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A B S T R A C T

Lippia rotundifolia Cham. is a medicinal species, native to Brazilian mountainous regions, with leaves rich in
monoterpenes. The objective of this study was to evaluate the effect of different concentrations of sucrose in
MS medium with a natural ventilation system using porous membranes on the growth and contents of vola-
tile compounds in L. rotundifolia plantlets. The experimental design was completely randomized, with 12
treatments, consisting of a factorial system of four ventilation systems and three sucrose concentrations. The
treatments were a system with no porous membrane (NMS) and three natural ventilation systems (AMS)
containing one, two, and four porous membranes. The sucrose concentrations were 0, 15, and 30 g L�1. The
natural ventilation systems were superior to NMS. The natural ventilation system with two and four porous
membranes and 15 g L�1 sucrose in MS medium led to higher in vitro growth rates in L. rotundifolia. AMS
using manufactured porous membranes was found to be a more efficient in vitro cultivation method than
NMS. The ventilation system with four porous membranes and a sucrose concentration of 15 g L�1 was the
most efficient, since an increase in the photosynthetic rate and less evaporative water loss were observed in
this ventilation system. Volatile organic content was influenced by ventilation systems and sucrose concen-
trations. Major compounds myrcene, limonene, myrcenone and ocimenone were identified. AMS4 and pres-
ence of sucrose (15 and 30 g L�1) increased the myrcene and ocimenone content. The myrcenone content
was favored by NMS without sucrose. Overall, the alternative membrane system with 15 g L�1 of sacarose
can be recommended in the in vitro culture method of L. rotundifolia.

© 2022 SAAB. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Species of the genus Lippia have economic importance due to the
wide use of their essential oils and to their medicinal properties
(Pascual et al., 2001). The most characteristic medicinal properties of
Lippia species are mainly antimicrobial, antifungal, repellent, and lar-
vicidal (Oliveira et al., 2006; Santos et al., 2004; Bassole et al., 2003;
Pascual et al., 2001). Lippia rotundifolia Cham. (Verbenaceae) is a spe-
cies endemic to the Brazilian Cerrado, found in the Espinhaço moun-
tain chain in the state of Minas Gerais, and is characterized by the
presence of monoterpene-rich glandular trichomes in the leaves. The
volatile compounds found in L. rotundifolia include limonene,
myrcene, and myrcenal (Resende et al., 2015; Leit~ao et al., 2008).
Agronomic studies on L. rotundifolia report a low seed germination
rate, reaching a maximum of 40% when subjected to gibberellin
(GA3) concentrations. With conventional vegetative propagation
methods, its rooting and plantlet survival percentages are low. Based
on these agronomic data and a high risk of extinction due to extrac-
tion, further studies on L. rotundifolia are important (Salimena and
Silva, 2009; Pimenta et al., 2007).

Micropropagation of medicinal plants has become widespread
due to the possibility of producing a large number of homogeneous
plants with high sanitary quality and the possibility of conserving the
germplasm, ensuring the maintenance of biodiversity and assisting
in genetic improvement (Morais et al., 2012; Rout et al., 2000). How-
ever, a widespread use of micropropagation is still limited mainly by
the significant loss of plantlets in vitro due to microbial
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contamination, physiological and morphological disturbances, poor
rooting, low transpiration rates, and low survival percentage in the
ex vitro acclimatization phase (N�u~nez-Ramos et al., 2021; Hazarika,
2006; Makunga et al., 2006; Majada et al., 2002). Some of these prob-
lems are caused by the type of seal used in the culture vials. Plantlets
developed by in vitro cultivation usually require a seal in the cultiva-
tion container to prevent contamination and dehydration of explants
and media. However, the type of seal or cap may limit gas exchange
between the in vitro and ex vitro environments, leading to morpho-
physiological disorders that cause high plant mortality during accli-
matization (Alvarez et al., 2012; Nguyen and Kozai, 2001).

In these systems, low transpiration and photosynthesis rates and
restricted water and nutrient absorption are observed, which reduces
the explant growth rate (Saldanha et al., 2012). In addition, the high
relative humidity inside the cultivation vessel reduces the deposition
of epicuticular waxes and the development of functional stomata,
which can lead to losses during acclimatization (Chandra et al.,
2010). To improve the ventilation of in vitro culture vials, different
caps with membranes that modify the vial microenvironment can be
used, resulting in greater gas exchange, reduced relative humidity,
reduced ethylene concentration, increased plant transpiration, and
increased water and nutrient absorption (Xiao et al., 2011; Kozai,
2010; Kozai and Kubota, 2001). Several different membrane types are
commercially available, which promote gas exchange in in vitro test
tubes; however, they are associated with a high maintenance cost.
Saldanha et al. (2012) developed handcrafted membranes combining
microporous tape and polytetrafluoroethylene (PTFE) as inexpensive
alternative membranes that can be used to promote gas exchange
and successful in vitro propagation. The objective of this study was to
evaluate the effect of different concentrations of sucrose in MS
medium with an alternative membrane system on the growth and
contents of volatile compounds in L. rotundifolia plantlets.

