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Abstract: Kaffir lime has been widely researched for use as an essential oil, alongside its main function
as an Asian spice, due to the needs of numerous industries. A meta-analysis was used to summarize
the variation in yield and main components of kaffir lime essential oils in response to differences
in plant origins, plant parts, and extraction methods during the last fifty years. A database was
constructed from 85 data items from 36 single studies, prepared by following PRISMA-P. The result
showed no significant effect of extraction method on variation in oil yield and main components. In
contrast, after integrating numerous single studies under a statistical approach, some interesting facts
emerged, such as (i) plant origin significantly affected the citronellol, i.e., subtropical conditions were
more favorable than tropical ones; (ii) caryophyllene was found in all countries, from subtropical
America and tropical Asia to tropical East Africa; (iii) the richest parts of citronellal, citronellol,
citronellyl acetate, and sabinene were leaves, blossoms, twigs, and fruit peels, respectively; and
(iv) due to significant interaction of plant origin and plant parts, a very challenging issue in boosting
oil yield could be answered by formulating location-specific and organ-specific culture practices. This
study had succeeded in providing further research directions.

Keywords: Citrus hystrix DC; citronellal; citronellol; citronellyl acetate; caryophyllene; meta-analysis;
linalool; PRISMA-P; sabinene; yield

1. Introduction

Kaffir lime (Citrus hystrix DC) is one of the less popular citrus varieties, due to its
unpalatable fruit in contrast to other common citrus species [1,2]. This plant is generally
cultured in the yards of local residents by using a polyculture system rather than in intensive
monoculture systems, like other species [3]. While earlier studies have revealed the valleys
of the Southeastern Himalayas as the original location of common citrus, the kaffir lime
is thought to originate from the Southeast Asian region [4,5]. One unique characteristic
that is easily found in kaffir lime, rather than common citrus, is the aromatic leaf with an
eight-shape, also known as bifoliate leaf [6–8]. The leaf is more popularly used than its
fruit, as the leaf can be found in numerous Asian cooking recipes [3,9].

Numerous species of the Citrus genus are evidently utilized as essential oils [10],
including kaffir lime [11–13]. In general, Citrus-originated essential oils show various
beneficial pharmacological characteristics, such as antioxidant [14], anticancer [15], antimi-
crobial [16], antiparasitic [17], antifungal [18], antibacterial [19,20], anti-inflammatory [21],
antifeedant [22], biolarvicide [23,24], and sleep relaxation properties [25]. Essential oil is a
highly competitive downstream Citrus product with bright development prospects for the
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future, alongside the complexity and growth of human needs, such as for food additives,
perfumery, cosmetics, and pharmaceutical industries. The essential oil of kaffir lime has a
good opportunity to further develop due to its strong odor characteristic [1,3].

Kaffir lime essential oil production requires a high number of raw materials support
that can be achieved though plant production improvement. Not only extensification in
terms of arable land expansion, but also intensification of agricultural inputs is believed to
be the main strategy for boosting plant production to meet the market demand [26]. Earlier
studies have reported intensification culture techniques to improve kaffir lime production,
including the modification of canopy pruning [27], application of artificial shading [13]
and fertilizer [28,29], and soil amendments [29]. Although most local farmers use the leaf
as the raw material of essential oil, some industries overseas explore the possibility of
extracting certain essential oils from the peel of the fruit [3]. The different plant parts
may result in different yields and main components of essential oil, as reported by earlier
studies [1,30–37]. In addition to plant parts, numerous studies have revealed that both yield
and the main components of essential oils are also affected by the plant origin [11,30,38–40]
and extraction method [41–47].

Numerous single studies on the effects of plant part, plant origin, and extraction
method have been widely published in recent years. However, the results still show a
highly variable effect of these factors on oil yield and main components. The discrepancy
among the numerous single studies is caused by the limitation of single studies in providing
a precise estimate of an effect. In order to have a greater understanding of the magnitude
of effect reported by numerous published single studies, irrespective of the place and time
of experiment, the present study used a meta-analysis approach. This statistical approach
is widely used to produce a weighted average of numerous earlier study results, conceive
the resulting pattern, and calculate the uncertainty value of the estimated equation [48,49].
Compared to single studies, the positive aspects of meta-analysis are stronger statistical
power, bigger sample size, more efficiency, and greater accuracy to form a comprehensive
conclusion. This meta-analysis is more evidence-based, and also differs from the conven-
tional review approach, in which reviewers generally write their own data interpretation
without considering quantitative statistics. The meta-analysis approach has been frequently
applied to citrus, for example, to summarize water and nitrogen use efficiencies [50], vari-
etal selection [51], Huanglongbing resistance gene identification [52], and the relationship
of fruit intake and cancer risk [53–55]. However, there is still limited research specific to
kaffir lime essential oils. Therefore, the present study aimed to elucidate the variation in
yield and main components of kaffir lime essential oils in response to difference plant parts,
plant origin, and extraction method during the last fifty years by using a meta-analysis
approach.

2. Materials and Methods
2.1. Searching

The references used, henceforth called studies, were globally indexed journals and
book chapters. The search for studies was carried out from July 2021 to July 2022 by using
Google Scholar search engine, with the keyword “kaffir lime metabolite”. The search
activities resulted in finding 591 studies published in the last fifty years (1970 up to 2022).
The selection was carried out in this study by taking into account the relevance of the
literature to the research topic, i.e., the yield and the content of the main metabolites, such
as citronellal, citronellol, linalool, citronellyl acetate, sabinene, and caryophyllene in kaffir
lime essential oil.

2.2. Selection

Selection was carried out to ensure that all selected journals were (i) indexed at least
by Google Scholar; (ii) equipped with digital object identifier/doi or uniform resource
locator/url; and (iii) reported plant origin; plant part, and the plant extraction method used,
as well as observation variables, such as the yield and content of the main abovementioned
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metabolites, that were presented quantitatively either in table or graph form. Studies
with qualitative data were excluded. In total, there were 36 single studies that passed the
selection for database construction.

2.3. Tabulation

The reference extraction process on 36 obtained studies resulted in 85 data points that
were further tabulated in the database, as shown in Table 1 and Table S1 in Supplementary
Materials, for further meta-analysis purposes. The meta-analysis procedure in the present
research followed the guideline handbook by [56]. Variables extracted from every study
were year of publication, plant origin, plant part, doi or url, and several metabolites
(citronellal, citronellol, linalool, citronellyl acetate, sabinene, and caryophyllene) content.
The meta-analysis study was prepared by following the Preferred Reporting Items for
Systematic review and Meta-Analysis Protocols (PRISMA-P) [57]. If there was variation in
the observation unit of certain variables, unit conversion was carried out by following the
standard of the international system.

Table 1. Database for meta-analysis of kaffir lime essential oil variation in the last fifty years.

No. Publication Year Plant Origin Plant Part Extraction Method Ref.

1. 1971 Thailand Leaves SDD [31]

2. 1971 Thailand Peels CPE [31]

3. 1990 Chiang Rai, Thailand Leaves SDD [33]

4. 1990 Chiang Rai, Thailand Twigs SDD [33]

5. 1990 Chiang Rai, Thailand Peels SDD [33]

6. 1990 Chiang Rai, Thailand Peels SEE [33]

7. 1990 Chiang Rai, Thailand Fruit SEE [33]

8. 1996 Melaka, Malaysia Leaves HD [35]

9. 1996 Melaka, Malaysia Peels HD [35]

10. 1999 Terengganu, Malaysia Leaves SDD [34]

11. 1999 Terengganu, Malaysia Leaves LNE [34]

12. 1999 Terengganu, Malaysia Peels LNE [34]

13. 2007 Thailand, Peels HD [58]

14. 2007 Bangkok, Thailand Leaves SEE [46]

15. 2007 Bangkok, Thailand Leaves SPE [46]

16. 2008 Songkla, Thailand Peels SEE [47]

17. 2008 Songkla, Thailand Peels HD [47]

18. 2009 Florida, US Blossoms SPE [59]

19. 2010 Khon kaen, Thailand Leaves HD [60]

20. 2010 Khon kaen, Thailand Peels CPE [60]

21. 2010 Chiang Mai, Thailand Leaves SEE [61]

22. 2010 Chiang Mai, Thailand Peels SEE [61]

23. 2010 Chiang Mai, Thailand Twigs SEE [61]

24. 2011 Selangor, Malaysia Leaves HD [62]

25. 2012 Bangkok, Thailand Leaves SEE [63]

26. 2012 Thailand Leaves SPE [1]

27. 2012 Thailand Peels SPE [1]
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Table 1. Cont.

No. Publication Year Plant Origin Plant Part Extraction Method Ref.

28. 2012 Thailand Leaves SDD [64]

29. 2013 Selangor, Malaysia Peels SDD [45]

30. 2013 Selangor, Malaysia Peels SDD [45]

31. 2013 Selangor, Malaysia Peels SDD [45]

32. 2013 Selangor, Malaysia Peels SDD [45]

33. 2013 Selangor, Malaysia Peels HDSD [44]

34. 2013 Selangor, Malaysia Peels HDSD [44]

35. 2013 Selangor, Malaysia Peels HDSD [44]

36. 2013 Selangor, Malaysia Peels HDSD [44]

37. 2013 Selangor, Malaysia Peels SDD [43]

38. 2013 Selangor, Malaysia Peels SDD [43]

39. 2013 Selangor, Malaysia Peels SDD [43]

40. 2013 Chiang Mai, Thailand Leaves SFE [65]

41. 2013 Chiang Mai, Thailand Leaves SFE [65]

42. 2013 Chiang Mai, Thailand Leaves SFE [65]

43. 2013 Chiang Mai, Thailand Leaves SFE [65]

44. 2013 Chiang Mai, Thailand Leaves SFE [65]

45. 2013 Chiang Mai, Thailand Leaves SFE [65]

46. 2013 Chiang Mai, Thailand Leaves SFE [65]

47. 2013 Chiang Mai, Thailand Leaves SFE [65]

48. 2013 Chiang Mai, Thailand Leaves SFE [65]

49. 2013 Chiang Mai, Thailand Leaves SFE [65]

50. 2014 Thai-Cina/Thailand Leaves - [66]

51. 2016 Réduit, Mauritius Peels HD [67]

52. 2017 Tulungagung, Indonesia Twigs and leaves SDD [30]

53. 2017 Tulungagung, Indonesia Twigs SDD [68]

54. 2017 Blitar, Indonesia Leaves HSD [68]

55. 2017 Blitar, Indonesia Peels HSD [68]

56. 2017 Malang, Indonesia Leaves SEE [69]

57. 2018 Pallepola, Sri Lanka Peels SPE [70]

58. 2018 Lampang, Thailand Leaves SEE [71]

59. 2018 Chiang Mai, Thailand Peels HD [72]

60. 2019 Thai-Cina/Thailand Peels - [32]

61. 2019 Thai-Cina/Thailand Leaves - [32]

62. 2019 Klaten, Indonesia Leaves HD [42]

63. 2019 Klaten, Indonesia Dry leaves (1 dD) HD [42]

64. 2019 Klaten, Indonesia Dry leaves (2 dD) HD [42]

65. 2019 Klaten, Indonesia Dry leaves (3 dD) HD [42]

66. 2019 Klaten, Indonesia Dry leaves (4 dD) HD [42]

67. 2019 Klaten, Indonesia Dry leaves (5 dD) HD [42]
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Table 1. Cont.

