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Abstract Toughening is the most important postharvest fac-
tor that negatively affects quality of fresh white asparagus
(Asparagus officinalis L.) spears. It is assumed to result from
wounding-induced or developmentally regulated cell wall
thickening and increased lignification of sclerenchyma sheath
cells and of vascular bundle elements. Postharvest application
of ethanol has been shown to be an effective disinfectant of
white asparagus spears; it is also known to delay or inhibit
plant development. The latter was tested for its potential effi-
cacy to reduce undesired spear toughening. In this context,
effects of ethanol treatment on changes in cell wall properties
were investigated. Practically relevant short-term washing of
spears in 50 % ethanol solution (v/v) at 10 °C for 30 and 90 s
reduced toughening of fresh white asparagus spears during
4 days of storage at approx. 20 °C. The treatment inhibited
the biosynthesis of secondary cell wall structural carbohy-
drates (hemicellulose and cellulose) and of lignins, although
to a lesser extent. Cell wall contents of pectic substances were
also less affected, while the content of cell wall proteins was
pronouncedly reduced by ethanol exposure. As a conclusion,
practically relevant short-term washing with ethanol solution
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seems to be a promising approach to improve quality mainte-
nance and safety of fresh white asparagus spears.

Keywords Cellulose - Lignin - Texture - Quality

Introduction

In Germany, white asparagus (Asparagus officinalis L.) is a very
important and popular crop (Statistisches Bundesamt 2011).
Mostly purchased fresh or, to a lesser degree, as minimally proc-
essed convenience products, white asparagus spears are highly
susceptible to microbial spoilage as well as undesired physiolog-
ical and textural changes. Hence, it is essential to optimize post-
harvest handling and processing to ensure high product quality
(Huyskens-Keil et al. 2011) and safety (Hassenberg et al. 2012)
for both fresh and processed asparagus.

To guarantee produce safety, new and non-hazardous tech-
niques to improve postharvest hygienic status must be devel-
oped. Recently, various physical (Lescano et al. 1993; Poubol
et al. 2010; Hassenberg et al. 2012) or chemical treatments
(Simén et al. 2004; Jamieson et al. 2009; Sothornvit and
Kiatchanapaibul 2009) have been tested as sanitizers.

In this context, ethanol may be a sustainable option.
Ethanol has antimicrobial activity (Larson and Morton 1991;
Gabler et al. 2004) and is naturally found in plants (Davies
1980). Ethanol is considered to be generally recognized as
safe (“GRAS”) compound (Dao and Dantigny 2011).
Applied in solution or as vapour, ethanol effectively reduced
microbial loads on fruits (Yuen et al. 1995; Lichter et al. 2002;
Karabulut et al. 2004; Zhang et al. 2007; Gutiérrez-Martinez
et al. 2012) and vegetables (Corcuff et al. 1996; Tzortzakis
and Economakis 2007; Hu et al. 2010; Herppich et al. 2014).
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On the other hand, it has long been known that ethanol poten-
tially retards tissue ripening (Kelly and Saltveit 1988) and
delays senescence in cut flowers (Heins 1980) and broccoli
inflorescences (Corcuff et al. 1996). Thus, ethanol treatment
can actively prolong produce shelf life or vase life.
Furthermore, ethanol may also induce compact growth in or-
namentals (Miller and Finan 2006; Mibus et al. 2014). It may
(Hu et al. 2010; Herppich et al. 2014) or may not (Corcuff
et al. 1996) affect respiration, total soluble solid contents
(Tzortzakis and Economakis 2007) or texture of the produce
(Liu and Jiang 2006). In many kinds of fruit, ethanol treat-
ments inhibit rapid softening during storage (Kelly and
Saltveit 1988; Margosan et al. 1997; Plotto et al. 2006;
Wang et al. 2011). For example, ethanol vapour may reduce
lignin deposition in green asparagus spears (Liu and Jiang
2006). This finding indicates that short-term ethanol treat-
ments affect cell wall properties, resulting in more tender as-
paragus spears.