2. Materials and methods

2.1. Establishment of explants

Voucher specimens were deposited in the PAMG Herbarium of the
Agricultural Research Corporation of Minas Gerais (EPAMIG) under
record number 58,027. Axillary buds were collected from plants
approximately 3 months old, placed under running water for 30 min,
and immersed under stirring in a bleach solution (1% active sodium
hypochlorite) for 20 min. In a sterile laminar flow hood, the explants
(§ 1 cm) were washed four times in distilled and autoclaved water
and inoculated in test tubes (25 £ 150 mm) containing 15 mL of
medium, closed with a plastic cap.

The culture medium used for establishment was Murashige &
Skoog (MS) medium (Murashige and Skoog, 1962), free of growth
regulators, supplemented with 30 g L�1 sucrose and 6 g L�1 agar
(Sigma-Aldrich�), pH 5.6 § 0.1, and autoclaved (for 15 min at 121°C).
After inoculation, the tubes were kept in a growth room under cold-
white fluorescent lamps with a light intensity of 39 mmol m�2 s�1, a
16-h photoperiod, and a temperature of 25 § 2°C.

2.2. Growth analysis

Nodal segments (§ 1 cm), with one pair of leaves, from plantlets
pre-established in vitro were cultivated in semisolid MS medium
without the addition of growth regulators. The explants were inocu-
lated into 250-mL glass vials containing 50 mL of MS medium and
kept in a growth room. The experimental design was completely ran-
domized, with 12 treatments, consisting of a factorial system of four
ventilation systems and three sucrose concentrations in the MS
medium. The treatments were a nonporous membrane system
(NMS) and three alternative membrane systems (AMS) containing
one, two, and four porous membranes. The sucrose concentrations
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used were 0, 15, and 30 g L�1. Five replicates were used, each repli-
cate consisting of four plantlets, totaling 20 plantlets analyzed per
treatment. The membranes were prepared according to Saldanha et
al. (2012). In short, the holes of flask caps (10 mm diameter) were
covered with membrane filters developed using one layer of polyte-
trafluoroethylene film (Amanco�) and three layers of microporous
tape (Cremer�). The growth data were collected after 45 days. Shoot
height (SH), stem dry weight (SDW), leaf dry weight (LDW), root dry
weight (RDW), and total dry weight (TDW) were evaluated. The dry
weight parameters were determined by drying the plant material in
a forced-air oven at 36 § 2°C for approximately 48 hours to constant
weight. To determine the leaf area, nine plantlets from each treat-
ment were measured with WinFOLIATM software (Regent Instru-
ments, Inc.). From each of the plantlets, all leaves were removed and
placed on an Epson Perfection V700 photo scanner. The variables
analyzed were calculated according to Benicasa (2004), and the total
leaf area (TLA), leaf area ratio (LAR = TLA/TDW), specific leaf area
(SLA = TLA/LDW), specific leaf weight (SLW = LDW/TLA), and leaf
weight ratio (LWR = LDW/TDW) of the plantlets were evaluated.

2.3. Quantification of photosynthetic pigments

To measure photosynthetic pigments, fresh, fully expanded leaves
were taken starting on the third node 45 days after inoculation. The
extraction was performed as described by Arnon (1949), using 0.10 g
of fresh matter homogenized in 80% acetone, followed by reading in
a spectrophotometer at wavelengths 470, 646.8, and 663.2 nm for
chlorophyll a and b and carotenoids, respectively. The quantification
of these photosynthetic pigments and of the chlorophyll a:b ratio,
total chlorophyll, and carotenoids were performed according to the
method of Lichtenthaler and Buschmann (2001).

2.4. Analysis of volatile compounds by headspace gas chromatography/
mass spectrometry (GC/MS)

For the analysis of volatile compounds, dehydrated leaves of L.
rotundifolia from each treatment were used. Individual 100-mg-leaf-
dry-weight samples in triplicate were added to 20-mL-headspace
vials sealed with silicone/PTFE caps until analysis.

