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Abstract
Cuticular wax is a hydrophobic barrier between the plant surface and the environment that effectively reduces the loss of water.
The surface ofWelsh onion leaves is covered with wax. To explain the relationship between wax composition and water loss, we
conducted this experiment. The water permeability and wax composition of leaves were determined by chemical and GC-MS
methods. We performed a comparative analysis of the differences between the two cultivars and analyzed the relationship
between water permeability and waxy components. Overall, the permeability to water was higher in ‘Zhangqiu’ than in
‘Tenko’. The wax amount of ‘Tenko’ was 1.28-fold higher than that of ‘Zhangqiu’ and was primarily explained by the much
larger amounts of ketones and alcohols in the former. Among the waxy components, C29 ketones were most abundant. There
were substantial discrepancies in wax composition, total wax content, and water permeability between the two cultivars. The
main reason for the discrepancy in water permeability may be the significantly lower aliphatic fraction in ‘Zhangqiu’ than in
‘Tenko’. This study makes a vital contribution to drought resistance research on allium plants.
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Introduction

The plant cuticle is a chemical and physical structure, and its
functional properties largely depend on its chemical composi-
tion and structural arrangement (Jetter et al. 2007). The cuticle
is impregnated with an insoluble polymer matrix (cutin, dom-
inated by C16 and C18 hydroxyl fatty acids and their deriva-
tives) impregnated by and covered with solvent-soluble lipids,
termed ‘waxes’ (Chu et al. 2018). Plant cuticular wax is

principally composed of an organic mixture such as a very-
long-chain fatty acid and its derivatives. It covers the surface
of various tissues and organs of terrestrial plants that are ex-
posed to the air (Yeats and Rose 2013). Numerous studies
have shown that plant epidermal wax functions in dealing
with external biotic and abiotic stresses and inhibits the
nonstomatal loss of water (Bernard and Joubès 2013;
Delude et al. 2016), protecting plants from pests and diseases,
ultraviolet radiation, and high-temperature radiation (Bueno
et al. 2019; Krauss et al. 1997; Long et al. 2003; Olascoaga
et al. 2014; Sharma et al. 2019). Especially under drought
conditions, the wax on the surface of plants is thickened and
increased in a manner that is synergized with the closing of
pores, effectively reducing the loss of water in plants (Patwari
et al. 2019). The total amount of cutin monomers and waxes
varies widely among diverse species (Martin and Rose 2014).
These differences explain the difference in barrier properties,
especially regarding the transpiration barrier function of the
cuticle. Studies have shown that cuticular wax is an important
barrier to prevent uncontrolled water loss. The composition
and amount of plant cuticular waxes differ significantly
among species, tissues, organs, growth stages, and environ-
ments, and differences in waxiness can occur within the same
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species and even the same organ (Huang et al. 2017). Due to
the diversity of the waxy composition of the epidermis, the
transpiration barrier varies greatly among numerous plants
and even diverse cultivars.

Welsh onion (Allium fistulosum L.) has long been cultivated
as a vegetable and spice in Asia for its flavor and aroma, its
typical features is that leaf surface is covered with cuticular wax
(Tendaj and Mysiak 2007). ‘Zhangqiu’ and ‘Tenko’ are two
representative cultivars of Welsh onions cultivated in China.
‘Zhangqiu’ Welsh onion was recognized as a geographical in-
dication product by the Chinese Ministry of Agriculture in
2007. It has the characteristics of high, long, crisp, and sweet
with pseudostems as food organs. ‘Tenko’, introduced to China
in 2003, was selected by the Musashino Seed Co. Ltd., Tokyo,
and the main feature is the early maturity and good resistance.
Although they have similar genetic lineages, their leaf epider-
mal waxes vary widely, and this difference is obvious.
However, comprehensive experimental studies for understand-
ing the specific differences in leaf epidermal waxes between the
two cultivars are lacking. Therefore, the exact experimental
analysis of the cuticular wax is significant.

To increase our understanding of the water barrier proper-
ties and the diversity of waxy components, this study aimed to
compare the leaf water permeability and epidermal wax dif-
ferences between the two Welsh onion cultivars (‘Zhangqiu’
and ‘Tenko’). The transpiration ofWelsh onion leaves through
the epidermal wax barrier provides further insight into the
chemical composition associated with the epidermal transpi-
ration barrier properties, and a theoretical basis for the breed-
ing of highly drought-resistant Welsh onion cultivars.