Spear toughening is probably the most important parameter
negatively affecting quality and shelf life of fresh and proc-
essed white asparagus (Lipton 1990; Everson et al. 1992;
Rodriguez et al. 1999; Herppich and Huyskens-Keil 2008).
Postharvest spear toughening is a multifactorial process
(Huyskens-Keil and Herppich 2013), resulting from thicken-
ing of the cell walls (Chang 1983; Zurera et al. 2000), an
increase in the degree of lignification of sclerenchyma sheath
cells and vascular bundle elements (Billau 1986; Lipton
1990; Waldron and Selvendran 1990; Rodriguez et al. 1999)
and/or from enhanced cross-linking of cell wall polymers by
ferulic acid (Rodriguez-Arcos et al. 2004; Jaramillo et al.
2007). These reactions can simply reflect unaltered shoot dif-
ferentiation (O’Donoghue and Somerfield 1998; Herppich
et al. 2005) or may be due to increased ethylene formation
induced by wounding at harvest (Hsiao et al. 1981; Jaramillo
et al. 2007; Bhowmik and Matsui 2004; Liu et al. 2010).

The potential effects of ethanol on biophysical and bio-
chemical cell wall properties of white asparagus spears have
apparently never been investigated in detail. Hence, this study
evaluates (1) to what extent application of ethanol under sim-
ulated practical conditions, i.e. washing of spears with a 50 %
ethanol solution at 10 °C for 30 and 90 s, can reduce tough-
ening in white asparagus spears and (2) to analyze the poten-
tial underlying mechanisms, i.e. which of the functional cell
wall components (cellulose, hemicellulose, pectic substance,
lignin, proteins) is the primary target of the ethanol treatment.

Material and Methods
Plant Material and Experimental Design

In a series of experiments (2009—2011; Herppich et al. 2014),
white asparagus spears of the cultivar “Gijnlim” were

harvested from a commercial field (Spargelhof Nottebohm
GbR, Kartzow, Germany) and transported to the laboratory,
in which the spears were rapidly hand washed, sorted accord-
ing to EC quality standard class I, cut to a length of 22 cm
(mean spear diameter: 1.8+£0.2 cm) and randomly separated
into nine batches. Thereafter, lots of up to 11 spears were
either washed in 2 L of 50 % (v/v) ethanol (Carl Roth
GmbH & Co, Karlsruhe, Germany) or tap water at 10 °C for
30 and 90 s (90 s only ethanol-treated spears) or not treated
(controls). Finally, the spears were stored at 20 °C in a water
vapour-saturated atmosphere for up to 4 days (Herppich and
Huyskens-Keil 2008). On days 0, 2 and 4 of the experiments,
spears of each treatment were randomly taken out of storage
and analyzed further.

Ethanol treatments are considered optimal for practical ap-
plication in fresh asparagus spear processing and do not cause
any adverse off-taste or odour of spears (see Herppich et al.
2014).

Determination of Mechanical Properties

On the initial day of the experiments (day 0), 18 spears were
evaluated for variability in the data. On days 2 and 4 of the
experiments, six spears per treatment were randomly removed
from storage for analysis. At the positions 2.5, 7.5, 12.5 and
18 cm from the base, spears were sliced with a stainless steel
microtome blade (S35, 0.26 mm total thickness, Feather
Safety Razor Co., Ltd., Osaka, Japan) adapted to a Zwicki
1120 material testing machine (Zwick, Ulm, Germany; cross-
head speed 600 mm min ') to determine tissue toughness
(Atkins and Vincent 1984; Herppich et al. 2004). Mean cut-
ting force over the entire spear diameter (¥, and the actual
cutting length (L.,,) were used to calculate the cutting energy
(Ecut:Fcut / (LcutXTC / 4))

Analysis of Chemical Cell Wall Properties

For each treatment, three batches of asparagus spears (approx.
300 g) were freeze-dried, and an aliquot (100 mg, three repli-
cates) was washed with hot (70 °C) ethanol (80 %). The alco-
hol insoluble fraction (AIF) was analyzed for cell wall content
of proteins, pectic substances, cellulose, hemicellulose and
lignin.

