronepetalactone and dehydronepetalactone in 
low concentration. The oil from Pakistan was found to be devoid of any of the 
nepetalactones but rich in 1,8-cineole (21.00%), α-humulene (14.44%), α-pinene 
(10.43%) and geranyl acetate (8.21%) [44]. Catmint oil rich in citral derivatives 
with no nepetalactone was also observed in the oil from Lithuania [45]. The in-
dividual components of these catmint oils as reported by their GC-MS profiles 
were analyzed together. In the Principal Component Analysis (PCA), the first 4 
principal components on the basis of Pearson correlation matrix explained the 
86.03% variance among the catmint oils. The 2D plot of the first two compo-
nents explained a cumulative variance of 65.42% (34.95% and 30.46%, respec-
tively) as shown in Figure 2. The oils grouped according to the presence of indi-
vidual nepetalactone isomers. The oils from Argentina, Egypt, Turkey [46] and 
USA [47] clustered with the oil from Pakistan [44]. However, the oil from Pa-
kistan did not have any nepetalactone. The oils from Bulgaria and Brazil show-
ing the presence of 4th nepetalactone isomer were grouped together. 

The Indian catmint oil clustered with those of Burundi, France [39], Turkey 
[40], UK (chemotype 1) [15] [41] and USA [24]. The half-sib progeny of these 
adapted catmint lines shows sufficient variation that can be treated as a base 
population for downstream breeding interventions. The lines rich in 4aα,7α,7aα 
NPL(1) viz., CM09 (88.50%), CM05 (88.40%), CM03 (88.20%), CM04 (88.20%) 
and CM02 (87.50%) may be considered as elite lines with agronomically desira-
ble traits for development of nepetalactone rich variety (ies). Ours is a prelimi-
nary study and the promising results from this needs to be supplemented with 
experiments involving the study of correlation between the oil content and the 
nepetalactone content and also the herbage yield of the plant. 
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Figure 2. Variability in catmint essential oil by principal component analysis. The essential oil samples 
depicted in the figure are according to the sample names enlisted in Table 2. 

3.4. Areas that Require R&D Efforts to Develop Commercial  
Catmint Cultivars  

The commercialization of catmint as a source of mosquito and insect repellent is 
still at its infancy. The large scale production of catmint as a source of essential 
oil remains challenging as it requires improved varieties bred for this applica-
tion. Focussed breeding approaches (selections, hybridizations, mutagenesis etc.) 
needs to be attempted for the improvement of the yield-related traits. Hybridiza-
tion programs are feasible due to the presence of bilabiate bisexual flowers (al-
though small in size) that provide the plant the ability to self-pollinate as well as 
to outcross. Agrotechnology for its large scale cultivation needs to be developed 
as a mixed/intercrop leading to further diversification in the list of crop species 
grown by farmers. As an essential oil yielding crop, this can be a future crop un-
der the umbrella of the Indian government flagship programme, Aroma Mission 
(https://www.facebook.com/csir.aroma). Under this Mission, cultivation of aro-
matic crops has been promoted to not only help the farmers economically but 
also to meet the demands of aroma industry. The insect repellency of the cat-
mint oil can be directly linked to the health sector and holds promise for the 
prevention of insect transmitted diseases. 

The efficacy of insect repellent formulations consisting of a combination of 
individual nepetalactones as compared to N. cataria essential oil should be stud-
ied to find an equivalent or more powerful natural substitute to DEET that is 
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safe and non-toxic especially to the most vulnerable part of the population i.e., 
children and pregnant women. Temperature, light and oxidation processes have 
been found to degrade the essential oil into aldehydes, ketones and alcohols [22]. 
Detailed studies are required on the photo- and thermostability of the nepeta-
lactones of the essential oil so as to ensure no drop in essential oil quality due to 
degradation. Composition of the volatiles varied quantitatively when different 
isolation techniques, such as hydrodistillation (HD), solid phase microextraction 
(SPME), static headspace (SH) and simultaneous distillation-solvent extraction 
(SDSE) were used [45]. R&D to set guidelines for the industry for commercial 
level extraction and storage of essential oil needs to be taken up. 

The nepetalactones are biosynthesized in specialized glandular trichomes on 
aerial parts of the plant and studies on gland development, nepetalactone bio-
synthetic pathway genes is necessary to understand and manipulate these path-
ways for desired oil quality. Studies on types of trichome development in rela-
tion to the genotype, altitude and temperature regimes and accumulation of any 
specific nepetalactone isomers (if any) will help in better elucidating the biosyn-
thetic pathway as in case of Mentha spp. [48] and Ocimum [49]. Also, molecular 
diversity in catmint from different geographical regions needs to be ascertained. 

Species other than N. cataria in the genus Nepeta which accumulate very 
high % of individual NPL isomers should be made part of germplasm collections 
in gene banks and check for their possibilities to be exploited as commercial 
natural, nontoxic sources of insect repellents. 

4. Conclusion 

There is presently no commercial Indian cultivar of catmint and to the best of 
our knowledge no breeding studies for improvement of its traits have been re-
ported in India. Since the present study on catmint gave encouraging results, the 
Indian chemotype rich in nepetalactone could be further improved for yield re-
lated traits especially for new agroclimatic zones other than its natural habitats. 
Further screening may probably lead to identification of more varied and con-
trasting genotypes/chemotypes which can serve as genetic material for breeding 
as well as molecular studies. 
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Supplementary Material 
Table S1. List of species of Nepeta containing nepetalactone as major constituent in its essential oil. 