Materials and methods

Plant material and cultivation

Two cultivars of Welsh onion (‘Zhangqiu’ and ‘Tenko’)
were used for all experiments. The seeds were obtained
from a local market. The Welsh onion seeds were rinsed
with sterilized distilled water, sown in plugs containing
substrate, and grown in a greenhouse with standard irriga-
tion and fertilization. Representative seedlings with four
true leaves were transferred and cultured hydroponically
in darkened plastic containers (area 0.036 m2, twenty plants
per container). Full-strength Hoagland nutrient solutions,
which contained 0.5 mM NH4H2PO4, 2.0 mM Ca(NO3)2·
4H2O, 3.2 mM KNO3, 1.0 mM MgSO4·7H2O, and full-
strength trace elements, were used. The electrical conduc-
tivity (EC) and pH of the nutrient solutions were main-
tained at 2.2–2.5 ms·cm−1 and 6.8–7.0, respectively. The
nutrient solutions were aerated every 2 h by air pumps,
supplemented to the original volumes every day, and
refreshed every 2–3 days. Finally, the plastic containers

were transferred to a growth room at 24 °C under a 12-h
photoperiod. After the seedlings showed uniform growth,
the measurements were performed.

Measurement of the leaf pigment content

For the determination of leaf pigment contents, 0.64 cm2 leaf
discs were cut from the leaves. Three discs were immersed in
20-mL tubes with 10 mL of 96% ethanol, incubated in the
dark at 25 °C, and then extracted for 24 h. The pigment in
the solution was quantified using an ultraviolet-visible spec-
trophotometer (UV-2450, Shimadzu, Japan) as described in
(Zhao et al. 2002).

Measurements of epidermal permeability

The water transpiration of whole leaves was performed to
measure water loss over time. Fresh leaves without any de-
fects were selected from each cultivar. Before measurement,
the experimental plants were dark-acclimated for at least 4 h,
and the leaf sheath was sealed with medical sealant. The entire
measurement was carried out in a laboratory where the tem-
perature and humidity were controlled. We recorded the
weight loss of the leaves every 15 min using a digital balance
with an accuracy of 0.01 g. The transpiration rate and cuticular
permeance were calculated according to (Burghardt and
Riederer 2003; Schuster et al. 2017).

Besides, the leaf chlorophyll leaching method, modified
from (Hiscox and Israelstam 1979), was used to estimate
the epidermal permeability. The third leaf from the top was
sampled from seedlings with four true leaves, and the seed-
lings were subjected to a 3-h dark-acclimation period be-
fore measurement. Leaves from five seedlings were collect-
ed and immersed in 50-mL tubes with 30 mL of 80% eth-
anol solution, and the tubes were covered with aluminum
foil and agitated very gently on a shaker platform. The
absorbance values of the leaching solutions at 647 nm and
664 nm were measured by UV spectrophotometer at
15 min, 30 min, 45 min, 60 min, 75 min, 90 min,
105 min, 120 min, 135 min, 150 min, 165 min, 180 min,
and 24 h. The percentage of extraction at each time point
was converted into a ratio based on the amount extracted at
24 h. Chlorophyll extracted at each time point was
expressed as a percentage of the total chlorophyll extracted
after 24 h in 80% ethanol.

Extraction and analysis of cuticular wax

Wax extraction and gas chromatography-mass spectrome-
try (GC-MS) analysis were performed following the proto-
col by (Haslam et al. 2012; Kolattukudy and Walton 1973)
with minor modifications. Briefly, plain leaf discs (with an
area of 2.05 cm2) were dipped into glass vials containing
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10 ml of chromatography grade n-hexane and gently shak-
en for 30 s at 65 °C. The extraction was performed twice,
and the two extracts were combined and filtered. An inter-
nal standard, 20 μL (1 μg·μL−1) n-tetracosane, was added
to the filtrate, and the filtrate was evaporated at 50 °C under
a stream of nitrogen. The waxes were derivatized by the
addition of 100 μL of a pyridine:bis-N, N-(trimethylsilyl)
trifluoroacetamide (BSTFA) solution (1:1, v:v) and incuba-
tion for 60 min at 80 °C. Then, the remaining BSTFA was
evaporated under nitrogen gas and added to the n-hexane.

Wax analyses were performed on the GC-MS QP-2010
(Shimadzu, Japan) equipped with an auto-sampler (AOC-
5000) and an RTx-5MS column (60 m, 0.25 mm ID, and
0.25 μm df, Rastek) with helium as the carrier gas. GC was
carried out with temperature-programmed on-column injec-
tion and oven temperature set at 70 °C for 1 min, and then
raised by 10 °C min−1 to 200 °C, held for 1 min, increased by
4 °C min−1 to 300 °C, and held for 20 min. One microliter of
each sample was injected. At the end of the program run, a
scan peak map of each sample was obtained. The component
mass spectrometry data was automatically retrieved, and the
machine test results were checked against the standard spec-
trum and related reference literature. The position was com-
pared with that of the internal standard 24-carbon alkane peak
map, and the fatty acid composition was determined according
to the peak concerning the peak of the standard. Area, the
amount of the substance of each component, is determined,

and the content of each component is calculated by the area,
and the wax content is expressed by μg·cm−2.