The cell wall protein content was determined according to a
modified method of Bradford (1976). Aliquots of the dried,
ground material (50 mg) were dispersed in 1 mL 0.1 M phos-
phate buffer pH 6.0 (0.1 M sodium hydrogen phosphate,
0.1 M disodium hydrogen phosphate) with a vortex mixer
(3x10 s) and centrifuged (11,400 rpm, 15 min; Multifuge
X1, Heraeus, Hanau, Germany) at 4 °C. In a reaction tube,
100 pL of the supernatant was diluted with 900 pL phosphate
buffer, 1 mL Coomassie blue added, and the solution was
measured photometrically (595 nm) after 20 min (PU 8730,
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Philips, Kassel, Germany). A calibration series (10 to 50 ug)
was obtained from phosphate buffer and bovine serum
albumin.

Cell wall extraction and cell wall fractionation (water-sol-
uble pectin, EDTA-soluble pectin and water-insoluble pectin)
were conducted according to McComb and McCready (1952)
and Ben Arie and Lavee (1971) as modified by Huyskens
(1991). The colorimetric determination of the pectic sub-
stances followed the method described by Blumenkrantz and
Asboe-Hansen (1973) using meta-hydroxybiphenyl (MHDP,
Sigma H 6527, Sigma-Aldrich, Miinchen, Germany) as a col-
our reagent. In each fraction, the amount of galacturonic acid
was measured photometrically (PU 8730, Philips, Kassel,
Germany) at 520 nm. Analyses were performed with three
replications for each treatment. The content of pectic sub-
stances was expressed as milligram galacturonic acid per gram
dry mass.

Cellulose and lignin were analyzed according to Goering
and van Soest (1972) and AOAC (1999). One gram freeze-
dried sample was extracted with 100 mL acid detergent fibre
(ADF) reagent (N-cetyl-N,N,N-trimethyl-ammoniumbromid
dissolved with 96 % H,SO,) using a Fibertec System (M
1020, Tecator, Sweden). Thereafter, the solution was vacu-
um-filtered, washed with boiled, double-distilled water until
removal of the acidity and again washed with 90 % acetone.
The residue was dried at 105 °C for 24 h, weighed, ash-dried
at 500 °C for 24 h and weighed again to calculate ADF. The
dried ADF residue was used for acid detergent lignin (ADL)
determination. Cellulose content was calculated as the differ-
ence between ADF and ADL. The content of lignin and cel-
lulose, respectively, were expressed as milligram per gram dry
mass.

Using the neutral detergent fiber (NDL) approach (van
Soest and Goering 1963), one gram of freeze-dried material
was cooked in 100 mL of NDL mixture (Titriplex III, di-
sodium borate, dodecylhydrogensulfate-Na, ethylene-glycol-
monoethylester) to determine the hemicellulosic cell wall frac-
tion. The solution was subsequently vacuum-filtered and
washed with demineralized water and with 90 % acetone.
The insoluble residue was dried at 105 °C for 24 h,
weighed, ash-dried at 500 °C for 24 h and weighed
again to calculate NDF. The hemicellulose content was
obtained by subtracting ADF from NDF and given as
milligram per gram dry mass.