The static headspace technique was used for the extraction of the
volatile fraction of L. rotundifolia. For this purpose, the automatic
headspace extractor/sampler Combi PAL Autosampler System (CTC
Analytics AG, Switzerland) coupled to the GC/MS system was used.
The extraction parameters applied were sample incubation tempera-
ture 110°C, incubation time 30 min, syringe temperature 120°C, and
500 mL of the vapor phase injected automatically. The volatile frac-
tion was analyzed in an Agilent� 7890A gas chromatography system
coupled to an Agilent� MSD 5975C mass selective detector (Agilent
Technologies, California, USA) operated by electron impact ionization
at 70 eV in scanning mode, with a mass acquisition range of 40-
400 m/z at a speed of 1.0 scan/s. An HP-5 MS fused-silica capillary
column (30 m length £ 0.25 mm internal diameter £ 0.25 mm film
thickness) (California, USA) was used. Helium gas was used as the
carrier gas at a flow rate of 1.0 mL/min. The injector and mass spec-
trometer transfer line temperatures were kept at 230°C and 240°C,
respectively. The initial oven temperature was 60°C, followed by a
temperature ramp of 3°C/min up to 230°C, followed by a ramp of 10°
C/min up to 250°C, and holding for 1 minute. The injection was per-
formed in split mode at an injection ratio of 1:20. The concentrations
of the constituents present in the volatile fraction were expressed as
the percentage normalized area of the chromatographic peaks.

The volatile fraction constituents were identified by comparing
their linear retention indices relative to the coinjection of a standard
solution of n-alkanes (C9-C18, Sigma-Aldrich�, St. Louis, USA) and by
comparing the mass spectra from the NIST library and from Adams
(2017). The retention index was calculated using the equation
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proposed by van Den Dool and Kratz (1963), and for the attributions,
the retention indices of Adams (2017) were consulted.

2.5. Statistical analysis

The data were subjected to analysis of variance, and the means
were compared using the Duncan test at 5% probability. These analy-
ses were performed using Sisvar� software (Ferreira, 2011). Principal
component analysis (PCA) was used to study the influence of differ-
ent concentrations of sucrose and alternative membrane systems on
the volatile constituents of L. rotundifolia. The PCA was performed in
Statistica� version 13.4 (StatSoft, Tulsa, OK, USA).

3. Results and discussion

3.1. Dry weight of different plantlet parts

The number of porous membranes and the sucrose concentrations
in the medium significantly affected the growth and development of
L. rotundifolia in vitro (Table 1; Fig. 1). The gain in biometric proper-
ties (SDW, LDW, RDW, TDW) with the membrane system (AMS4)
supplemented with 15 g of sucrose was higher than that with the
other treatments; this group had a TDW of 72.42 mg. The explant
growth in the medium supplemented with 30 g of sucrose and with
four porous membranes (AMS4) was lower than in the AMS4 treat-
ment with 15 g of sucrose in the medium. In this case, sucrose sup-
plementation inhibited dry weight accumulation in the plantlets. The
explants grown in the medium without sucrose with AMS2 or AMS4
showed TDW accumulations of 37.33 and 48.51 mg per plantlet,
respectively (Table 1). The TDW of the explants grown in the NMS
treatment without sucrose was 16.82 mg per plantlet, and the TDW
in the AMS4 treatment without sucrose was 48.51 mg per plantlet, a
2.88-fold higher dry weight gain. For cultivation without sucrose, lit-
tle root development was observed in the treatments. However,
when using AMS2 and AMS4, there was root system development
Table 1
Effect of the alternative membrane system (AMS) and sucrose concentration on the growth

Cultivation system Sucrose
(g L�1)

SH
(cm)

SDW
(mg)

LDW
(mg)

RDW
(mg)

NMSb 0 4.40 fa 4.37 g 10.90 h 2.00 e
15 6.81 ab 8.69 ef 20.51 fg 4.59 d
30 5.36 cd 9.61 de 24.64 ef 6.13 d

AMS1 0 4.14 f 5.02 g 16.05 g 2.26 e
15 5.93 b-d 9.80 de 27.26 e 5.89 d
30 6.10 b-d 11.54 cd 29.56 de 9.64 cb

AMS2 0 5.22 de 7.65 f 25.40 ef 4.84 d
15 7.54 a 13.72 ab 34.59 cd 9.24 c
30 5.66 cd 13.01 bc 38.52 bc 10.59 cb

AMS4 0 6.29 bc 9.91 de 33.38 cd 5.22 d
15 6.76 ab 15.21 a 45.43 a 11.79 ab
30 4.04 f 10.35 de 39.84 b 13.73 a