Statistical analysis

All data were analyzed by ANOVA using the DPS software
package (DPS for Windows, 2009). Duncan’s multiple range
test was performed to compare the differences among treat-
ments. Differences in the means among treatments were con-
sidered statistically significant when P < 0.05.

Results

Phenotype of cuticular wax of two Welsh onions
cultivars

Figure 1 shows that ‘Zhangqiu’ had light-green leaves com-
pared with those of ‘Tenko’. ‘Tenko’ had a visible wax layer on
the leaf surface, especially the functional leaves. Because the
leaf pigment content affects leaf color, we first determined the
leaf pigment content of the two cultivars. No significant differ-
ence in chlorophyll content or carotenoid content was observed
between the two cultivars. We speculated that the discrepancy
in leaf color visible to the naked eye was caused by the differ-
ence in the amount of the wax covering the surface of the leaf.

Fig. 1 Typical phenotype of two
Welsh onion cultivars. a
Morphological characteristics of
Welsh onions (‘Zhangqiu’, left;
‘Tenko’, right). b The total
chlorophyll in leaves was
measured photometrically. c
Carotenoids in leaves were
measured photometrically
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Leaf permeability

The water permeability was determined for the leaves of the
two cultivars (Fig. 2). We usually use ‘cuticular permeance’
(P) to describe the water permeability. However, pores occur
on the leaf epidermis, so epidermal transpiration means the
lowest stomatal conductance. In determining the water perme-
ability of the leaves, we used darkness to protect the leaf pores.
The water permeability of ‘Zhangqiu’ was 1.58-fold higher
than that of ‘Tenko’. The chlorophyll leaching rate was much
higher in ‘Zhangqiu’. After exposure to 80% ethanol for 3 h,
52.8% of the total chlorophyll was leached from ‘Zhangqiu’
leaves, whereas the chlorophyll leaching from the ‘Tenko’
leaves was 42.1%. ‘Zhangqiu’ lost chlorophyll 0.25-fold more
quickly than did ‘Tenko’, an indication that ‘Zhangqiu’ had
the most permeable cuticle. As mentioned above, water loss
was much more severe in ‘Zhangqiu’.

Wax coverage and chemical composition

The chemical constituents of the epidermal wax of the leaves
of the two cultivars were determined by GC-MS and com-
pared. To perform a comprehensive analysis of the cuticular
wax mixture, we determined the absolute amount of the total
mixture and the compound classes. Overall, the coverage wax
load in ‘Tenko’ leaves was 104.92 μg cm−2, and only
46.09 μg·cm−2 in ‘Zhangqiu’ leaves, a significantly lower
wax coverage by comparison. Here, seven classes of com-
pounds were identified in the wax mixtures covering the
leaves ofWelsh onion, including alcohols, aldehydes, alkanes,
esters, fatty acids, ketones, and β-sitosterol (Fig. 3). These
compounds were detected in all two cultivars. Less than 3%
of the wax mixtures from the leaves remained unidentified.
Total surface wax amounts per area were 1.28-fold higher in
‘Tenko’ than those in ‘Zhangqiu’, and this was principally
explained by the much higher amounts of ketones and alco-
hols. Total ketone, alcohol, and fatty acid amounts in ‘Tenko’

were all significantly higher than those in ‘Zhangqiu’, by
1.21-, 2.00-, and 0.61-fold, respectively.

A high abundance of ketones was very evident in two cul-
tivars. The percentage of ketone in the wax mixture signifi-
cantly differed, ‘Zhangqiu’ was larger. Alcohols were the sec-
ond dominant compound class, accounting for 24.23 and
31.94% of the wax mixtures in ‘Zhangqiu’ and ‘Tenko’, re-
spectively. Only trace amounts of sterols were detected.
Through PCA analysis, samples of the two cultivars were
distinguished according to their extent of wax coverage
(Fig. 4). Principal component 1 separated the two species well.
‘Zhangqiu’ was in the negative direction of the first compo-
nent, and ‘Tenko’ was in the positive direction of the first
component. Most wax classifications were directly propor-
tional to that of the ‘Tenko’ leaves.