Statistical Analysis

All data were statistically analyzed (one-way ANOVA) with
WinSTAT (R. Fitch Software, Bad Krozingen, Germany).
Treatment means were compared using the Duncan’s multiple
range test (»<0.05). In the figures, the mean variability of data
was indicated by the standard deviation.
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Results and Discussion
Effects of Ethanol on Spear Toughness

The toughness of untreated control spears, as indicated by
their mean cutting energy, continuously increased during stor-
age (Fig. 1). Toughening was only minor in the spear tips
(Fig. 1d-f; cut at position 18 cm) and much more pronounced
in the developmentally older (e.g. Huyskens-Keil and
Herppich 2013) bases (cut at position 2.5 cm). Spears treated
with tap water closely reflected the controls. Hence, results
were not explicitly presented. In contrast, spears washed in
50 % ethanol solution for 30 s retained, at least partially, their
tenderness. Although variability in the toughness data was
high, thus preventing significant differences between treated
spears and controls, the same pronounced tendency was found
in all experiments. The effect of ethanol did not increase with
a longer duration of washing treatment (Fig. 1, 2010, 2011).

It is well established that ethanol dipping or its application
as vapour not only reduces the microbial load of fresh produce
(Gutiérrez-Martinez et al. 2012; Herppich et al. 2014) but it
may also retard tissue development (Podd and van Staden
1998). This may be manifested by either delayed ripening in
fruit (Kelly and Saltveit 1988) or delayed senescence in cut
flowers (Heins 1980) and broccoli inflorescences (Corcuff
et al. 1996). Thus, ethanol treatment may actively prolong
produce shelf life or vase life.

In many fruit, retardation of development by ethanol treat-
ments is indicated by the inhibition of rapid tissue softening
(Margosan et al. 1997; Plotto et al. 2006; Ayala-Zavala et al.
2005; Bai et al. 2011; Wang et al. 2011). In contrast, in aspar-
agus spears, which are actively growing young stems
(O’Donoghue and Somerfield 1998), development inevitably
increases tissue toughening (Herppich and Huyskens-Keil
2008). Consequently, it seems reasonable to expect that wash-
ing in ethanol solution may help to impede this undesirable
effect of shoot development on postharvest quality of aspara-
gus spears.

Effects of Ethanol Treatment on Components
of Secondary Cell Walls

To evaluate the possible direct effects of ethanol on shoot cell
wall metabolism, the relevant cell wall components were ex-
tracted and analyzed. In control spears, total cell wall content
significantly increased with storage duration (Fig. 2). This
increase in total cell wall matter was either reduced or fully
inhibited by ethanol washing for 30 s. Longer duration of
washing did not increase this effect.

To further evaluate whether ethanol potentially impacts
spear toughness by differentially affecting cell wall biochem-
istry, variation of the major cell wall components was inves-
tigated in spears of each treatment (Fig. 3). Cellulose and
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Fig. 1 Means of tissue toughness as indicated by mean cutting energy of
(a—c) entire spears and of the respective tips and bases (d—f) of white
asparagus stored either untreated (circles) and after washing with
ethanol solution for 30 s (squares) or 90 s (triangle) in water vapour-

hemicellulose were the main components of spears’ cell walls,
cell wall proteins contributed to approx. 23 %, while the initial
lignin content was normally far less than 10 % (Table 1). The
increase in total cell wall content of untreated control spears
during storage was mainly due to the incorporation of cellu-
lose and hemicelluloses (Fig. 3). Independent of its duration,
ethanol treatment pronouncedly and significantly inhibited the
accumulation of these structural carbohydrates (Fig. 3). The
relative contribution of cellulose and hemicelluloses to the
total cell wall material, however, remained relatively constant

—~ 300F
2 I b b
o> 250F - ®
é | _ - a a
€ 200 G
2 L a a a
S
S 150
© L
2
= 100
8
= —-© untreated
5 50r - EtOH-30
= 3 A EtOH-9