No. Publication Year Plant Origin Plant Part Extraction Method Ref.

68. 2019 Klaten, Indonesia Dry leaves (6 dD) HD [42]

69. 2019 Klaten, Indonesia Dry leaves (7 dD) HD [42]

70. 2019 Klaten, Indonesia Dry leaves (8 dD) HD [42]

71. 2019 An Giang, Vietnam Peels SDD [73]

72. 2020 An Giang, Vietnam Peels HD [74]

73. 2020 An Giang, Vietnam Peels SFME [75]

74. 2020 Bangkok, Thailand Peels SEE [37]

75. 2020 Bangkok, Thailand Leaves SEE [37]

76. 2021 Tulungagung, Indonesia Leaves HSD [11]

77. 2021 Bogor, Indonesia Leaves HSD [11]

78. 2021 Pasuruan, Indonesia Leaves HSD [11]

79. 2021 West Bandung, Indonesia Leaves HSD [11]

80. 2021 An Giang, Vietnam Peels SDD [76]

81. 2021 An Giang, Vietnam Peels HD [77]

82. 2022 Central Java, Indonesia Fresh leaves HD [78]

83. 2022 East Sumba, Indonesia Fresh leaves HD [78]

84. 2022 Central Java, Indonesia Peels HD [78]

85. 2022 East Sumba, Indonesia Peels HD [78]

Ref.—references, CPE—cold press extraction, HDSD—hydro diffusion steam distillation, HD—hydro distillation,
HSD—hydro steam distillation, LNE—Likens-Nikerson extraction, SPE—solid phase extraction, SEE—solvent
extraction, SFME—solvent free microwave extraction, SDD—steam distillation, SFE—supercritical fluid extraction,
dD—day of drying.

2.4. Modelling

The method of meta-analysis used in the present experiment refers to the linear mixed
model (LMM) [48,49]. The mathematical models are shown below.

Yij = µ + si + τj + sτij + β0 + β1Pij + biPij + eij (1)

Interaction = PS + O + EM + PS ∗ O + PS ∗ EM + O ∗ EM + PS ∗ O ∗ EM (2)

Note: Yij is a dependent variable, µ is the overall mean value, si is the i-th random
factor of the study difference, τj is the j-th fixed factor of the predictor, sτij is a factor
of random interaction between the difference of the study and the fixed factor of the
predictor, β0 is the value of the intersection of the average of all studies with the axis, β1
is the regression coefficient, Pij is the amount of predictor, bi is the random effect of the
difference in studies from the regression coefficient Y in the X of the i-th study, eij is the
unexplained error value, EM is the extraction method, O is the origin, and PS is part of the
sample. Meta-regression followed Equation (1). The advanced stage of the meta-analysis
test was the least-squares means advanced test [79]. Interaction effects were sought by
using Equation (2).

2.5. Determination of Numeric Predictors and Their n-Encoders

There were three categories of quantitative predictors used, namely, plant origin,
plant part for sample, and plant extraction method. The mentioned three predictors were
analyzed separately, and each component was encapsulated in the form of ordinal data
in alphabetical order. Plant origin predictor components were (1) Indonesia, (2) Malaysia,
(3) Mauritius, (4) Sri Lanka, (5) Thailand, (6) USA, and (7) Vietnam. The predictors of
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plant part for a sample were encoded as follows: blossom/B (1), dry leaves/DL (2), fresh
leaves/FL (3), fruits/F (4), leaves/L (5), peels/P (6), and twigs/T (7). Plant extraction
method predictors included cold press extraction/CPE (1), hydro diffusion steam distil-
lation/HDSD (2), hydro distillation/HD (3), hydro steam distillation/HSD (4), Likens-
Nikerson extraction/LNE (5), solid phase extraction/SPE (6), solvent extraction/SEE (7),
solvent free microwave extraction/SFME (8), steam distillation/SDD (9), and supercritical
fluid extraction/SFE (10).

2.6. Statistical Test of Model

Statistical analysis was performed by using R version 4.2.0 and statistical assay,
using residual mean square error (RMSE) and Nakagawa determination coefficient or
RGLMM(c)2 [80–82]. The equations RMSE (3) and R2 Nakagawa (4) are as follows:

RMSE =

√
∑(O − P)2

NDP
(3)

RGLMM(c)2 =

(
σ2

f + ∑
(
σ2

l
))(

σ2
f + ∑(σ2

l) + σ2e + σ2
d

) (4)

where O = observation value (actual value), P = predicted value, NDP = number of data
point, σ2

f is the variant of a fixed factor, ∑
(
σ2

l
)

is the sum of all variants of the component,
σ2

e is the variant due to the predictor dispersion, and σ2
d is the specific distribution of the

variant. Then, to measure the significance of the model, a variance analysis test was carried
out, which is significant if p < 0.05 and tended to be significant if p < 0.1.

3. Results
3.1. Descriptive Statistics

Descriptive statistics of the tabulated database in the present meta-analysis are de-
picted in Table 2. The number of data points (NDP) in all assessed variables was higher
than 10, implying that minimum eligibility had been reached for use as a database for
meta-analysis, following previous studies [83–85]. The maximum, average, and minimum
extracted yields from kaffir lime ever recorded were 17.5%, 1.94%, and 0.03%, respectively
(Table 2). Variations in yield in response to plant origin, plant part, and extraction method
were found to be in the range of 0.43–3.13%, 0.03–10.1%, and 0.19–5.21%, respectively
(Table 3). In terms of composition in kaffir lime essential oil, citronellal was the most
dominant component according to 71 earlier cases, irrespective of origin, plant part, and
extraction method. The highest citronellal content ever recorded was 87.6%, while the
lowest result was 0.36% (Table 2). Plant origin, plant part, and extraction method caused a
wide range of variation in terms of citronellal, i.e., 6.05–60.1%, 6.05–68.9%, and 1.62–53%,
respectively (Table 3). Sabinene was placed precisely under the citronellal, with a maximum
proportion of about 48.5%, while the lowest one was 0.2% (Table 2). Sabinene variation was
observed in ranges of 5.28–31.4%, 1.71–24.3%, and 4.37–36.7% in response to plant origin,
plant part, and extraction method, respectively (Table 3). The other four phytochemicals
frequently found to compose the kaffir lime essential oil profile were citronellol, citronellyl
acetate, linalool, and caryophyllene, with an average of about 4.45%, 2.8%, 4.29%, and
1.12%, respectively (Table 2).
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Table 2. Data aggregation and descriptive statistics of tabulated database.

No. Parameters NDP Mean SD Max Min Q25 Q50 Q75

Main components of kaffir lime essential oils, % of total essential oil

1. Caryophyllene 46 1.12 1.21 3.99 0 0.32 0.6 1.34

2. Citronellal 71 36.6 31.7 87.6 0.36 7.93 20.9 70.4

3. Citronellol 53 4.45 4.85 25.3 0.1 1.32 2.91 6.35

4. Citronellyl
acetate 28 2.8 2.39 7.78 0.12 0.48 1.96 4.31

5. Linalool 56 4.29 11.4 86.1 0.03 0.89 1.89 3.89

6. Sabinene 46 15.5 16.4 48.5 0.2 1.82 5.91 23.5

Yield of kaffir lime essential oils, % from fresh weight

7. Extraction yield 55 1.94 2.69 17.5 0.03 0.52 1.26 2.19

Max—Maximum value of the feature data, Min—minimum value of the feature data, NDP—Number of data
points, SD—Standard deviation, Q25—Quantile data 25%, Q50—Quantile data 50%, Q75—Quantile data 75%.

Table 3. Mean (X) and standard deviation (SD) based on plant origin, plant part, and extraction
method.

No. Predictor
Caryophyllene Citronellal Citronellol Citronellyl

Acetate Linalool Sabinene Yield

X SD X SD X SD X SD X SD X SD X SD

Plant origin

1. Indonesia 0.97 0.83 60.1 24.6 7.98 4.15 4.51 2.63 10.4 21.3 5.28 7.1 1.05 0.34

2. Malaysia 0.48 0.28 22.9 26.3 3.9 4.38 1.38 1.39 1.2 0.88 31.4 17.5 2.84 1.6

3. Mauritius 0.13 0.43

4. Sri Lanka 3.99 12.3 1.32 4.02

5. Thailand 1.27 1.31 31.3 32.7 3.14 3 3.15 2.42 2.83 1.67 7.61 8.6 1.75 3.97

6. USA 3.75 6.05 25.3 4.86 18.1

7. Vietnam 0.45 0.04 13.5 3.48 1.7 1.27 0.27 0.83 0.25 17.9 6.99 3.13 1.5

Plant part

8. Blossom 3.75 6.05 25.3 4.86 18.1

9. Dry leaves 68.9 13.5 1 0.19

10. Fresh leaves 0.26 57 11.7 1.74 46.5 56 1.79

11. Fruit 0.83 0.45 0.81 4.52 0.03

12. Leaves 1.37 1.28 53.3 32.3 5.44 4.15 3.74 2.22 3.08 1.11 1.71 1.26 1.06 1.67

13. Peel 0.86 1.12 10.7 6.34 1.67 1.35 1.46 1.77 1.64 1.7 24.3 16.1 10.1 1.62

14. Twigs 1.04 0.76 57.2 18.6 9.47 2.7 5.81 1.65 10.9 3.88 4.01 3.29 1.04 1.32

Extraction method

15. Cold press
extraction 2.02 2.43 14 13.9 0.94 0.76 2.01 2.56 2.36 2.63 12.1 14.9

16. Hydro diffusion
steam distillation 0.4 0.22 11.6 4.09 1.26 0.66 0.77 0.16 36.7 7.4 2.24 1.1

17. Hydro distillation 0.88 1.01 46.2 28 4.64 4.1 2.44 2.51 10.1 23 7.23 8.82 1.83 1.94

18. Hydro steam
distillation 1.01 1.08 53 45.4 2.77 3.85 0.54 6 4.54

19. Likens-Nikerson
extraction 42.5 42.4 6.84 4.95 1.45 0.32 1.69 0.18 11.1 12.8 1.9 0.14

20. Solid phase
extraction 2.2 1.93 15.6 18.5 9.38 10.4 5.51 3.21 4.37 0.77 8.02 9.06
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Table 3. Cont.