Means for cultivation systems
NMS 5.52 b 7.56 c 18.68 d 4.24 d
AMS1 5.39 b 8.79 b 24.29 c 5.93 c
AMS2 6.14 a 11.46 a 32.83 b 8.22 b
AMS4 5.70 ab 11.82 a 39.55 a 10.24 a
Means for sucrose concentrations
0 5.01 b 6.74 b 21.43 b 3.58 c
15 6.76 a 11.85 a 31.95 a 7.87 b
30 5.29 b 11.13 a 33.14 a 10.02 a
Source of variation
Cultivation system £ Sucrose *** *** ns ns

Cultivation system * *** *** ***
Sucrose *** *** *** ***

Significant effect: *p � 0.05 **p � 0.01 ***p � 0.001; ns not significant.
a Means within a column followed by the same letter are not significantly different accor
b NMS: no-membrane system; AMS1, -2, -4: alternative membrane system with 1, 2, a

weight.
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(Fig. 1). Thus, the alternative membrane system without sucrose
stimulated the growth of L. rotundifolia in vitro. Lazzarini et al. (2019),
working with Lippia gracilis, also observed better growth parameters
with AMS4. According to Saldanha et al. (2012), Pfaffia glomerata
plantlets grown in vials with different AMSs have shown higher
shoots and root dry weight accumulation, indicating the importance
of gas exchange to in vitro morphogenesis. Similar results were also
found in Acacia mangium plantlets grown under CO2-enriched
growth conditions, which showed a four-fold-higher performance
than plantlets micropropagated under conventional conditions
(Kozai and Kubota, 2001). Choi et al. (2004) also reported that Platy-
codon grandiflorum plantlets grown with sucrose (4.5%) and with fil-
ter membranes had higher dry weight and chlorophyll content than
those grown without using filter membranes.

After 45 days of cultivation, the volume of culture medium in the
vials decreased considerably with AMS2 and AMS4 (Fig. 1). This is
because AMS1 had an area of 0.79 cm2, AMS2 had 1.58 cm2, and
AMS4 had 3.16 cm2. The use of porous membranes allows greater
evapotranspiration, thus causing water loss in the culture medium. A
natural ventilation system reduces the relative humidity and ethyl-
ene inside the vial, thus promoting greater transpiration and mineral
absorption by plants in vitro, leading to greater growth (Erig and
Schuch, 2005; Kozai and Kubota, 2001).

When analyzing only the influence of sucrose on the in vitro culti-
vation of L. rotundifolia, the treatments with 15 and 30 g L�1 sucrose
had higher SH, SDW, LDW, RDW, and TDW values (Table 1). The SDW
in the treatments with 15 and 30 g L�1 sucrose (11.85 and 11.13 mg
plant�1) were almost double those obtained with 0 g L�1 sucrose
(6.74 mg plant�1). The RDW in the treatment with 15 g L�1 sucrose
was 7.87 mg plant�1, which was more than double that in the 0 g L�1

treatment (3.58 mg plant�1), while that in the 30 g L�1 treatment
was almost triple that in the 0 g L�1 treatment (10.02 mg plant�1).
The TDW in the treatments with 15 and 30 g L�1 sucrose (51.67 and
54.28 mg plant�1, respectively) were higher than 164 to 172%,
respectively, compared to the treatment with 0 g L�1 sucrose
and development of Lippia rotundifolia cultured in vitro for 45 days.

TDW
(mg)

Chlorophyll (mg g�1 FW) Chl a:b Carotenoids
(mg g�1 FW)

a b Total

16.82 g 0.62 f 0.21 f 0.80 h 2.97 e 0.15 f
33.79 f 0.94 d 0.31 c 1.13 e-g 3.10 bc 0.22 c
40.38 fe 0.87 d 0.29 c 1.20 d-f 3.21 a 0.20 d
23.33 g 0.45 g 0.15 g 0.68 h 2.94 e 0.12 g
42.95 de 0.96 d 0.31 c 1.26 de 3.08 bc 0.23 c
50.74 c 1.09 c 0.35 b 1.44 c 3.09 bc 0.23 c
37.33 fe 0.85 de 0.26 de 1.06 fg 2.99 de 0.19 e
57.54 b 1.42 b 0.52 a 1.99 a 3.08 bc 0.23 c
62.11 b 1.46 ab 0.49 a 1.69 a 3.10 b 0.27 b
48.51 cd 0.75 e 0.25 e 1.01 g 3.01 c-e 0.14 f
72.42 a 1.56 a 0.51 a 2.08 a 3.06 b-d 0.32 a
63.91 b 1.41 b 0.36 b 1.33 cd 2.97 e 0.24 c

30.33d 0.81 b 0.27 c 1.04 d 3.09 a 0.19 b
39.01 c 0.83 b 0.27 c 1.13 c 3.04 b 0.20 b
52.33 b 1.24 a 0.42 a 1.58 a 3.06 ab 0.23 a
61.61 a 1.23 a 0.37 b 1.45 b 3.01 b 0.23 a