0 1 1 1 1 1

0 1 2 3 4

Days of storage

Fig. 2 Total cell wall content (i.e. the sum of cellulose, hemicellulose,
lignin, pectic substances and protein contents) of white asparagus spears
stored either untreated (circles) and after washing with ethanol solution
for 30 s (squares) or 90 s (triangle) in water vapour-saturated atmosphere
at 20 °C for 4 days. Given are means (n=6)=+standard deviation. The
same letters indicate that means are not statistically different (p<0.05)

saturated atmosphere at 20 °C for 4 days. Given are means (n=6)+stan-
dard deviation of three independent experiments during different years
(2009, 2010, 2011). The same letters indicate that means are not statisti-
cally different (»p<0.05)

during storage. In addition, it was unaffected by the ethanol
treatment (Table 1). Compared to controls, incorporation of
lignin into cell walls was obviously only slightly retarded or
even enhanced by the ethanol treatments during 4 days of
storage (Fig. 3). Its relative contribution may increase above
9 % by the end of the storage period (Table 1). On the other
hand, ethanol dipping significantly reduced the absolute
(Fig. 3) and the relative protein content of cell walls
(Table 1). This reaction clearly depended on the duration of
the treatment. Nevertheless, the content of cell wall proteins
also declined in untreated control spears.

In the present experiments, short-term (30 s) dipping in
50 % ethanol solution reduced toughening of white asparagus
spears, although to a minor degree. In general, toughening is a
complex and multifactorial process (Huyskens-Keil and
Herppich 2013). Nevertheless, it is primarily related to in-
creased fibre content and/or lignification of spears (Hsiao
et al. 1981; Lipton 1990; Siomos et al. 2000). Both responses
reflect thickening and development of secondary cell walls,
mainly of sclerenchyma sheath cells and vascular bundle ele-
ments (Waldron and Selvendran 1990) as well as variations in
cell wall structure (Zurera et al. 2000). Secondary cell walls
are enriched in both cellulose and lignin (Mellerowicz et al.
2001; Anderson-Gunneras et al. 2005); consequently, both
major cell wall components (Saltveit 1988; Lipton 1990;
Everson et al. 1992; Bhowmik and Matsui 2004; Villanueva
et al. 2005; Herppich and Huyskens-Keil 2008) may be the
aim of ethanol-related modifications.
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Table 1 Relative contribution of

cellulose, hemicellulose, proteins Cell wall component (% of cell wall material) ~ Postharvest ~ After 4 days of storage

and lignins (in % of total cell wall

content) of freshly harvested and Control Ethanol 30 s Ethanol 90 s

controls as well as ethanol-treated

asparagus spears after 4 days of Cellulose 40.7+0.6* 41.4+05*  39.9+2.8" 45.8+23°

storage Hemicellulose 24.3+0.8" 24.1£0.3*  25.8+0.1° 24.4+1.0°
Lignin 4.9+0.5° 6.8+05°  9.4%1.7° 9.1+0.8°
Protein 205415 164405 14.5+0.8° 10.8+0.7¢

Different letters in the same row indicate significant differences between means

In this context, it is interesting that immersing the bases of
green asparagus spears in 2 % (v/v) ethanol solution for 15 min
led to a reduced lignin deposition as did other growth regula-
tors such as GA3 and [-MCP (Liu and Jiang 2006). In many
investigations, lignin has been assumed to be the cell wall
component primarily responsible for spear toughening
(Billau 1986; Lipton 1990; Waldron and Selvendran 1990;
Bhowmik and Matsui 2004). On the other hand, results of
the present and also earlier investigations (Rodriguez et al.
1999; Herppich et al. 2005; Huyskens-Keil and Herppich
2013) do not necessarily indicate a prominent role of lignin
in this context. Here, lignin formation was not reduced by
ethanol dipping, while the relative contribution of this struc-
tural component to total cell wall materials was either not
affected or eventually increased in investigated spears after a
short-term ethanol treatment. Despite the clear evidence that
lignin is an important determinant of cell wall strength, this
finding may indicate that the potential contribution of changes
in cell wall lignin contents to the reduction in spear toughen-
ing is nonetheless somewhat exaggerated and even more so

when compared to cellulose (Huyskens-Keil and Herppich
2013). Unfortunately, no information about texture or other
cell wall components was provided by Liu and Jiang (2006) in
their investigation on the ethanol effect on lignification in
green asparagus.