No. Predictor
Caryophyllene Citronellal Citronellol Citronellyl

Acetate Linalool Sabinene Yield

X SD X SD X SD X SD X SD X SD X SD

Plant origin

21. Solvent extraction 2.18 1.39 40.4 39.2 4.43 4.08 2.06 2.33 2.38 1.17 4.37 5.29 5.21 6.52

22.
Solvent free
microwave
extraction

0.4 17.8 1.24 0.92

23. Steam distillation 0.71 0.78 39.2 32.63 4.81 4.36 2.57 2.43 2.73 3.09 25.4 18.9 1.86 1.18

24. Supercritical fluid
extraction 0.48 0.18 1.62 0.29 2.17 1.22 0.19 0.09

3.2. Meta-Regression on Plant Origin, Plant Part and Extraction Method

The present study reveals the plant origin, plant part, and extraction method effects on
yield and main components of kaffir lime essential oil using a quantitative meta-analysis
approach. Concerning plant origins, quantitative meta-regression that was carried out on
85 data points revealed that there was no significant effect of plant origin on most variables,
namely, yield (p = 0.482), citronellol (p = 0.177), sabinene (p = 0.695), citronellyl acetate
(p = 0.114), linalool (p = 0.898), and caryophyllene (p = 0.538). In contrast, the citronellal
was significantly influenced by plant origin factor (p = 0.038), and it has a negative gradient
value forming a decreasing linear pattern (Table 4). In terms of plant sampling part
predictor, quantitative meta-regression showed a significant effect only in three parameters,
namely, citronellal (p = 0.01), citronellol (p = 0.047), and citronellyl acetate (p = <0.001),
with a negative gradient value forming a decreasing linear pattern (Table 4). Concerning
extraction method, no parameter was found to be significantly influenced; however, the
content of linalool tended to be significantly influenced with a positive gradient value
forming an increasing linear regression pattern (Table 4).

Table 4. Meta-regression of yield and main components of kaffir lime essential oil in response to
plant origin, plant part of sample, and extraction method.

No. Predictor Parameters
Intercepted at Y

Axis Gradient
RMSE R2

Value SE Value SE p-Value

1. Plant origin Caryophyllene 1.8 1.12 0.175 0.279 0.538 1.75 0.49

2. Plant origin Citronellal 52.2 8.97 −4.72 2.19 0.038 19.9 0.45

3. Plant origin Citronellol 7.67 2.93 −1.06 0.77 0.177 10.9 0.06

4. Plant origin Citronellyl acetate 7.86 2.01 −0.76 0.467 0.114 1.93 0.76

5. Plant origin Linalool 3.14 1.25 −0.039 0.299 0.898 1.68 0.35

6. Plant origin Sabinene 14.7 5.93 −0.576 1.45 0.695 5.46 0.77

7. Plant origin Yield 0.91 0.58 0.089 0.124 0.482 0.54 0.71

8. Plant part Caryophyllene 0.74 1.89 0.301 0.329 0.365 1.79 0.45

9. Plant part Citronellal 77.9 16.6 −7.96 2.98 0.01 18.7 0.52

10. Plant part Citronellol 19.6 7.71 −2.78 1.37 0.047 10.8 0.08

11. Plant part Citronellyl acetate 16.7 3.10 −2.15 0.544 <0.001 1.72 0.79

12. Plant part Linalool 0.28 2.22 0.481 0.383 0.223 1.67 0.35

13. Plant part Sabinene 5.72 8.00 1.26 1.35 0.357 5.43 0.76

14. Plant part Yield 2.55 0.78 −0.232 0.134 0.092 0.53 0.7
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Table 4. Cont.

No. Predictor Parameters
Intercepted at Y

Axis Gradient
RMSE R2

Value SE Value SE p-Value

15. Extraction method Caryophyllene 2.75 1.25 −0.056 0.18 0.757 1.76 0.49

16. Extraction method Citronellal 22.6 10.6 1.8 1.57 0.255 18.7 0.5

17. Extraction method Citronellol 7.67 3.81 −0.567 0.589 0.342 11.3 0.04

18. Extraction method Citronellyl acetate 2.95 2.06 0.371 0.316 0.246 1.82 0.8

19. Extraction method Linalool 0.95 1.07 0.336 0.165 0.055 1.22 0.65

20. Extraction method Sabinene 17.8 4.95 −0.862 0.684 0.216 5.05 0.81

21. Extraction method Yield 1.2 0.48 0.018 0.072 0.808 0.55 0.7

R2—R squared, RMSE—Root mean square error, SE—Standard error.

3.3. Meta-Analysis on Plant Origin, Plant Part, and Extraction Method

Concerning plant origin, the findings of the meta-analysis showed that the effect
of plant origin tends to be significant (p = 0.06) on citronellal, with the highest result
found in Indonesia (57.1%), while the lowest one was from the USA (6.05%). The order of
citronellal content from high to low, respective to plant origin, was Indonesia > Thailand
> Malaysia > Vietnam > Sri Lanka > USA. In addition, it was also reported that there
was a significant effect of plant origin on the citronellol (p < 0.001), sabinene (p = 0.029),
and caryophyllene (p = 0.06). The highest citronellol content was found in kaffir lime
from the USA, with Indonesia placing second, while the lowest result was from Sri Lanka.
The highest sabinene content was found in kaffir lime samples from Malaysia, which
were significantly different from samples from Indonesia, which represented the lowest
result. The highest caryophyllene content was found in kaffir lime samples from Sri Lanka,
whereas the sample from Mauritius was the lowest result (Table 5).

Table 5. Meta-analysis of yield and main components of kaffir lime essential oil in response to plant
origin (mean ± standard error).

No. Variables p-Val. Indonesia Malaysia Mauritius Sri Lanka Thailand USA Vietnam

1. Caryophyllene 0.044 0.88 ± 0.48 0.52 ± 0.7 0.13 ± 1.14 3.99 ± 1.14 1.51 ± 0.31 3.75 ± 1.14 0.45 ± 0.57

2. Citronellal 0.06 57.1 ± 8.42 26.1 ± 8.95 12.3 ± 28.68 34 ± 6.58 6.05 ± 28.7 13.5 ± 14.3

3. Citronellol <0.001 9.52 ± 1.38 b 3.96 ± 1.27 ab 1.32 ± 3.51 ab 2.97 ± 0.85 a 25.3 ± 3.51 c 1.7 ± 2.03 a

4. Citronellyl
acetate 0.159 4.48 ± 1.21 1.36 ± 1 3.4 ± 0.68 0.27 ± 2.27

5. Linalool 0.308 10.3 ± 3.06 1.2 ± 2.88 4.02 ± 11.3 2.83 ± 2.78 4.86 ± 11.3 0.83 ± 5.66

6. Sabinene 0.029 6.08 ± 4.94 a 27.7 ± 5.05 b 7.18 ± 3.79 a 18.1 ± 12.6 ab 17.9 ± 8.94 ab

7. Yield 0.783 1.2 ± 1.39 2.96 ± 1.05 0.43 ± 2.87 2.55 ± 1.08 3.13 ± 1.65

p-val.—p-value. Different superscript alphabets of means in a row are significant differences based on the least
square means at p ≤ 0.05.

In terms of plant part predictor, there was a significant result found on most param-
eters, except caryophyllene. Dry leaves were determined to be the plant part with the
highest citronellal content (75.4%), which was not significantly different to fresh leaves
(61), leaves (57.1), and twigs (52.2%). Blossoms (partially opened flower) were found to
have the lowest citronellal content (6.05%) among several tested parts of the kaffir lime
plant. In contrast, the highest citronellol content (25.3%) was found in the blossom of kaffir
lime, while the lowest was detected in fruit peels (1.61%). Twigs represented another kaffir
lime plant part that was rich in citronellyl acetate (6.2%). The plant part richest in linalool
(46.5%) was fresh leaves, while the poorest one (0.81%) was the fruit. In terms of sabinene,
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peels, as the richest part, possessed 18.6%, while the leaves were the poorest, with only
4.59%. Concerning yield (p < 0.001), the order from high to low among several plant parts
was peels > dry leaves > leaves > fruits > twigs (Table 6). In contrast to the results of
Tables 6 and 7, the present qualitative meta-analysis revealed that neither the yield or main
components were significantly influenced by extraction methods (Table 7).

Table 6. Meta-analysis of yield and main components of kaffir lime essential oil in response to plant
part (mean ± standard error).

No. Parameters p-Val. B DL F FL L P T

1. Caryophyllene 0.134 3.75 ± 1.23 1.65 ± 0.84 0.26 ± 1.23 1.62 ± 0.32 0.97 ± 0.27 1.32 ± 0.57

2. Citronellal <0.001 6.05 ± 21.8 ab 75.4 ± 13 b 61 ± 19.1 ab 57.1 ± 4.52 b 10.6 ± 4.48 a 52.2 ± 10.9 b

3. Citronellol <0.001 25.3 ± 3.11 c 11.7 ± 3.11 b 6.23 ± 0.69 b 1.61 ± 0.66 a 7.68 ± 1.53 b

4. Citronellyl
acetate 0.008 1.74 ± 1.69 ab 1.74 ± 1.98 ab 3.8 ± 0.61 ab 1.74 ± 0.6 a 6.2 ± 1.1 b

5. Linalool <0.001 4.86 ± 8.09 a 0.81 ± 8.97 a 46.5 ± 6.38 b 3.08 ± 1.92 a 1.64 ± 1.58 a 10.9 ± 4.89 a

6. Sabinene 0.002 18.1 ± 12.2 ab 6.79 ± 7.2 ab 16.5 ± 7.73 ab 4.59 ± 3.05 a 18.6 ± 2.73 b 5.86 ± 5.09 ab

7. Yield <0.001 1.72 ± 1.01 a 0.86 ± 1.17 a 1.63 ± 0.56 a 8.5 ± 0.87 b 0.13 ± 0.92 a

p-val.—p-value. B—blossom, DL—dry leaves, F—fruit, FL—fresh leaves, L—leaves, P—peels, T—twigs. Different
superscript alphabets of means in a row are significant differences based on the least square means at p ≤ 0.05.

Table 7. Meta-analysis of yield and main components of kaffir lime essential oil in response to
extraction method (mean ± standard error).

Parameters Car Cit Ctr CA Lin Sab Yld

p-value 0.15 0.29 0.63 0.57 0.86 0.44 0.44

No. Extraction method

1. CPE 1.38 ± 0.72 12.1 ± 19.6 3.24 ± 3.28 1.19 ± 1.75 2.36 ± 8.98 18.9 ± 7.7

2. HDSD 0.4 ± 1.02 11.6 ± 25.1 1.26 ± 5.42 0.77 ± 6.12 37 ± 12.7 2.24 ± 2

3. HD 0.82 ± 0.4 34 ± 9.26 4.84 ± 1.73 2.25 ± 1.07 10.1 ± 3.64 11.9 ± 4.8 2.4 ± 0.93

4. HSD 0.73 ± 0.88 53.5 ± 23.2 1.04 ± 2.49 3.85 ± 9.3 12 ± 9.4

5. LNE 35 ± 23.2 1.29 ± 3.48 2.27 ± 2.14 1.69 ± 9.3 20.2 ± 9.4 1.8 ± 2.09

6. SPE 2.59 ± 0.67 7.62 ± 14.8 7.83 ± 2.59 5.51 ± 2.32 4.37 ± 6.19 9.96 ± 9.74

7. SEE 2.28 ± 0.48 41.3 ± 10.4 5.17 ± 1.73 2.44 ± 1.36 2.38 ± 4.9 6.85 ± 4.9 4.53 ± 1.3

8. SFME 0.4 ± 1.2 17.8 ± 31.3 1.24 ± 5.87 0.92 ± 12.3

9. SDD 1.03 ± 0.44 47.3 ± 8.84 6.52 ± 2.05 3.56 ± 1.08 2.73 ± 3.11 14.4 ± 4.4 2.25 ± 0.8

10. SFE 0.48 ± 1.02 1.62 ± 25.1 2.17 ± 5.42 0.19 ± 1.8

Car—caryophyllene, Cit—citronellal, Ctr—citronellol, CA—citronellyl acetate, Lin—linalool, Sab—sabinene,
Yld—yield. CPE—cold press extraction, HDSD—hydro diffusion steam distillation, HD—hydro distillation,
HSD—hydro steam distillation, LNE—Likens-Nikerson extraction, SPE—solid phase extraction, SEE—solvent
extraction, SFME—solvent free microwave extraction, SDD—steam distillation, SFE—supercritical fluid extrac-
tion.