31.50 b 0.67 b 0.22 c 0.89 c 2.98 b 0.15 c
51.67 a 1.21 a 0.41 a 1.60 a 3.08 a 0.25 a
54.28 a 1.21 a 0.37 b 1.41 b 3.09 a 0.23 b

* *** *** *** *** ***
*** *** *** *** * ***
*** *** *** *** *** ***

ding to Duncan’s multiple range test at p � 0.05.
nd 4 filters; SH: shoot height; SDW, LDW, RDW, TDW: shoot, leaf, root, and total dry



Fig. 1. Lippia rotundifolia plantlets grown under different alternative membrane systems, supplemented or not with sucrose, after 45 days.
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(31.50 mg plant�1). The use of sucrose in the culture medium as a
source of carbon is typical for plant micropropagation, especially in
the establishment and proliferation stages of the primary culture
under heterotrophic and photomixotropic conditions (Cha-um et al.,
2011; Cui et al., 2010; Pawlicki and Welander, 1995).

Greater root system development in medium supplemented with
sucrose (20�45 g L�1) has also been found in Simmondsia chinensis
(Link) Schneider (Mills et al., 2009) and apple rootstocks (Yaseen et
al., 2009). Nicoloso et al. (2003) compared carbon sources and
observed that sucrose at a concentration of 30 g L�1 was the best
source of carbohydrates for SH, number of shoots, and total number
of nodal segments per plant in P. glomerata. In Mellissa officinalis L.,
higher mean shoot length has been obtained when grown in medium
containing 30 g L�1 sucrose (Ribeiro et al., 2007). N�u~nez-Ramos et al.
(2021) also reported that Caesalpinia spinosa (tara) plantlets grown in
vials with porous membranes produced higher dry weight, higher
concentrations of photosynthetic pigments, and more developed
leaves.

3.2. Analysis of plantlet growth in vitro

Growth analysis was performed to evaluate the effect of growth
environment changes with the use of natural ventilation in the caps.
The analysis of growth parameters allows us to infer the contribution
of different physiological plant processes (Benicasa, 2004). The TLA
was significantly affected by the number of porous membranes and
the concentration of sucrose used in the culture vials. Cultivation
with AMS4 without sucrose supplementation (22.50 cm2) and with
15 g L�1 (20.37 cm2) resulted in larger TLAs (Table 2). This increase in
TLA may have been caused by greater CO2 exchange, leading to a
greater photosynthetic capacity, since CO2 is the main substrate for
the synthesis of photoassimilates used in plant growth. According to
Souza et al. (2014), the larger the leaf area is, the higher the photo-
synthetic rate of the plants is. However, supplementation with 30 g
L�1 sucrose and the use of AMS4 inhibited TLA (Table 2). The activity
of the carbon-fixing enzyme ribulose-1,5-bisphosphate carboxylase/
oxygenase (Rubisco) in the leaves of certain species grown in vitro is
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significantly impaired by the addition of exogenous sucrose to the
culture medium (Grout, 1988), and according to Langford and Wain-
wright (1987), CO2 uptake can be increased by gradually reducing
the sucrose concentration in successive subcultures.

The membrane systems and sucrose concentrations in the
medium affected the SLW (=LDW/TLA) (Table 2). The use of AMS4
increased the SLM. Considering weight as an anatomical component,
as it is related to the internal thickness (number and/or size of the
cells of the leaf mesophyll) and the surface as a morphological com-
ponent, the leaf thickness can be determined. Thus, SLW is a parame-
ter for estimating leaf thickness, a higher SLW value indicating less
biomass export to other parts of the plant (Silva et al., 2007). Based
on this, there was greater leaf thickening in the AMS4 system, which
is a mechanism to minimize water loss by tissues and improve plant-
let acclimatization.

LAR expresses the useful area of the plant for photosynthesis and
is a morpho-physiological component. It is the ratio between the TLA
responsible for the capture of light energy and CO2 and the TDW of
the plant (Benicasa, 2004). In this study, the light energy was the
same in all treatments, and the number of membranes was changed
(1, 2 and 4 filters per flask cap) to allow the gas exchange within the
culture vial. In the NMS and AMS1 treatments, in which gas exchange
was lower, LAR was higher than in the AMS2 and AMS4 treatments
(Table 2). These findings suggest that a vial with no membrane
(NMS) or with one membrane (AMS1) needs a larger leaf area to pro-
duce dry mass. This is because the higher the concentration of CO2

available, the higher the photosynthetic rate and the higher the bio-
mass production will be. Iarema et al. (2012) observed higher gas
exchange per hour in vials sealed with a higher number of porous
membranes. The use of these membranes allows greater ventilation
in the culture vials and adequate concentration of CO2, thus increas-
ing photosynthesis and growth (Kitaya et al., 2005).