Chain length distributions of within-compound
classes of Welsh onion leaf wax mixtures

Next, the chain length profile within these wax mixtures was
further analyzed (Fig. 5). The leaf wax ketones had odd-
numbered chain lengths and were present as C11, C13, C27,
and C29 homologs, with C29 being the most abundant in
‘Tenko’. However, the ketones were present in significantly
lower abundances in ‘Zhangqiu’. Alcohols occurred in fairly
broad chain lengths (C9 to C33) and were predominated by
C31 in both cultivars. The fatty acid fractions of the leaf wax
ranged from C15 to C29 in ‘Zhangqiu’ and were predominat-
ed by C19, whereas they ranged from C11 to C29, with a
dominant abundance in C19, in ‘Tenko’ leaf waxes. The
wax alkanes had even-numbered chain lengths from C32 to
C60, with C60 being the most abundant. These wax alkanes
were not different between the two cultivars, except C40.
Aldehyde (C21 to C29) and ester (C8 to C30) homologs were
also observed. In contrast, only trace amounts of sterols were
detected, with the only constituent being β-sitosterol in both
cultivars.

Fig. 2 Leaf permeability of two
Welsh onion cultivars. a Water
permeance of the surface of
Welsh onion leaves. b
Chlorophyll leaching rates were
expressed as a percentage of the
total chlorophyll extracted by n-
hexane. Data are given as the
means ± standard deviation (n =
10). The asterisks indicate
significant differences between
‘Zhangqiu’ and ‘Tenko’ Welsh
onions (*P< 0.05, **P< 0.01;
Student’s t test)
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In addition, the ratio of aliphatics was different between the
twoWelsh onion cultivars (Table 1). Overall, the deposition of
cuticular waxes appears to vary in a species-specific manner;
therefore, the contribution of each component to the barrier
properties may be subject to various factors.

Discussion

This study provides a detailed description of the water perme-
ability characteristics of the leaves of Welsh onion and

comprehensive qualitative and quantitative analyses of the
cuticular wax of two cultivars. This is the first comprehensive
description of the leaf cuticular wax characteristics of Welsh
onion.

Under conditions of severe drought, minimizing the water
loss of leaves, which represent the main interface between the
plant and the atmosphere, is of decisive importance (Caird
et al. 2007). Previous studies have shown that leaves in
Prunus laurocerasus prevent 96% of water from diffusing,
and, in some species, even up to 99.5%, which indicates that
the cuticular wax forms an almost complete barrier against the
diffusion of the water across the cuticle. Significant differ-
ences in cuticular permeability were obtained from water per-
meability and chlorophyll leaching data. The leaf permeability
of most species is less than 2.0 × 10−4 m s−1(Schuster et al.
2017). The leaf water permeability of both cultivars was much
lower than that of most species, which may increase the
drought resistance of Welsh onion. Compared with
‘Zhangqiu’, ‘Tenko’ has a less water-permeable cuticle, which
may result from defects in cutin or wax deposition in the
former.

The total wax load between the two cultivars varied greatly.
Total surface wax amounts in ‘Zhangqiu’ leaves were much
lower than those of ‘Tenko’ leaves. The total wax load for
leaves of the Welsh onion was consistent with the water per-
meability trends. The difference in water permeability may be
caused by the discrepancy in the wax load of two cultivars.
However, some reports suggest that the plant’s cuticle is a

Fig. 3 a Comparison of total
cuticular wax loads from the
leaves of two cultivars. b
Comparison of leaf cuticular
components of two cultivars. c
Percentage of wax composition in
leaves of Welsh onions. Values
represent the leaf area ± SD (n =
3) in μg·cm−2 for each wax
component. The asterisks indicate
significant differences between
‘Zhangqiu’ and ‘Tenko’ Welsh
onions (*P< 0.05, **P< 0.01;
Student’s t test)

Fig. 4 Score plots showing the two major principal components of the
leaf wax amounts and components of two cultivars. The percentage
indicates the proportion of variance explained by each axis
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persistent structure that is not considered to be subject tomajor
short-term regulatory adjustments (Johnson et al. 1983;
Olascoaga et al. 2014). We speculate that the role of wax in
preventing excessive water loss may be mainly related to
waxy components.