In addition to the influence of a single factor, this study also examined the effect of the
interaction between factors, as presented in Table 8. The interaction between plant origin
and plant part factor was significant on the parameters of citronellyl acetate (p = 0.048),
sabinene (p < 0.001), and yield (p = 0.031); whereas, the interaction effect of plant origin
and extraction method tended to be significant (p = 0.067) only on the citronellol parameter.
In addition, the interaction between the plant part and the extraction method tended to be
significant in the citronellal (p = 0.09) and yield (p = 0.056) parameters.
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Table 8. p-value of several interaction among factors: plant origin, plant part, and extraction method
on oil yield and main components of kaffir lime essential oils.

No. Parameters PO * PP PO * EM PP * EM

1. Citronellal 0.712 0.663 0.09

2. Citronellol 0.314 0.067 0.305

3. Citronellyl
acetate 0.048 * 0.207 0.876

4. Linalool 0.638 0.588 0.566

5. Sabinene <0.001 * 0.283 0.357

6. Yield 0.031 * 0.537 0.056
PO * PP—interaction of plant origin and plant part, PO * EM—interaction of plant origin and extraction method,
PP*EM—interaction of plant part and extraction method. The ‘*’ indicated significant interaction on tested
parameters at p ≤ 0.05.

4. Discussion

In the last fifty years, numerous single studies have been conducted on kaffir lime
essential oils. Due to kaffir lime’s importance in various industries, ranging from food and
beverages to perfumery and pharmacy, the demand for kaffir lime oils and its raw materials
urgently demands support in the form of on-farm and off-farm technology. On-farm
technologists have considered the selection of planting materials and growing locations, as
well as cultivation practices, whether detrimental or beneficial to the final yield obtained.
Kaffir lime planting materials could be in the form of seed, although grafted seedlings
were more familiar for commercial cultivation [3]. The growing locations of kaffir lime
have not yet been reported on conclusively. Generally, the literature still consists of single
studies that examine the influence of climatic and edaphic factors separately. Similarly,
cultivation practices were also intensively reported by single studies intending to ensure the
optimal raw material harvested, through pruning [27], shading [13], and fertilizing [2,28],
while off-farm technologists also considered which method was best suitable to extract the
essential oil. Both meta-regression and meta-analysis approaches showed no significant
effect of extraction method on oil yield and main components of kaffir lime essential oil.
It is likely that all extraction methods were usable, each with their own advantageous
characteristics.

4.1. Plant Origin

The present meta-analysis elucidated the significant effect of plant origin factor on
citronellol, caryophyllene, and sabinene. Citronellol is a natural and important monoter-
penoid alcohol compound in kaffir lime with a floral scent [34], which plays a role as a
mosquito repellent [86], antifungal [87], and anti-inflammatory agent [88]. USA-derived
kaffir lime contained significantly higher citronellol than samples from tropical Asian coun-
tries, such as Indonesia, Malaysia, Thailand, Vietnam, and Sri Lanka. The climate difference
between the subtropics and tropics was supposed to be the reason for this phenomenon,
although the mechanism remains unclear. A test in the same tropical lands concluded that
rainfall intensity has a negative correlation to the citronellol content of kaffir lime oil [11].
However, this low citronellol content could be improved by agricultural interventions, such
as inorganic and biofertilizer application [89,90].

However, the relative similarity of citronellol content among samples from tropical
Asian countries was in contrast to sabinene content. Placing as the second major metabolite
in kaffir lime, sabinene, also known as 4(10)-thujene and 4-methylene-1-(1-methyl-ethyl)
bicyclo[3.1.0]hexane, is a natural and important monoterpenoid commonly isolated from
numerous plant essential oils and popularly used for perfumery [91], due to its fresh
and green aroma [34]. Sabinene possesses some pharmaceutical characteristics, such as
antifungal [92], antibacterial [93] and anti-inflammatory properties [94]. Even though
they are categorized as coming from tropical Asian regions, the sabinene in samples from
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Malaysia was higher than in the others. In the case of sabinene, plant origin does not appear
to be the single most influencing factor. The interaction between plant origin and plant
parts, which is significant (p < 0.001) in the sabinene variable, is the main reason for this
(Table 8). Most of the single studies obtained from Malaysia used fruit peel samples, and
sabinene is the dominant monoterpenoid compound in kaffir lime peel essential oil [22,45].

In addition to monoterpene, kaffir lime essential oil is also composed of certain
sesquiterpenes, such as caryophyllene, which could serve as a fragrance and flavor en-
hancer [95,96], due to its spicy scent [34], in addition to its several pharmaceutical char-
acteristics, such as antioxidant, antibiotic, antimicrobial, and anti-inflammatory proper-
ties [88,97]. Although its content values varied (Table 5), caryophyllene could be found
in kaffir lime samples from all countries, ranging from subtropical America and tropical
Asian countries to tropical countries, such as Mauritius, in East Africa. By employing
a meta-analysis method to integrate numerous single studies, it is possible to make a
more precise and trustworthy statement than any single study could, i.e., [10,11,98], that
caryophyllene is also a main characteristic compound of kaffir lime essential oil.

4.2. Plant Parts

In contrast to plant origin, plant parts had no significant effect on the caryophyllene
content in kaffir lime oil. Interestingly, citronellol, sabinene, citronellal, linalool, citronellyl
acetate, and yield appeared to be significantly affected by plant parts. After combining
small single studies, a less popular fact emerged, which is that the flower is the richest
plant part in terms of citronellol and sabinene. This information complements the results
of previous research, which stated that sabinene is mostly found in the fruit peel [22,45].
The high content of citronellal and sabinene in flowers is thought to be related to the floral
fragrance, because these two compounds can produce a floral and fresh aroma [34].

In contrast to the blossom, the leaves are the part of the plant richest in citronellal
(Table 6). The meta-analysis carried out to summarize 71 earlier cases on citronellal con-
firmed that, irrespective of their freshness level, leaves remain the richest part in terms of
citronellal, so citronellal mining activities should be balanced with activities to increase
kaffir lime leaf production. Citronellal mining is starting to attract attention because it
has economic value. As the most intense [99] odor-forming lemony scent [100], citronel-
lal is used as an intermediate component in the synthesis of perfumes, drugs, and basic
ingredients for the synthesis of isopulegol, menthol, and citronellol [101–103]. This phyto-
chemical is getting more attention for development in the perfume industry because of its
non-toxic nature [104]. Besides its perfumery aspect, this monoterpenoid aldehyde also ex-
hibits some pharmacological properties, such as anti-inflammatory [88], antifungal [87,105],
antibacterial [64], and natural mosquito repellent characteristics [106–108].

This meta-study also revealed that differences in the freshness level of the leaves
resulted in variation in the linalool content. Linalool is another monoterpenoid alcohol
present in kaffir lime essential oils, which has a floral and sweet odor [34] and shows
several pharmacological characteristics, namely, antibacterial [109,110], antifungal [87],
antidiabetic [111,112], and pest control agent properties [113]. By summarizing 56 single
studies on linalool, we have confirmed that, to obtain linalool-rich oils, the leaves’ freshness
should be maintained. The conclusive reason behind the high variation reported in linalool
content was the difference in leaf freshness levels.

Determination of the best plant parts for obtaining citronellyl acetate-rich oil and high
oil yield should also consider the plant origin factor, due to the interaction of both factors
observed in the present meta-analysis (Table 8). The highest level of citronellyl acetate
could be found within the kaffir lime twigs, especially from Indonesia. Citronellyl acetate is
the monoterpenol ester converted from citronellol [114], used for perfumery [115] due to its
active odor characteristic [116], namely, a fruity and floral scent [34]. Concerning oil yield,
the recommendation for the best part to harvest was the fruit peel. However, kaffir lime
leaf oil also has economic value, mostly in the Asian market [3]. No less than 21 of 35 single
studies making up the meta-analysis database used leaves as an essential oil extraction
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material, strengthening the argument that kaffir lime leaves are fragrant cooking spices, due
to their richness in essential oils. When combined with the best determination of growing
location and proper cultivation techniques, as a basic element of the plant origin factor, the
essential oil content of kaffir lime leaves could be increased. It is likely that metabolites
within essential oils are highly affected by internal and external factors, including climatic,
edaphic, and cultivation practices [117,118]. A positive strong correlation between rainfall
intensity and yield of kaffir lime leaf essential oil [11] means strengthening garden irrigation
techniques is a key requirement [119–121]. In addition, a positive significant correlation
between the oil yield and soil C-organic status [11] implies that manure application is
required to boost oil production [122–128].

In contrast to numerous published single studies, the present study integrated more
results, i.e., 55 cases of oil yield, 71 cases of citronellal, 53 cases of citronellol, 28 cases of
citronellyl acetate, 56 cases of linalool, 46 cases of sabinene, and 46 cases of caryophyllene;
thus acquiring greater statistical power to identify discrepancies across studies in a more
efficient way. The discrepancy of oil yield and main oil components implied the presence of
a knowledge gap among single studies. The first knowledge gap identified in the present
study is the high variability of extraction methods; however, there is no standard protocol
that is the most effective and efficient. Another gap exists regarding the mechanism of the
influence of subtropical and tropical climates that affects the citronellol content of kaffir
lime. A hidden fact was revealed, namely, that the flower/blossom is the richest plant
part in terms of citronellol and sabinene, complementing the common knowledge that
only the leaves and fruit are currently the target in kaffir lime cultivation. To summarize,
other interesting facts discovered in this study are as follows: (i) to obtain linalool-rich oils,
the freshness of the leaves should be well maintained; (ii) to obtain citronellal-, citronellyl
acetate-, and sabinene-rich oils, the extraction should be carried out on leaves, twigs, and
fruit peels, respectively; and (iii) oil yield improvement is very challenging because it is
not only influenced by plant parts and plant origin, so location-specific and organ-specific
cultivation practices need to be formulated. The abovementioned gaps and facts represent
interesting directions for future research. Fortunately, we do not need to consider numerous
single studies, because a general precise outlook can be found in the present meta-analysis
results.
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Author Contributions: Conceptualization, R.B.; methodology, R.B. and M.M.S.; software, M.M.S.;
validation, R.B.; formal analysis, M.M.S.; investigation, M.M.S.; resources, R.B.; data curation, R.B.;
writing—original draft preparation, R.B. and M.M.S.; writing—review and editing, R.B. and M.M.S.;
funding acquisition, R.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding. The APC was fully funded by Universitas
Padjadjaran, Indonesia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge Roedhy Poerwanto (IPB University), Edi Santosa (IPB
University), Darda Efendy (IPB University), Andria Agusta (BRIN), and the Faculty of Agriculture,
Universitas Padjadjaran, who have increased the authors’ interest in kaffir lime research and develop-
ment. The authors also express their gratitude to the Meta-Analysis in Plant Science (MAPS) Research
Group member for technical support during data selection.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/horticulturae8121132/s1
https://www.mdpi.com/article/10.3390/horticulturae8121132/s1