SLA is the ratio between leaf area and leaf dry weight. According
to Benicasa et al. (2004), it is an important factor from a physiological
standpoint because it describes the allocation of leaf biomass per unit
area. NMS had the highest SLA (0.72 cm�2 mg�1) (Table 2), showing
that the vial in an NMS system needs a larger leaf area to produce dry



Table 2
Effect of the alternative membrane system (AMS) and sucrose concentration on growth parameters of Lippia rotundifolia cultured in vitro for 45 days.

Cultivation system Sucrose (g L�1) TLA (cm2) SLW (mg cm�2) LAR (cm2 mg�1) SLA (cm2 mg�1) LWR

NMSb 0 8.59 d 1.24 e 0.53ab 0.83 a 0.65bc
15 16.13bc 1.31 e 0.47 b 0.77ab 0.61cd
30 13.28 c 1.92cd 0.33cd 0.54cd 0.61cd

AMS1 0 14.45bc 1.25 e 0.56 a 0.81 a 0.69 a
15 15.79bc 1.75 d 0.37 c 0.58 c 0.63cd
30 15.64bc 2.07bc 0.29 d 0.49cd 0.59 d

AMS2 0 17.37 b 1.45 e 0.47 b 0.70 b 0.67ab
15 15.37bc 2.29 b 0.26 de 0.44 d 0.60 d
30 17.20 b 2.24 b 0.28 d 0.46 d 0.62cd

AMS4 0 22.50 a 1.44 e 0.49 b 0.71 b 0.68 a
15 20.37 a 2.21 b 0.28 d 0.46 d 0.62cd
30 13.34 c 3.12 a 0.21 e 0.33 e 0.65bc

Means for cultivation systems
NMS 12.66 c 1.49 d 0.45a 0.72 a 0.62 b
AMS1 15.29 b 1.69 c 0.40 b 0.62 b 0.64 ab
AMS2 16.64 b 1.99 b 0.34 c 0.54 c 0.63 ab
AMS4 18.74 a 2.26 a 0.33 c 0.50 c 0.65 ab
Means for sucrose concentrations
0 15.60ab 1.35 c 0.51 a 0.76 a 0.67 a
15 16.87 a 1.90 b 0.35 b 0.56 b 0.61 b
30 14.86 b 2.34 a 0.28 c 0.45 c 0.62 b
Source of variation
Cultivation system £ Sucrose *** *** ** ** ns

Cultivation system *** *** *** *** *
Sucrose ** *** *** *** ***

Significant effect: *p � 0.05 **p � 0.01 ***p � 0.001; ns not significant.
aMeans within a column followed by the same letter are not significantly different according to Duncan’s multiple range test at p � 0.05.

b NMS: no-membrane system; AMS1, -2, -4: alternative membrane system with 1, 2, and 4 filters; TLA: total leaf area; SLW: specific leaf weight; LAR: leaf area ratio; SLA:
specific leaf area; LWR: leaf weight ratio
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mass. The higher SLA values show that the plants were affected by
the smaller number of porous membranes in the cap. At the same
time, the export of material from the leaves was also hampered under
low gas exchange (NMS). Analyzing LAR and SLA indicated that plant-
lets grown in an NMS culture vial behaved similarly to plants grown
in vivo under low light intensity. Under low-irradiance conditions,
plants invest a relatively higher proportion of photoassimilates and
other resources in increasing leaf area (did not occur), presenting
higher SLA (occurred), and leaves with lower mass density
(occurred). Generally, these changes aim to increase the capture of
incident light, increasing the photosynthetic efficiency of the plant.

LWR is an important parameter when studying plant perfor-
mance, as it is a physiological parameter that expresses the fraction
of dry mass not exported from the leaves to the rest of the plant
(Benicasa, 2004). The sucrose concentration influenced the LWR: The
0 g L�1 sucrose concentration showed higher LWR values (Table 2).
The increased LWR in the treatment that did not receive sucrose
(0.67) indicated that less material was transferred from the leaves to
other plant parts; the same occurred with the vial with the highest
number of membranes, which had an LWR value of 0.65.