There is evidence that lignification may be affected by
wounding that inevitably occurs when cutting the stems at
harvest (Bhowmik and Matsui 2004; Jaramillo et al. 2007).
In such situation, reinforcement of cell walls in close vicinity
of the wounded site with lignin may be a characteristic re-
sponse of plants (Vance et al. 1980; Nicholson and
Hammerschmidt 1992). Wounding stress may, furthermore,
mediate the stimulation of ethylene production (Yang and
Hoffman 1984; Ecker 1995; Bhowmik and Matsui 2004).
This, in turn, has been shown to enhance lignification in as-
paragus spears (Haard et al. 1974). Indeed, exposure to ethyl-
ene increased the lignin content of certain asparagus shoot
tissues (Haard et al. 1974; Liu and Jiang 2006). The fact that
the major mode of ethanol action is its ability to inhibit bio-
synthesis (Kelly and Saltveit 1988; Podd and van Staden

Fig. 3 Contents of white
asparagus spears’ cell walls main
components. Spears, either
untreated (circles) or washed with
ethanol solution for 30 s (squares)
or 90 s (triangle), were stored in
water vapour-saturated
atmosphere at 20 °C for 4 days.
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1998; Jin et al. 2013) and/or function of ethylene in fruit and
cut flowers (Pun et al. 2013) fits into this catena of metabolic
responses in terms of lignification.

However, stress stimulation of ethylene production occurs
with a lag time of only few minutes (Voesenek and van der
Veen 1994) and subsides again after reaching a peak within
few hours (Yang and Hoffman 1984). In white asparagus,
ethylene production only increased after prolonged storage
(Hennion and Hartmann 1990). Furthermore, lignification is
assumed to be a highly complex interaction of enzyme-
catalyzed (phenylalanine ammonia-lyase (PAL, EC 4.3.1.1),
cinnamyl alcohol dehydrogenase (CAD, EC 1.1.1.195), per-
oxidases (POD, EC 1.11.1.7)) and non-enzyme-catalyzed lig-
nin biosynthesis caused by oxidative polymerization of lignin
precursors (Stephane et al. 1992; Liu and Jiang 2006). The
complex dynamics in lignin synthesis might explain the de-
layed shift of lignification-associated changes in cell wall
structure attributed to toughening. This may lead to the present
findings that toughening could be inhibited by the short-term
ethanol treatment while at the same time lignin formation has
not been clearly reduced by ethanol. Indeed, Saltveit (1989)
showed that exogenously applied ethanol affected associated
physiological responses in tomato slices and fruit only in a
time-delayed and concentration-dependent fashion (Beaulieu
and Saltveit 1997). In contrast, Jin et al. (2013) found that
increasing the ethanol vapour concentration from 0.5 to
3 mL kg ' renders the treatment less effective in maintaining
the postharvest quality of oriental sweet melons. This coin-
cides with the present finding that increasing washing time

reduces the partial inhibition of toughness and the effects on
cell wall components. In fact, higher concentrations or, in the
present case, longer duration of ethanol treatment may lead to
adverse effects or even to tissue damage due to the inherent
toxicity of ethanol (Miller and Finan 2006; Mibus et al. 2014).

Effects of Ethanol Treatment on Primary Cell Wall
Components

To give a comprehensive picture of the effect of ethanol on
entire cell wall metabolism, analyses of the major component
of primary cell wall were essential. Hence, specific fractions
of the pectic substances were investigated and shown in detail
for spears ethanol treated for 30 s.