Horticulturae 2022, 8, 1132 14 of 18

References
1. Wongpornchai, S. Kaffir lime leaf. In Handbook of Herbs and Spices, 2nd ed.; Peter, K.V., Ed.; Woodhead Publishing Limited:

Cambridge, UK, 2012.
2. Swingle, W.T.; Reece, P.C. The botany of citrus and its wild relatives. In The Citrus Industry; Reuther, W., Webber, H.J., Batchelor,

L.D., Eds.; University of California Press: Berkeley, CA, USA, 1967; Volume 1.
3. Budiarto, R.; Poerwanto, R.; Santosa, E.; Efendi, D.; Agusta, A. Production, post- harvest and marketing of kaffir lime (Citrus

hystrix DC) in Tulungagung, Indonesia. J. Trop. Crop. Sci. 2019, 6, 138–143. [CrossRef]
4. Mabberley, D.J. Citrus (Rutaceae): A review of recent advances in etymology, systematics and medical applications. Blumea

Biodivers. Evol. Biogeogr. Plants 2004, 49, 481–498. [CrossRef]
5. Araujo, E.F.D.; Queiroz, L.P.D.; Machado, M.A. What is citrus? taxonomic implications from a study of cp-DNA evolution in the

tribe Citreae (Rutaceae subfamily Aurantioideae). Org. Divers. Evol. 2003, 3, 55–62. [CrossRef]
6. Budiarto, R.; Poerwanto, R.; Santosa, E.; Efendi, D. Morphological evaluation and determination keys of 21 citrus genotypes at

seedling stage. Biodiversitas J. Biol. Divers. 2021, 22, 1570–1579. [CrossRef]
7. Budiarto, R.; Poerwanto, R.; Santosa, E.; Efendi, D.; Agusta, A. Short communication: Allometric model to estimate bifoliate leaf

area and weight of kaffir lime (Citrus hystrix). Biodiversitas J. Biol. Divers. 2021, 22, 2815–2820. [CrossRef]
8. Budiarto, R.; Poerwanto, R.; Santosa, E.; Efendi, D.; Agusta, A. Comparative analysis and correlation of young and mature kaffir

lime (Citrus hystrix DC) leaf characteristics. Int. J. Plant Biol. 2022, 13, 270–280. [CrossRef]
9. Budiarto, R.; Poerwanto, R.; Santosa, E.; Efendi, D.; Agusta, A. Sensory evaluation of the quality of kaffir lime (Citrus hystrix DC.)

leaves exposed to different postharvest treatments. J. Trop. Crop. Sci. 2021, 8, 71–79. [CrossRef]
10. Gonzalez-Mas, M.C.; Rambia, J.L.; Lopez-Gresa, M.P.; Blazquez, M.A.; Granell, A. Volatile compounds in Citrus essential oils: A

comprehensive review. Front. Plant Sci. 2019, 10, 12. [CrossRef]
11. Efendi, D.; Budiarto, R.; Poerwanto, R.; Santosa, E.; Agusta, A. Relationship among agroclimatic variables, soil and leaves

nutrient status with the yield and main composition of kaffir lime (Citrus hystrix DC) leaves essential oil. Metabolites 2021, 11, 260.
[CrossRef]

12. Budiarto, R.; Poerwanto, R.; Santosa, E.; Efendi, D.; Agusta, A. Preliminary study on antioxidant and antibacterial activity of
kaffir lime (Citrus hystrix DC) leaf essential oil. Appl. Res. Sci. Technol. 2021, 1, 58–65. [CrossRef]

13. Budiarto, R.; Poerwanto, R.; Santosa, E.; Efendi, D.; Agusta, A. The effects of preharvest mild shading on the quality and
production of essential oil from kaffir lime leaves (Citrus hystrix). J. Trop. Crop. Sci. 2022, 9, 15–21. [CrossRef]

14. Chen, M.H.; Yang, K.M.; Huang, T.Z.; Wu, M.L. Traditional small-size Citrus from Taiwan: Essential oils, bioactive compounds,
and antioxidant capacity. Medicines 2017, 4, 28. [CrossRef] [PubMed]

15. Yang, C.; Chen, H.; Chen, H.; Zhong, B.; Luo, X.; Chun, J. Antioxidant and anticancer activities of essential oil from Gannan navel
orange peel. Molecules 2017, 22, 1391. [CrossRef] [PubMed]

16. Aliberti, L.; Caputo, L.; Feo, V.D.; Martino, L.D.; Nazzaro, F.; Souza, L.F. Chemical composition and in vitro antimicrobial,
cytotoxic and central nervous system activities of the essential oils of Citrus medica L. cv ‘Liscia’ and C. medica cv. ‘Rugosa’
cultivated in Southern Italy. Molecules 2016, 21, 1244. [CrossRef] [PubMed]

17. Klimek-Szczykutowicz, M.; Szopa, A.; Ekiert, H. Citrus limon (lemon) phenomenon—A review of the chemistry, pharmacological
properties, applications in the modern pharmaceutical, food, and cosmetics industries, and biotechnological studies. Plants 2020,
9, 119. [CrossRef]

18. De Clerck, C.; Maso, S.D.; Parisi, O.; Dresen, F.; Zhiri, A.; Jijakli, M.H. Screening of antifungal and antibacterial activity of 90
commercial essential oils against 10 pathogens of agronomical importance. Foods 2020, 9, 1418. [CrossRef]

19. Song, X.; Liu, T.; Wang, L.; Liu, L.; Li, X.; Wu, X. Antibacterial effects and mechanism of mandarin (Citrus retculata L.) essential oil
against Staphylococcus aureus. Molecules 2020, 25, 4956. [CrossRef]

20. Kooltheat, N.; Kamuthachad, L.; Anthapanya, M.; Samakchan, N.; Sranujit, R.P.; Potup, P.; Ferrante, A.; Usuwanthim, K. Kaffir
lime leaves extract inhibits biofilm formation by Streptococcus mutans. Nutrition 2016, 32, 486–490. [CrossRef]

21. Plastina, P.; Apriantini, A.; Meijerink, J.; Witkamp, R.; Gabriele, B.; Fazio, A. In vitro anti-inflammatory and radical scavenging
properties of chinotto (Citrus myrtifoloia Raf.) essential oils. Nutrients 2018, 10, 783. [CrossRef]

22. Othman, S.N.A.M.; Hassan, M.A.; Nahar, L.; Basar, N.; Jamil, S.; Sarker, S.D. Essential oils from the Malaysian citrus (Rutaceae)
medicinal plants. Medicines 2016, 3, 13. [CrossRef]

23. Eleni, M.; Antonios, M.; George, K.; Alexios-Leandros, S.; Prokopios, M. High-quality bergamot oil from Greece: Chemical
analysis using chiral gas chromatography and larvicidal activity against the West Nile virus vector. Molecules 2009, 14, 839–849.
[CrossRef] [PubMed]

24. Ansori, A.N.M.; Supriyadi, A.P.; Kartjito, M.V.; Rizqi, F.; Adrianto, H. Biolarvacidal effectivities of polar and non-polar extract
fraction from kaffir lime (Citrus hystrix) leaf against 3rd instar larvae of Aedes aegypti. J. Biol. Eng. Res. Rev. 2015, 2, 14–17.

25. Chandharakool, S.; Koomhin, P.; Sinlapasorn, J.; Suanjan, S.; Phungsai, J.; Suttipromma, N.; Songsamoe, S.; Matan, N.; Sat-
tayakhom, A. Effects of tangerine essential oil on brain waves, moods and sleep onset latency. Molecules 2020, 25, 4865. [CrossRef]
[PubMed]

26. Foley, J.A.; Ramankutty, N.; Brauman, K.A.; Cassidy, E.S.; Gerber, J.S.; Johnston, M.; Mueller, N.D.; O’Connell, C.; Ray, D.K.; West,
P.C.; et al. Solutions for a cultivated planet. Nature 2011, 478, 337–342. [CrossRef]

http://doi.org/10.29244/jtcs.6.02.138-143
http://doi.org/10.3767/000651904X484432
http://doi.org/10.1078/1439-6092-00058
http://doi.org/10.13057/biodiv/d220364
http://doi.org/10.13057/biodiv/d220545
http://doi.org/10.3390/ijpb13030023
http://doi.org/10.29244/jtcs.8.02.71-79
http://doi.org/10.3389/fpls.2019.00012
http://doi.org/10.3390/metabo11050260
http://doi.org/10.33292/areste.v1i2.8
http://doi.org/10.29244/jtcs.9.01.15-21
http://doi.org/10.3390/medicines4020028
http://www.ncbi.nlm.nih.gov/pubmed/28930243
http://doi.org/10.3390/molecules22081391
http://www.ncbi.nlm.nih.gov/pubmed/28829378
http://doi.org/10.3390/molecules21091244
http://www.ncbi.nlm.nih.gov/pubmed/27649138
http://doi.org/10.3390/plants9010119
http://doi.org/10.3390/foods9101418
http://doi.org/10.3390/molecules25214956
http://doi.org/10.1016/j.nut.2015.10.010
http://doi.org/10.3390/nu10060783
http://doi.org/10.3390/medicines3020013
http://doi.org/10.3390/molecules14020839
http://www.ncbi.nlm.nih.gov/pubmed/19255543
http://doi.org/10.3390/molecules25204865
http://www.ncbi.nlm.nih.gov/pubmed/33096890
http://doi.org/10.1038/nature10452


Horticulturae 2022, 8, 1132 15 of 18

27. Budiarto, R.; Poerwanto, R.; Santosa, E.; Efendi, D.; Agusta, A. Agronomical and physiological characters of kaffir lime (Citrus
hystrix DC) seedling under artificial shading and pruning. Emir. J. Food Agri. 2019, 31, 222–230. [CrossRef]

28. Fazwa, M.A.F.; Norhayati, S.; Nabilah, S.B.S.; Nazihah, M.N.; Zaki, A.M.; Asri, L.M.; Rohaidah, N.; Samsuri, T.H. Response of
Five Citrus Hystrix Provenances to Different Fertilizer Applications; Malaysian Society of Plant Physiology: Serdang, Malaysia, 2016;
pp. 23–25.

29. Nabilah, S.B.S.; Fazwa, M.A.F.; Norhayati, S.; Jeyanny, V.; Zaki, A.M.; Asri, L.M.; Samsuri, T.H. Effect of N-P-K Fertilizer, Biochar
and Compost on the Growth of Citrus Hystrix; Malaysian Society of Plant Physiology: Serdang, Malaysia, 2019; pp. 47–52.