3.3. Pigment analysis

The chlorophyll content was affected by the number of porous
membranes and the concentration of sucrose in the culture medium.
When using four membranes (AMS4) and medium supplemented
with 15 g L�1 sucrose, higher concentrations of chlorophyll a and b
and total chlorophyll were observed (1.56, 0.51, and 2.08 mg g�1 FW,
respectively). However, when using two membranes (AMS2), the
highest chlorophyll a, chlorophyll b, and total chlorophyll (1.46, 0.49,
and 1.69 mg g�1 FW, respectively) were observed in the medium sup-
plemented with 30 g L�1 sucrose (Table 1). Hassankhah et al. (2014)
also reported that 15 g L�1 sucrose and the use of caps with ventila-
tion was the best condition for chlorophyll content in Juglans regia
(Persian walnut). All chlorophyll a:b ratio values were very close to
3.0, which according to Lichtenthaler and Buschmann (2001) is
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considered a normal value for C3 plants. In general, when photosyn-
thetic pigments were evaluated, natural ventilation with two and
four porous membranes led to higher values. These values corrobo-
rate the higher leaf dry biomass of the plantlets, demonstrating that
the natural ventilation system efficiently increased gas exchange in L.
rotundifolia plantlets grown in vitro.

The chlorophyll content of plants plays an important role in light
absorption during photosynthesis (Zhang et al., 2009). Similar results
were also found in tomatoes, where naturally ventilated vials with
sucrose concentrations of 10 and 20 g L�1 had higher chlorophyll b
(Mohamed and Alsadon, 2010). It can be inferred that a higher avail-
able CO2 concentration in the vial and sucrose supplementation lead
to an increase in gas exchange. Increased gas exchange may cause an
increase in the biosynthesis of pigments in the leaves of plants grown
in vitro (Saldanha et al., 2012; Ivanova and Van Staden, 2010;
Mohamed and Alsadon, 2010).

The highest carotenoid content was observed in the AMS4 treat-
ment with 15 g L�1 sucrose (0.32 mg g�1 FW). When analyzing
sucrose only, this concentration also led to a higher carotenoid con-
tent (0.25 mg g�1 FW). The highest carotenoid contents were
observed in the AMS2 and AMS4 systems, the treatments that also
yielded the highest chlorophyll concentrations (Table 2).

3.4. Chemical analysis of volatile compounds

Chemical analysis by headspace GC/MS detected different con-
tents of volatile compounds in the different treatments. In the analy-
sis of volatile organic compounds from the leaves of L. rotundifolia, 10
chemical compounds with total contents above 97.56% were identi-
fied (Table 3). Five major compounds were identified, ranging from
91 to 95.88% of the total chemical composition. These compounds
were myrcene, limonene, myrcenone, ocimenone, and pentadecane.

The different combinations of natural ventilation systems and
sucrose concentrations yielded different levels of the major chemical
constituents of the volatile fraction of L. rotundifolia. The highest myr-
cene content (18.43%) was detected in AMS4 with 30 g L�1 sucrose, of



Table 3
Contents (%) of the constituents of Lippia rotundifolia grown under different sucrose concentrations in medium with no membrane or an alternative membrane system.

Without sucrose 15 g sucrose 30 g sucrose

RIa Compound NMS AMS1 AMS2 AMS4 NMS AMS1 AMS2 AMS4 NMS AMS1 AMS2 AMS4

990 Myrcene 14.16 16.22 14.85 16.07 14.89 15.30 15.14 16.64 17.23 14.68 17.05 18.43
1018 a-Terpinene 1.01 1.71 1.04 1.07 1.02 1.08 1.15 1.04 1.17 1.11 1.15 1.04
1025 Limonene 8.73 11.70 11.67 12.19 11.43 11.25 10.12 10.82 13.25 9.16 11.06 10.02
1100 Linalool - 1.09 0.97 1.01 - 0.84 0.85 - 0.83 0.75 - -
1145 Myrcenol 0.63 0.98 0.81 1.23 - 0.66 0.81 1.20 0.50 0.64 1.02 1.73
1148 Myrcenone 56.43 42.84 49.53 45.21 52.34 52.05 53.14 46.51 50.96 56.24 48.38 47.14
1230 Ocimenone 9.63 13.86 11.75 13.69 11.62 13.03 11.75 15.30 9.81 10.08 13.59 14.96
1300 Tridecane 1.47 2.77 1.97 2.02 1.97 0.68 1.57 1.51 1.12 0.93 1.27 -
1414 b-Caryophyllene 1.09 1.74 1.44 1.29 1.07 0.81 0.99 1.53 0.97 0.81 1.17 1.27
1500 Pentadecane 6.80 6.38 5.39 6.20 5.36 4.23 4.01 5.40 3.00 3.16 3.91 4.04
TOTAL 99.95 99.29 99.42 99.98 99.70 99.95 99.53 99.95 98.84 97.56 98.60 98.63
a RI = retention index
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limonene (13.25%) in NMS with 30 g L�1 sucrose, of myrcenone
(56.43%) in NMS without sucrose, of ocimenone (15.30%) in AMS4
with 15 g L�1 sucrose, and of pentadecane (6.80%) in NMS without
sucrose (Table 3). In general, the myrcene content increased with
increasing sucrose concentration regardless of the membrane group;
myrcenone decreased with the use of AMS4 and increased with NMS
regardless of the sucrose concentration; and pentadecane decreased
with increasing sucrose concentration regardless of the type of mem-
brane used. Limonene accumulation in NMS increased (8.73, 11.43,
and 13.25%) with increasing sucrose concentration in the medium,
whereas in AMS1 and AMS4, limonene decreased as sucrose
increased.