S. No. Name of the species A (1) B (2) C (4) D(5) E(6/3) F G 

1 N. caesarea (i) 91.2 - 95.3 - - - - - - 

2 N. caesarea (ii) 92 - 95 - - - - - - 

3 N. teydea a) Leaves (before flowering) 89.54 - - - - - - 

4 N. persica (aerial parts) 80 - - - - - - 

5 N. cadmea (i) (herbal parts) 74.96 - - - - - - 

6 N. x faassenii (dry leaves) 67.8 - - - - -/2.3 - 

7 N. racemosa 64.9 7.4 1.7 - - - - 

8 N. assurgens 44.6 2.8 - - - - - 

9 N. cadmea (ii) (herbal parts) 44.51 - - - - - - 

10 N. cephalotes (i) 35.1 - - - - - - 

11 N. govaniana 25.9 - - - - - - 

12 N. teydea b) Leaves and flowers - - - - - - - 

13 N. argolica ssp argolica - 68 - 94.5 - - - - - 

14 N. racemosa - 31.5 - 91.6 - - - - - 

15 N. rtanjensis (i) (aerial parts) - 86.4 6.3 - - - - 

16 N. meyeri (aerial parts) 8.83 83.4 - - - - - 

17 N. rtanjensis (ii) (aerial parts) - 79.9 - - - - - 

18 N cataria i) whole plant - 77.4 - - - - - 

19 N. tuberose (whole plant) - 76.8 - - - - - 

20 N. nuda ssp nuda b) verticillaster oil - 75.7 - - - - - 

21 N. atlantica (whole plant) - 71.4 - - - - - 

22 N cataria ii) leaves 6 70.4 - - -/2.5 - - 

23 N. nepetella ssp aragonensis 3.5 57.7 - - - - - 

24 N. granatensis (whole plant) - 39.4 - - - - - 

25 N. transcaucasica (aerial parts) 28 39 - - - - - 

26 N. nuda ssp albiflora 37.6 37.6 - - - - - 

27 N cataria iii) - 28.8 11.9 - - - - 

28 N. nuda ssp nuda a) leaves oil - 24.7 - - - - - 

29 N. septemcrenata (aerial parts) 19.2 24.2 - - - - - 

30 N. parnassica a) Vegetative stage 1.5 22 - - 7.9 - - 

31 N. coerulea 11.9 21.5 3.7 19.3 - - - 

32 N. parnassica b) Flowering stage 17.3 8.9 - - 2.0 - - 

33 N. eremophila (aerial parts) - - 73.3 - - - - 

34 N. saccharata (aerial parts) - - 66.9 - - - - 

35 N. persica c) stem - 24.9 66.2 - - - - 
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Continued 

36 N. bornmuelleri (aerial parts) - - 64 - - - - 

37 N. persica b) leaf - 28.3 62.3 - - - - 

38 N. persica a) flower - 33 58.5 - - - - 

39 N. racemosa (aerial parts) 24.4 25.6 33.6 - - - - 

40 N. persica d) root - 7.6 27.1 - - - - 

41 N. sintenissii (aerial parts) - - 23.4 - - - - 

42 N. kotschyi (aerial parts) - - - 92 - - - 

43 N. grandiflora - 2.4 - 41 - - - 

44 N. argolica 26.5 12.9 14.5 29.4 - - - 

45 N. crassifolia 16.3 7.7 9.6 - 27.2/- - - 

46 N. crassifolia - - 5.9 - -/81.1 - - 

47 N. betonicifolia (aerial parts) - - - - -/42 - - 

48 N.nuda - - - - -/18.10 - - 

49 N. cataria i) - - - - - >77/- - 

50 N. nepetella (leaves and flowers) - - - - - 76.5/- - 

51 N. angustifaliathe - - - - - 75.37/- - 

52 N. mahanensis (aerial parts) - - - - - 37.6/- - 

53 N. cataria ii (aerial parts) - - - - - 27.5/- - 

54 N. mussini - - - - - -/70 - 

55 N. tuberosa subsp. tuberose (inflorescence) - - - - - - 69/- 

56 N. elliptica (aerial parts) - - - - - - -/83.4 

57 N. cataria (leaves) - - - - - - -/50.38 

This table is derived from the work of Sharma and Cannoo, 2013. Where A (1): 4aα,7α,7aα-nepetalactone; B (2): 4aα,7α,7aβ-nepetalactone; C (4):  
4aβ,7α,7aα-nepetalactone; D (5): 4aβ,7α,7aβ-nepetalactone; E (6/3): 4aα,7β,7aβ-nepetalactone/4aα,7β,7aα-nepetalactone; F: nepetalactone/epinepetalactone; 
G: 5,9-dehydronepetalacone/(7R)-trans, trans-nepetalactone. 

 

 
Figure S1. Geographical distribution of catmint natural population. 
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Figure S2. Variation of essential oil content in N. cataria lines. Different colours denote 
ranges of essential oil content. Number in paranthesis denote number of plants in each 
range. 
 

 
Figure S3. GC-MS profile of CM06 showing 4aα,7α,7aα-nepetalactone and other com-
ponents of catmint oil. The oil components numbered 1-6 are as follows: 1.  
4aα,7α,7aα-nepetalactone; 2. 4aα,7α,7aβ-nepetalactone; 3. 4aα,7β,7aα-nepetalactone; 4. 
(E)-Caryophyllene; 5. Unidentified compound; 6. Caryophyllene oxide. 
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