30. Warsito, W.; Noorhamdani, N.; Sukardi, S.; Suratmo, S. Aktivitas antioksidan dan antimikroba minyak jeruk purut (Citrus hystrix
DC) dan komponen utamanya. JEEST 2017, 4, 13–18. [CrossRef]

31. Lawrence, B.M.; Hogg, J.W.; Terhune, S.J.; Podimuang, V. Rutaceae: Constituents of the leaf and peel oils of Citrus hystrix, D.C.
Phytochem 1971, 10, 1404–1405. [CrossRef]

32. Srifuengfung, S.; Bunyapraphatsara, N.; Satitpatipan, V.; Tribuddharat, C.; Junyaprasert, V.B.; Tungrugsasut, W.; Srisukh, V.
Antibacterial oral sprays from kaffir lime (Citrus hystrix DC.) fruit peel oil and leaf oil and their activities against respiratory tract
pathogens. J. Tradit. Complemen. Med. 2019, 10, 594–598. [CrossRef]

33. Sato, A.; Asano, K.; Sato, T. The chemical composition of Citrus hystrix DC (Swangi). J. Essent. Oil Res. 1990, 2, 179–183. [CrossRef]
34. Nor, O.M. Volatile aroma compounds in Citrus hystrix oil. J. Trop. Agri. Food Sci. 1999, 27, 225–229.
35. Jantan, I.; Ahmad, A.S.; Ahmad, A.R.; Ali, N.A.M.; Ayop, N. Chemical composition of some citrus oils from Malaysia. J. Essent.

Oil Res. 1996, 8, 627–632. [CrossRef]
36. Baccati, C.; Gibernau, M.; Poli, M.; Ollitrault, P.; Tomi, F.; Luro, F. Chemical variability of peel and leaf essential oils in the citrus

subgenus papeda (swingle) and few relatives. Plants 2021, 10, 1117. [CrossRef] [PubMed]
37. Pattarachotanant, N.; Tencomnao, T. Citrus hystrix extracts protect human neuronal cells against high glucose-induced senescence.

Pharmaceuticals 2020, 13, 283. [CrossRef] [PubMed]
38. Sangwan, N.S.; Farooqi, A.H.A.; Shabih, F.; Sangwan, R.S. Regulation of essential oil production in plants. Plant Growth Regul.

2001, 34, 3–21. [CrossRef]
39. Arce, A.; Soto, A. Citrus essential oils: Extraction and deterpenation. Tree For. Sci. Biotech. 2008, 2, 1–9.
40. Boaro, C.S.F.; Vieira, M.A.R.; Campos, F.G.; Ferreira, G.; De-la-Cruz-Chacon, I.; Marques, M.O.M. Factors influencing the

production and chemical composition of eesential oils in aromatic plants from Brazil. In Essential Oil Research; Malik, S., Ed.;
Springer: New York, NY, USA, 2019.

41. Suresh, A.; Velusamy, S.; Ayyasamy, S.; Rathinasamy, M. Techniques for essential oil extraction from kaffir lime and its application
in health care products—A review. Flav. Fragr. J. 2020, 36, 5–21. [CrossRef]

42. Wulandari, Y.W.; Anwar, C.; Supriyadi, S. Effects of drying time on essential oil production of kaffir lime (Citrus hystrix DC)
leaves at ambient temperature. IOP Conf. Ser. Mater. Sci. Eng. 2019, 633, 012011. [CrossRef]

43. Muhammad, Z.; Yusoff, Z.M.; Nordin, M.N.N.; Kasuan, N.; Taib, M.N.; Rahiman, M.H.F.; Haiyee, Z.A. Steam distillation with
induction heating system: Analysis of kaffir lime oil compound and production yield at various temperatures. Malay. J. Anal. Sci.
2013, 17, 340–347.

44. Mohd-Yusoff, Z.; Muhammad, Z.; Kasuan, N.; Rahiman, M.H.F.; Taib, M.N. Effect of temperature on kaffir lime oil by using
hydro-diffusion steam distillation system. Malay. J. Anal. Sci. 2013, 17, 326–339.

45. Kasuan, N.; Muhammad, Z.; Yusoff, Z.; Rahiman, M.H.F.; Taib, M.N.; Haiyee, Z.A. Extraction of Citrus hystrix d.c. (kaffir lime)
essential oil using automated steam distillation process: Analysis of volatile compounds. Malay. J. Anal. Sci. 2013, 17, 359–369.

46. Tinjan, P.; Jirapakkul, W. Comparative study on extraction methods of free and glycosidically bound volatile compounds from
kaffir lime leaves by solvent extraction and solid phase extraction. Agric. Nat. Resour. 2007, 41, 300–306.

47. Chanthaphon, S.; Chanthachum, S.; Hongpattarakere, T. Antimicrobial activities of essential oils and crude extracts from tropical
Citrus spp. against food-related microorganisms. Songklanakarin J. Sci. Technol. 2008, 30, 125–131.

48. St-Pierre, N. Invited review: Integrating quantitative findings from multiple studies using mixed model methodology. J. Dairy Sci.
2001, 84, 741–755. [CrossRef]

49. Sauvant, D.; Schmidely, P.; Daudin, J.; St-Pierre, N. Meta-analyses of experimental data in animal nutrition. Animal 2008, 2,
1203–1214. [CrossRef] [PubMed]

50. Qin, W.; Assinck, F.B.T.; Heinen, M.; Oenema, O. Water and nitrogen use efficiencies in citrus production: A meta-analysis. Agric.
Ecosyst. Environ. 2016, 222, 103–111. [CrossRef]

51. Rozane, D.E.; Mattos Jr., D.; Parent, S.E.; Natale, W.; Parent, L.E. Meta-analysis in the selection of groups in varieties of Citrus.
Commun. Soil Sci. Plant Anal. 2015, 46, 1948–1959. [CrossRef]

52. Rawat, N.; Kiran, S.P.; Du, D.; Gmitter, F.G., Jr.; Deng, Z. Comprehensive meta-analysis, co-expression, and miRNA nested
network analysis identifies gene candidates in citrus against Huanglongbing disease. BMC Plant Biol. 2015, 15, 184. [CrossRef]

53. Zhao, W.; Liu, L.; Xu, S. Intakes of citrus fruit and risk of esophageal cancer: A meta analysis. Medicine 2018, 97, e0018. [CrossRef]
54. Bae, J.M.; Kim, E.H. Dietary intakes of citrus fruit and risk of gastrioc cancer incidence: An adaptive meta-analysis of cohort

studies. Epidemiol. Health 2016, 38, e20160034. [CrossRef]
55. Cirmi, S.; Navarra, M.; Woodside, J.V.; Cantwell, M.M. Citrus fruit intake and oral cancer” A systematic review and meta-analysis.

Pharmacol. Res. 2018, 133, 187–194. [CrossRef]

http://doi.org/10.9755/ejfa.2019.v31.i3.1920
http://doi.org/10.21776/ub.jeest.2017.004.01.3
http://doi.org/10.1016/S0031-9422(00)84357-5
http://doi.org/10.1016/j.jtcme.2019.09.003
http://doi.org/10.1080/10412905.1990.9697857
http://doi.org/10.1080/10412905.1996.9701030
http://doi.org/10.3390/plants10061117
http://www.ncbi.nlm.nih.gov/pubmed/34073135
http://doi.org/10.3390/ph13100283
http://www.ncbi.nlm.nih.gov/pubmed/33007805
http://doi.org/10.1023/A:1013386921596
http://doi.org/10.1002/ffj.3626
http://doi.org/10.1088/1757-899X/633/1/012011
http://doi.org/10.3168/jds.S0022-0302(01)74530-4
http://doi.org/10.1017/S1751731108002280
http://www.ncbi.nlm.nih.gov/pubmed/22443733
http://doi.org/10.1016/j.agee.2016.01.052
http://doi.org/10.1080/00103624.2015.1069307
http://doi.org/10.1186/s12870-015-0568-4
http://doi.org/10.1097/MD.0000000000010018
http://doi.org/10.4178/epih.e2016034
http://doi.org/10.1016/j.phrs.2018.05.008


Horticulturae 2022, 8, 1132 16 of 18

56. Borenstein, M.; Hedges, L.V.; Higgins, J.P.T.; Rothstein, H.R. Fixed-Effect Versus Random-Effects Models. In Introduction to
Meta-Analysis; John Wiley & Sons Ltd.: Hoboken, NJ, USA, 2009; pp. 77–86.

57. Shamseer, L.; Moher, D.; Clarke, M.; Ghersi, D.; Petticrew, M.; Shekelle, P.; Steward, L.A.; the PRISMA-P Group. Preferred report-
ing items for systematic review and meta-analysis protocols (PRISMA-P) 2015: Elaboration and explanation. BMJ 2015, 349, g7647.
[CrossRef] [PubMed]

58. Hongratanaworakit, T.; Buchbauer, G. Chemical composition and stimulating effect of Citrus hystrix oil on humans. Flav. Fragr. J.
2007, 22, 443–449. [CrossRef]

59. Jabalpurwala, F.A.; Smoot, J.M.; Rouseff, R.L. A comparison of citrus blossom volatiles. Phytochemistry 2009, 70, 1428–1434.
[CrossRef] [PubMed]

60. Wungsintaweekul, J.; Sitthithaworn, W.; Putalun, W.; Pfeifhoffer, H.W.; Brantner, A. Antimicrobial, antioxidant activities and
chemical composition of selected Thai spices; Songklanakarin. J. Sci. Technol. 2010, 32, 589–598.

61. Ampasavate, C.; Okonogi, S.; Anuchapreeda, S. Cytotoxicity of extracts from fruit plants against leukemic cell lines. Afr. J. Pharm.
Pharmacol. 2010, 4, 013–021. [CrossRef]

62. Loh, F.S.; Awang, R.M.; Omar, D.; Rahmani, M. Insecticidal properties of Citrus hystrix DC leaves essential oil against Spodoptera
litura fabricius. J. Med. Plants Res. 2011, 5, 3739–3744.

63. Jirapakkul, W.; Tinchan, P.; Chaiser, S. Effect of drying temperature on key odourants in kaffir lime (Citrus hystrix D.C., Rutaceae)
leaves. Int. J. Food Sci. Technol. 2012, 48, 143–149. [CrossRef]

64. Vimol, S.; Chanwit, T.; Veena, N.; Nuntavan, B.; Kulkanya, C.; Siwimol, P.; Sirirat, C.; Somporn, S. Antibacterial activity of
essential oils from Citrus hystrix (makrut lime) against respiratory tract pathogens. Sci. Asia 2012, 38, 212–217.

65. Norkaew, O.; Pitija, K.; Pripdeevech, P.; Sookwong, P.; Wongpornchai, S. Supercritical fluid extraction and gas chromatographic-
mass spectrometric analysis of terpenoids in fresh Kaffir lime leaf oil. Chiang Mai J. Sci. 2013, 40, 240–247.