Total pectin content of cell walls increased significantly
and continuously by nearly 80 % during 4 days of storage at
20 °C and water vapour-saturated atmosphere (Fig. 4). It con-
tributed to total cell wall material by approx. ten percent irre-
spective of treatment and storage time. Ethanol dipping for
30 s reduced (18 %) the accumulation of this cell wall com-
ponent at a later stage of storage. Water soluble (38 %) and
insoluble (48 %) pectins were the major pectin fractions, but
only the former pectins increased with further shoot develop-
ment. In addition, only water-soluble pectins responded to
ethanol treatment. After 4 days of storage, the content of this
pectin fraction was 18 % lower in treated spears than in con-
trols. EDTA-soluble pectins comprised the smallest fraction
(approx. 14 % of total pectins), and the content increased by

Fig. 4 Total pectic substances’
content and their main fractions of
white asparagus spears’ cell
walls. Spears, either untreated
(circles) and after dipping in
ethanol solution for 30 s
(squares), were stored in water
vapour-saturated atmosphere at
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3.7 mg gpum | in controls and by 2.5 mg gpy | in ethanol-
treated spears (day 4).

Retardation effects of ethanol washing on the incorporation
of cellulose, hemicellulose, pectic substances and, in particu-
lar, cell wall protein into cell walls of asparagus spears was
pronounced. Consistently, Liu et al. (2010) reported a strong
inhibitory effect of several sanitizers on changes of cellulose
in Zizania latifolia Turcz., which was also accompanied by the
retardation of toughening. In this context, Lucas et al. (1995)
found that for any plant tissue, the intrinsic (fracture) tough-
ness of cell walls linearly increases with the wall volume frac-
tion. Hence, ethanol treatment may reduce the increase in
spear toughness by impeding development of secondary cell
walls, which includes both the accumulation of structural car-
bohydrates and lignification. It is probable that this effect of
ethanol on carbohydrate accumulation may contribute to the
growth repression observed in intact potted ornamentals
(Miller and Finan 2006; Mibus et al. 2014).

Ethanol treatment clearly also results in an unspecified re-
duction of protein contents in carnation (Podd et al. 2002) and
cucumber (Saltveit 1994; Saltveit et al. 2004). According to
Saltveit et al. (2004), this effect mainly results from the inhi-
bition of de novo protein synthesis. In the present experiment,
cell wall protein content remained constant in stored controls,
while it declined in ethanol-treated spears. Podd et al. (2002)
concluded that the inhibition of protein synthesis may
“prevent enzyme-mediated reactions as well as growth and
development”. This, of course, should also include overall
accumulation of all major cell wall components.

On the other hand, cell wall proteins are generally impor-
tant components of both primary and secondary cell walls
(Reiter 2002), constituting approx. ten percent of the wall in
growing cells (Wolf et al. 2012). Besides their involvement in
cell wall biosynthesis and in signalling, structural proteins are
important for cell wall biomechanical properties (Wu and
Cosgrove 2000). It is long known that these proteins are in-
volved in cell wall strengthening responses to, for example,
osmotic (Marshall et al. 1999), drought (Neumann 1995) or
cold (Gomez Galindo et al. 2004) stress. Hence, ethanol-
induced reduction of cell wall protein content may directly
contribute to the observed retardation of spear toughening.

Short-term washing in 50 % ethanol solution can be easily
incorporated into asparagus processing. It has been shown that
this treatment is long enough to reduce pathogen contamina-
tion (Herppich et al. 2014). Thus, additional ethanol washing
of spears may be economically advantageous and effectively
introduced in practice.

Conclusion

Short-term (30 or 90 s) washing with 50 % ethanol solution at
10 °C partially reduced toughening of fresh white asparagus

@ Springer

spears. Hence, ethanol washing, which can be easily incorpo-
rated into practical processing, seems to be a promising ap-
proach to optimize quality maintenance of spears.

In asparagus spears, ethanol primarily inhibited the synthe-
sis of components of secondary cell walls (cellulose and hemi-
cellulose). Compared to the structural carbohydrates, inhibito-
ry effects of ethanol on lignin formation were less pro-
nounced. Main elements of primary cell walls were also less
affected (pectins) and the cell wall protein content reduced by
ethanol exposure. Hence, the underlying metabolism, espe-
cially enzyme-mediated spear toughening processes, requires
further investigation.
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