Typical cuticular wax components include very-long-chain
aliphatic compounds and cyclic molecules. Wax composition
varied definitely among plants (Busta et al. 2017). For allium
plants, leaf waxes are formed from VLCFAs and their deriv-
atives such as ketones, alkanes, and aldehydes (Damon et al.
2014; Lokesh et al. 2018; Rhee et al. 1998). The VLCFAs are
closely packed and form a barrier, a water-impermeable sheet,
in the cuticle. In this study, both cultivars primarily contained
VLCFA derivatives. These VLCFAs are the main element in
the formation of a transpiration barrier. In ‘Tenko’, leaf wax
mixture was mainly composed of three components: ketones,
alcohols, and aldehydes. The predominant chain length was
C29 for ketones, C31 for alcohols, and C29 for aldehydes.
These components, which can assemble the crystalline of cu-
ticle, were arranged in the leaf epidermis to form a water-
impermeable region. The impermeability forces water to prop-
agate, and an extended route of transmission increases the
resistance of the cuticle to the water that passes through its

(Beisson et al. 2012). The number of prominent components
in the ‘Zhangqiu’ leaf waxes was much lower than that in the
‘Tenko’ leaf waxes, so the crystalline structure of ‘Tenko’was
tighter.

To date, most studies have concluded that the fatty com-
pounds in wax form a barrier (Go et al. 2014; Lee et al. 2016).
The pentacyclic triterpenoid in the plant epidermis wax, main-
ly forming an amorphous matrix, and its contribution seem to
be small or even negligible (Jetter et al. 2007; Schuster et al.
2016). The cyclic compounds were detected in both cultivars,
and ‘Zhangqiu’ had a higher proportion of cyclic compounds
than did ‘Tenko’. The aliphatic fraction in the ‘Tenko’ leaves
was significantly higher than that in the ‘Zhangqiu’ leaves,
indicating that more aliphatic substances were arranged to-
gether to make the leaf epidermal wax crystals a veritable
hydrophobic barrier in ‘Tenko’ than in ‘Zhangqiu’, which
ultimately affected the difference in the permeability of
‘Zhangqiu’ leaves. The epidermal barrier properties are pri-
marily attributed to the formation of a long-chain aliphatic
wax compound of crystalline structure that is impermeable
to water molecules (Beisson et al. 2012; Gorb et al. 2005).
Besides, in the leaf epidermal wax of plants, a phenomenon of
spontaneous recombination occurs and the protamine of the

Fig. 5 Wax chemical profiles,
presented as chemical classes, on
the leaves ofWelsh onion. Carbon
chain lengths of individual
constituents are shown for each
wax chemical class in μg·cm−2.
The asterisks indicate significant
differences between ‘Zhangqiu’
and ‘Tenko’ Welsh onions
(*P < 0.05, **P < 0.01; Student’s
t test)

Table 1 Amount of very-long-chain acyclic fractions and cyclic frac-
tions (μg·cm−2) of wax, ratio of very-long-chain acyclic fraction to cyclic
fraction, and weighted average chain length (ACL) of the very-long-chain
acyclic fraction of two cultivars. Data are given as the means ± standard

deviation (n = 3). The asterisks indicate significant differences between
‘Zhangqiu’ and ‘Tenko’Welsh onions (*P< 0.05, **P< 0.01; Student’s t
test)

Cultivars Aliphatic fraction Cyclic fraction Aliphatic fraction/cyclic fraction ACL

Zhangqiu 45.81 ± 4.89 * 0.28 ± 0.01 ** 165.15 ± 15.96 * 30.88 ± 0.08

Tenko 102.92 ± 10.18 0.47 ± 0.04 207.92 ± 7.53 29.15 ± 0.51
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epidermal wax is not arranged in a complete single layer but
forms a multicomponent semicrystalline wax (Chambers et al.
1976). The increase in the proportion of aliphatic fraction
provides sufficient raw materials for the reorganization of
the epidermal wax. This may also be the cause of the water
permeability of ‘Tenko’ being lower than that of ‘Zhangqiu’.

Conclusion

The ‘Tenko’ blades had visible wax deposits, and the wax load
was higher than in ‘Zhangqiu’. In Welsh onion, the wax mix-
tures contained seven classes of compounds: ketones, alco-
hols, alkanes, aldehydes, fatty acids, esters, and β-sitosterol.
The predominant component in Welsh onion was the C29
ketones, and the amount of β-sitosterol was negligibly low.
The abundance of each class differed between the two culti-
vars, so the water permeability of the leaves was significantly
distinct. In addition, the greater the wax coverage was, the
more raw materials were used to build cuticle barrier. As a
consequence, the lower aliphatic fraction in ‘Zhangqiu’, com-
pared with that in ‘Tenko’, could be a prominent factor leading
to a higher cuticular permeability. In summary, the results
presented elucidate the leaf wax coverage and composition
in allium, providing a further link between the chemical com-
position of the epidermis and the physiological blocking of
water transpiration. The evidence provides a reference for fur-
ther exploration of the wax composition of allium plants.
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