66. Wongsariya, K.; Phantingm, P.; Bunyapraphatsara, N.; Srisukh, V.; Chomnawang, M.T. Synergistic interaction and mode of action
of Citrus hystrix essential oil against bacteria causing periodontal diseases. Pharm. Biol. 2014, 52, 273–280. [CrossRef]

67. Aumeeruddy-Elalfi, Z.; Gurib-Fakim, A.; Mahomoodally, M.F. Chemical composition, antimicrobial and antibiotic potentiating
activity of essential oils from 10 tropical medicinal plants from Mauritius. J. Herb. Med. 2016, 6, 88–95. [CrossRef]

68. Warsito, W.; Palungan, M.H.; Utomo, E.P. Profiling study of the major and minor components of kaffir lime oil (Citrus hystrix DC.)
in the fractional distillation process. Pan. Afr. Med. J. 2017, 27, 282. [CrossRef] [PubMed]

69. Ikawati, S.; Dhuha, M.S.; Himawan, T. Bioactivity of Citrus hystrix DC. Leaf against cigarette beetle Lasioderma serricorne (F.). J.
Trop. Life Sci. 2017, 7, 189–196. [CrossRef]

70. Harshani, H.S.; Karunaratne, M.M.S.C. Volatile profiling and bio-efficacy of Citrus hystrix fruit peel as a seed protectant against
Callosobruchus maculatus. J. Entomol. Zool. Stud. 2018, 6, 27–31.

71. Chankaew, C.; Somsri, S.; Tapala, W.; Mahatheeranont, S.; Saenjum, C.; Rujiwatra, A. Kaffir lime leaf extract mediated synthesis,
anticancer activities and antibacterial kinetics of Ag and Ag/AgCl nanoparticles. Particuology 2018, 40, 160–168. [CrossRef]

72. Suwannayod, S.; Sukontason, K.L.; Somboon, P. Activity of kaffir lime (Citrus hystrix) essential oil against blow flies and house fly.
Southeast Asian J. Trop. Med. Public Health 2018, 49, 32–45.

73. Ngan, T.T.K.; Hien, T.T.; Le, X.T.; Anh, T.T.; Quan, P.M.; Cang, M.H.; Ngoc, T.T.L.; Danh, V.T.; Trung, L.N.Y.; Toan, T.Q. Physico-
chemical profile of essential oil of kaffir lime (Citrus hystrix DC) grown in an Giang Province, Vietnam. Asian J. Chem. 2019, 31,
2855–2858. [CrossRef]

74. Le, X.T.; Ha, P.T.H.; Phong, H.X.; Hien, T.T.; Ngan, T.T.K. Extraction of Essential oils and volatile compounds of Kaffir lime (Citrus
hystrix D.C) by hydrodistillation method. IOP Conf. Ser. Mater. Sci. Eng. 2020, 991, 012024. [CrossRef]

75. Hien, T.T.; Quyen, N.T.C.; Minh, P.T.H.; Le, X.T. Determine the components of Kaffir Lime Oil (Citrus Hystrix DC.) in the
Microwave-assisted Extraction Process. IOP Conf. Ser. Mater. Sci. Eng. 2020, 991, 012018. [CrossRef]

76. An, T.N.T.; Ngan, T.T.K.; Van, C.K.; Anh, H.L.T.; Minh, L.V.; Ay, N.V. The major and minor components of Kaffir Lime (Citrus
hystrix DC) essential oil in the steam distillation process. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1092, 012082. [CrossRef]

77. Tran, T.K.N.; Ngo, T.C.Q.; Tran, T.H.T.; Bach, L.G.; Tran, T.T.; Huynh, X.P. Comparison of volatile compounds and antibacterial
activity of Citrus aurantifolia, Citrus latifolia, and Citrus hystrix shell essential oils by pilot extraction. IOP Conf. Ser. Mater. Sci. Eng.
2021, 1092, 012076. [CrossRef]

78. Astuti, I.P.; Palupi, K.D.; Damayanti, F. Essential oils composition of kaffir lime (Citrus hystrix DC.) collection of Bogor Botanic
Gardens from Central Java and East Sumba. J. Trop. Biodivers. Biotech. 2022, 7, 66061. [CrossRef]

79. Searle, S.R.; Speed, F.M.; Milliken, G.A. Population marginal means in the linear model: An alternative to least squares means.
Am. Stat. 1980, 34, 216–221. [CrossRef]

80. Nakagawa, S.; Schielzeth, H. A general and simple method for obtaining R2 from generalized linear mixed-effects models.
Methods Ecol. Evol. 2013, 4, 133–142. [CrossRef]

81. Nakagawa, S.; Johnson, P.C.D.; Schielzeth, H. The coefficient of determination R2 and intra-class correlation coefficient from
generalized linear mixed-effects models revisited and expanded. J. R. Soc. Interface 2017, 14, 20170213. [CrossRef]

82. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2022; Available online: https://www.R-project.org/ (accessed on 2 July 2022).

83. Hidayat, C.; Sumiati; Jayanegara, A.; Wina, E. Effect of zinc on the immune response and production performance of broilers: A
meta-analysis. Asian-Australas. J. Anim. Sci. 2020, 33, 465–479. [CrossRef]

http://doi.org/10.1136/bmj.g7647
http://www.ncbi.nlm.nih.gov/pubmed/25555855
http://doi.org/10.1002/ffj.1820
http://doi.org/10.1016/j.phytochem.2009.07.031
http://www.ncbi.nlm.nih.gov/pubmed/19747702
http://doi.org/10.5897/AJPP.9000092
http://doi.org/10.1111/j.1365-2621.2012.03170.x
http://doi.org/10.3109/13880209.2013.833948
http://doi.org/10.1016/j.hermed.2016.02.002
http://doi.org/10.11604/pamj.2017.27.282.9679
http://www.ncbi.nlm.nih.gov/pubmed/29187951
http://doi.org/10.11594/jtls.07.03.01
http://doi.org/10.1016/j.partic.2017.11.003
http://doi.org/10.14233/ajchem.2019.22167
http://doi.org/10.1088/1757-899X/991/1/012024
http://doi.org/10.1088/1757-899X/991/1/012018
http://doi.org/10.1088/1757-899X/1092/1/012082
http://doi.org/10.1088/1757-899X/1092/1/012076
http://doi.org/10.22146/jtbb.66061
http://doi.org/10.1080/00031305.1980.10483031
http://doi.org/10.1111/j.2041-210x.2012.00261.x
http://doi.org/10.1098/rsif.2017.0213
https://www.R-project.org/
http://doi.org/10.5713/ajas.19.0146


Horticulturae 2022, 8, 1132 17 of 18

84. Sadarman; Febrina, D.; Yendraliza; Haq, M.S.; Nurfitriani, R.A.; Barkah, N.N.; Sholikin, M.M.; Yunilas; Qomariyah, N.; Jayanegara,
A.; et al. Effect of dietary black cumin seed (Nigella sativa) on performance, immune status, and serum metabolites of small
ruminants: A meta-analysis. Small Rumin. Res. 2021, 204, 106521. [CrossRef]

85. Adli, D.N.; Sjofjan, O.; Irawan, A.; Utama, D.T.; Sholikin, M.M.; Nurdianti, R.R.; Nurfitriani, R.A.; Hidayat, C.; Jayanegara, A.;
Sadarman, S. Effects of fibre-rich ingredient levels on goose growth performance, blood profile, foie gras quality and its fatty acid
profile: A meta-analysis. J. Anim. Feed Sci. 2022, 31, 301–309. [CrossRef]

86. Taylor, W.G.; Schreck, C.E. Chiral-phase capillary gas chromatography and mosquito repellent activity of some oxazolidine
derivatives of (+)- and (-)-citronellol. J. Pharm. Sci. 1985, 74, 534–539. [CrossRef]

87. Rammanee, K.; Hongpattarakere, T. Effects of tropical citrus essential oils on growth, aflatoxin production, and ultrastucture
alterations of Aspergillus flavus and Aspergillus parasiticus. Food Bioproc. Technol. 2011, 4, 1050–1059. [CrossRef]

88. Lota, M.L.; Serra, D.R.D.; Tomi, F.; Jacquemond, C.; Casanova, J. Volatile components of peel and leaf oils of lemon and lime
species. J. Agric. Food Chem. 2002, 50, 796–805. [CrossRef] [PubMed]

89. Prasad, A.; Kumar, S.; Pandey, A. Microbial and chemical sources of phosphorus supply modulate the field and chemical
composition of volatile oil of sweet basil (Ocimum basilicum L.). Biol. Fertil. Soils 2012, 47, 853–861. [CrossRef]

90. Pandey, V.; Patra, D.D. Crop productivity, aroma profile, and antioxidant activity in Pelargonium graveolens L’Her. under integrated
supply of various organic and chemical fertilizer. Ind. Crops Prod. 2015, 67, 257–263. [CrossRef]

91. Cao, Y.; Zhang, H.; Liu, H.; Liu, W.; Zhang, R.; Xian, M.; Liu, H. Biosynthesis and production of sabinene: Current state and
perspectives. Appl. Microbiol. Biotech. 2018, 102, 1535–1544. [CrossRef] [PubMed]

92. Yamasaki, Y.; Kunoh, H.; Yamamoto, H.; Akimitsu, K. Biological roles of monoterpene volatiles derived from rough lemon (Citrus
jambhiri Lush) in citrus defense. J. Gen. Plant Pathol. 2007, 73, 168–179. [CrossRef]

93. Rossi, P.G.; Berti, L.; Panighi, J.; Luciani, A.; Maury, J.; Muselli, A.; Serra, D.R.; Gonny, M.; Bolla, J.M. Antibacterial action of
essential oils from Corsica. J. Essent. Oil Res. 2007, 19, 176–182. [CrossRef]

94. Valente, J.; Zuzarte, M.; Gonçalves, M.J.; Lopes, M.C.; Cavaleiro, C.; Salgueiro, L.; Cruz, M.T. Antifungal, antioxidant and
anti-inflammatory activities of Oenanthe crocata L. essential oil. Food Chem. Toxicol. 2013, 62, 349–354. [CrossRef]

95. Opdyke, D.L. Monographs on fragrance raw materials. Food Cosmet. Toxicol. 1973, 11, 1011–1081. [CrossRef]
96. Cheong, M.-W.; Loke, X.-Q.; Liu, S.-Q.; Pramudya, K.; Curran, P.; Yu, B. Characterization of volatile compounds and aroma

profiles of Malaysian pomelo (Citrus grandis (L.) Osbeck) blossom and peel. J. Essent. Oil Res. 2011, 23, 34–44. [CrossRef]
97. Legault, J.; Pichette, A. Potentiating effect on β-caryophyllene on anticancer activity on α-humulene, isocaryophyllene and

paclitaxel. J. Pharm. Pharmacol. 2007, 59, 1643–1647. [CrossRef]
98. Riyadi, E. Profiling the Volatile Compounds of Variety of Essential oils Species from Indonesia. Master’s Thesis, Institut Pertanian

Bogor, Bogor, Indonesia, 2012.
99. Agouillal, F.; Taher, Z.M.; Moghrani, H.; Nasrallah, N.; Enshasy, H.E. A review of genetic taxonomy, biomolecules chemistry and

bioactivities of Citrus hystrix DC. Biosci. Biotech. Res. Asia 2017, 14, 285–305. [CrossRef]
100. Wany, A.; Jha, S.; Nigam, V.K.; Pandey, D.M. Chemical analysis and therapeutic uses of citronella oil from Cymbopogon winterianus:

A short review. Int. J. Adv. Res. 2013, 1, 504–521.
101. Lenardao, E.J.; Botteselle, G.V.; Azambuja, F.D.; Perin, G.; Jacob, R.G. Citronellal as key compound in organic synthesis. Tetrahedron

2007, 63, 6671–6712. [CrossRef]
102. Yahya, A.; Rubiyanto, D.; Fatimah, I. Heterogeneous catalytic conversion of citronellal into isopulegol and methol: Literature

review. Sci. Technol. Indo. 2021, 6, 166–180. [CrossRef]
103. Jacob, R.G.; Perin, G.; Loi, L.N.; Pinno, C.S.; Lenardao, E.J. Green synthesis of (−)-isopulegol from (+)-citronellal: Application to

essential oil of citronella. Tetrahedron Lett. 2003, 44, 3605–3608. [CrossRef]
104. Api, A.M.; Belsito, D.; Biserta, S.; Botelho, D.; Bruze, M.; Burton, G.A., Jr.; Buschmann, J.; Cancellieri, M.A.; Dagli, M.L.;

Date, M.; et al. RIFM fragrance ingredient safety assessment, citronellal, CAS registry number 106-23-0. Food Chem. Toxicol.
2021, 149, 110970. [CrossRef] [PubMed]

105. OuYang, Q.; Liu, Y.; Oketch, O.R.; Zhang, M.; Shao, X.; Tao, N. Citronellal exerts its antifungal activity by targeting ergosterol
biosynthesis in Penicillium digitatum. J. Fungi 2021, 7, 432. [CrossRef]

106. Sharma, R.; Rao, R.; Kumar, S.; Mahant, S.; Khatkar, S. Therapeutic potential of citronella essential oil: A review. Curr. Drug
Discov. Technol. 2019, 16, 330–339. [CrossRef]

107. Dickens, J.C.; Bohbot, J.D. Mini review: Mode of action of mosquito repellents. Pestic. Biochem. Phys. 2013, 106, 149–155.
[CrossRef]

108. Nerio, L.S.; Olivero-Verbel, J.; Stashenko, E. Repellent activity of essential oils: A review. Biores. Technol. 2010, 101, 372–378.
[CrossRef]

109. Fisher, K.; Rowe, C.; Phillips, C.A. The survival of three strains of Arcobacter butzleri in the presence of lemon, oranges and
bergamot essential oils and their components in vitro and on food. Lett. Appl. Microbiol. 2007, 44, 495–499. [CrossRef] [PubMed]

110. Sonboli, A.; Eftekhar, F.; Yousefzadi, M.; Kanani, M.R. Antibacterial activity and chemical composition of the essential oil of
Grammosciadium platycarpum Boiss. from Iran. Z. Naturforsch. C J. Biosci. 2005, 60, 30–34. [CrossRef] [PubMed]

111. Hosni, K.; Zahed, N.; Chrif, R.; Abid, I.; Medfei, W.; Kallel, M.; Brahim, N.B.; Sebei, H. Composition of peel essential oils from
four selected Tunisian Citrus species: Evidence for the genotypic influence. Food Chem. 2010, 123, 1098–1104. [CrossRef]

http://doi.org/10.1016/j.smallrumres.2021.106521
http://doi.org/10.22358/jafs/152621/2022
http://doi.org/10.1002/jps.2600740508
http://doi.org/10.1007/s11947-010-0507-1
http://doi.org/10.1021/jf010924l
http://www.ncbi.nlm.nih.gov/pubmed/11829647
http://doi.org/10.1007/s00374-011-0590-0
http://doi.org/10.1016/j.indcrop.2015.01.042
http://doi.org/10.1007/s00253-017-8695-5
http://www.ncbi.nlm.nih.gov/pubmed/29264773
http://doi.org/10.1007/s10327-007-0013-0
http://doi.org/10.1080/10412905.2007.9699254
http://doi.org/10.1016/j.fct.2013.08.083
http://doi.org/10.1016/0015-6264(73)90228-9
http://doi.org/10.1080/10412905.2011.9700445
http://doi.org/10.1211/jpp.59.12.0005
http://doi.org/10.13005/bbra/2446
http://doi.org/10.1016/j.tet.2007.03.159
http://doi.org/10.26554/sti.2021.6.3.166-180
http://doi.org/10.1016/S0040-4039(03)00714-7
http://doi.org/10.1016/j.fct.2021.111991
http://www.ncbi.nlm.nih.gov/pubmed/33453335
http://doi.org/10.3390/jof7060432
http://doi.org/10.2174/1570163815666180718095041
http://doi.org/10.1016/j.pestbp.2013.02.006
http://doi.org/10.1016/j.biortech.2009.07.048
http://doi.org/10.1111/j.1472-765X.2006.02106.x
http://www.ncbi.nlm.nih.gov/pubmed/17451515
http://doi.org/10.1515/znc-2005-1-206
http://www.ncbi.nlm.nih.gov/pubmed/15787240
http://doi.org/10.1016/j.foodchem.2010.05.068


Horticulturae 2022, 8, 1132 18 of 18

112. Deepa, B.; Anuradha, C.V. Linalool, a plant derived monoterpene alcohol, rescues kidney from diabetes-induced nephropathic
changes via blood glucose reduction. Diabetol. Croat. 2011, 40, 121–137.

113. Yang, Z.; Bengtsson, M.; Witzgall, P. Host plant volatiles synergize response to sex pheromone in codling moth, Cydia pomonella. J.
Chem. Ecol. 2004, 30, 619–629. [CrossRef]

114. Lewinsohn, E.; Gijzen, M. Phytochemical diversity: The sounds of silent metabolism. Plant Sci. 2009, 176, 161–169. [CrossRef]
115. Xiao, Z.; Luo, J.; Niu, Y.; Wang, P.; Wang, R.; Sun, X. Olfactory impact of esters on rose essential oil floral alcohol aroma expression

in model solution. Food Res. Int. 2019, 116, 211–222. [CrossRef]
116. Jirovetz, L.; Puschmann, C.; Stojanova, A.; Metodiev, S.; Buchbauer, G. Analysis of the essential oil volatiles of Douglas fir

(Pseudotsuga menziesii) from Bulgaria. Flav. Fragr. J. 2000, 15, 434–437. [CrossRef]
117. Calín-Sánchez, Á.; Carbonell-Barrachina, Á.A. Flavor and aroma analysis as a tool for quality control of foods. Foods 2021, 10, 224.

[CrossRef]
118. Calín-Sánchez, A.; Lipan, L.; Cano-Lamadrid, M.; Kharaghani, A.; Masztalerz, K.; Carbonell-Barrachina, A.A.; Figiel, A.

Comparison of traditional and novel drying techniques and its effect on quality of fruits, vegetables and aromatic herbs. Foods
2020, 9, 1261. [CrossRef]

119. Rao, B.R.; Kaul, P.N.; Mallavarapu, G.R.; Ramesh, S. Effect of seasonal climatic changes on biomass yield and terpenoid
composition of rose-scented geranium (Pelargonium species). Biochem. Syst. Ecol. 1996, 24, 627–635. [CrossRef]

120. Garcia-Caparros, P.; Romero, M.J.; Llanderal, A.; Cermeno, P.; Lao, M.T.; Segura, M.L. Effects of drought stress on biomass,
essential oil content, nutritional parameters and costs of production in six Lamiaceae species. Water 2019, 11, 573. [CrossRef]

121. Said-Al Ahl, H.A.H.; Abdou, M.A.A. Impact of water stress and phosphorus fertilizer on fresh herb and essential oil content of
dragonhead. Inst. Agrophys. 2009, 23, 403–407.

122. Gerami, F.; Moghaddam, P.R.; Ghorbani, R.; Hassani, A. Effects of irrigation intervals ad organic manure on morphological traits,
essential oil content, and yield of oregano (Origanum vulgare L.). Ann. Braz. Acad. Sci. 2016, 88, 2375–2385. [CrossRef] [PubMed]

123. Yassen, A.A.; Khalid, K.A. Influence of organic fertilizers on the yield, essential oil, and mineral content of onion. Int. Agrophys.
2009, 23, 183–188.

124. Anwar, M.; Patra, D.D.; Chand, S.; Alpesh, K.; Naqvi, A.A.; Khanuja, S.P.S. Effect of organic manures and inorganic fertilizer on
growth, herb and oil yield, nutrient accumulation, and oil quality of french basil. Comm. Soil. Sci. Plant Anal. 2005, 36, 1737–1746.
[CrossRef]

125. Darzi, M.T. Effect of organic manure and biofertilizer application on flowering and some yield traits of coriander (Coriandrum
sativum). Int. J. Agric. Crop Sci. 2012, 4, 103–107.

126. Ram, M.; Kumar, S. Yield improvement in the regenerated and transplanted Mint (Mentha arvensis) by recycling the organic
wastes and manures. Biores. Techol. 1997, 97, 886–893. [CrossRef]

127. Santos, M.F.; Mendonca, M.C.; Filho, J.L.A.S.C.; Dantas, I.B.; Silva-Mann, R.; Blank, A.F. Cattle manure and biofertilizer on the
cultivation of lemon balm (Melissa officinalis L.). Rev. Braz. Plant Med. 2009, 11, 355–359. [CrossRef]

128. Singh, R.; Singh, R.; Soni, S.K.; Singh, S.P.; Chauhan, U.K.; Kalra, A. Vermicompost from biodegraded distillation waste improves
soil properties and essential oil yield of Pogostemo cablin (patchouli) Benth. Appl. Soil Ecol. 2013, 70, 48–56. [CrossRef]

http://doi.org/10.1023/B:JOEC.0000018633.94002.af
http://doi.org/10.1016/j.plantsci.2008.09.018
http://doi.org/10.1016/j.foodres.2018.08.015
http://doi.org/10.1002/1099-1026(200011/12)15:6&lt;434::AID-FFJ935&gt;3.0.CO;2-0
http://doi.org/10.3390/foods10020224
http://doi.org/10.3390/foods9091261
http://doi.org/10.1016/S0305-1978(97)81206-9
http://doi.org/10.3390/w11030573
http://doi.org/10.1590/0001-3765201620160208
http://www.ncbi.nlm.nih.gov/pubmed/27991969
http://doi.org/10.1081/CSS-200062434
http://doi.org/10.1016/j.biortech.2005.04.047
http://doi.org/10.1590/S1516-05722009000400001
http://doi.org/10.1016/j.apsoil.2013.04.007

	Introduction 
	Materials and Methods 
	Searching 
	Selection 
	Tabulation 
	Modelling 
	Determination of Numeric Predictors and Their n-Encoders 
	Statistical Test of Model 

	Results 
	Descriptive Statistics 
	Meta-Regression on Plant Origin, Plant Part and Extraction Method 
	Meta-Analysis on Plant Origin, Plant Part, and Extraction Method 

	Discussion 
	Plant Origin 
	Plant Parts 

	References