Primary and secondary pathways are intimately interconnected.
And, sucrose plays an important role in plant metabolism as the
major end product of many compounds including secondary metabo-
lites. Beyond the sucrose being the most used carbohydrate source in
plant tissue culture as a key component for seedling growth and
development, it provides the carbon backbone for the biosynthesis of
specialized metabolites, such as volatiles compounds (Pandey et al.,
2022; Sheshadri et al., 2022). The type and the concentration of car-
bon sources can affect the morphogenetic potential and secondary
metabolites in micropropagation plantlets (Yaseen et al., 2013).
Therefore, natural ventilation systems and sucrose concentrations
can influence the volatile compounds concentration of L. rotundifolia.
Fig. 2. Scores and loadings of the principal components analysis (PCA) in the correlation mat
measures, and major compounds depending on the membrane system and sucrose concentr
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Stoji�ci�c et al. (2022) reported that the type and the concentration of
carbohydrates in culture media, significantly affected the composi-
tion of the volatile organic compounds in Clinopodium pulegium.

Other studies have also shown a variation in the number, concen-
trations, and profile of volatile compounds under the influence of
ventilation. Lazzarini et al. (2019) reported in L. gracilis that the high-
est carvacrol and thymol contents were observed in plantlets grown
in vials with four porous membranes. However, Silva et al. (2017)
observed that Plectranthus amboinicus grown with one or two porous
membranes had higher dry weight and carvacrol content. Greater
ventilation inside the vial may increase plantlet growth and affect
secondary metabolism with greater CO2 availability. Zhu et al. (2015)
reported that a higher CO2 concentration led to an increase in artemi-
sinin in Artemisia annua.

We next used principal component analysis (PCA) to evaluate the
effect of the interactions between the ventilation system and the
sucrose concentration on the evaluated parameters so that more
information could be extracted from the results. PCA of the correla-
tion matrix of the variables volatile organic compound contents, pho-
tosynthetic pigment contents, dry weight, TLA, and shoot length
explained 75.9% of the total variation.

Correlations were observed between the AMS4/15 g L�1 sucrose
treatment and ocimenone, myrcene, photosynthetic pigments, TLA,
SH, and dry weight production (Fig. 2). With greater ventilation, there
rix built using data for photosynthetic pigments, shoot height, total leaf area, dry weight
ation of Lippia rotundifolia.
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was greater chlorophyll synthesis, resulting in higher dry weight gain
and ocimenone and myrcene contents. The NMS treatment was nega-
tively correlated with dry weight production and the other evaluated
growth parameters. This analysis provides extra and important infor-
mation about the results. The PCA shows that there was a marked dif-
ference between the number of filter membranes used in the cap
over the plants and the volatile compounds of L. rotundifolia. The
plantlets grown in the vials sealed with one, two, or four filter mem-
branes without sucrose addition, or with no filter membrane but
with 30 g L�1 sucrose, had a greater tendency to synthesize limonene
and pentadecane. Conversely, the greatest synthesis of myrcenone
occurred in the NMS+sucrose groups and the AMS1/30 g L�1 sucrose
group.

Based on all the results obtained in this study, it is clear that
porous membranes promote gas exchange, as observed mainly from
the higher biometric data, growth parameters, and pigment contents.
In addition, sucrose is an important source of carbon and energy, and
its initial concentration may affect parameters such as the growth
and yield of secondary metabolites (Cui et al., 2010).

4. Conclusions

The use of a natural ventilation system composed of manufac-
tured porous membranes was found to be a more efficient in vitro
cultivation method than NMS. The ventilation system AMS4 with a
sucrose concentration of 15 g L�1 was the most efficient, as these
plantlets had the highest photosynthetic rate and dry weight content.
In general, the contents of volatile organic compounds varied differ-
ently with the use of the porous membrane and sucrose concentra-
tion in the culture medium.
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