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Introduction

The physiological disorder HH (hyperhydricity) occurs fre-
quently in tissue culture (Rojas-Martínez et  al. 2010) and 
occasionally under ex vitro conditions (Correll et al. 2000; 
Du Chatenet et  al. 2000). Hyperhydric tissues are charac-
terized by a high water content. Under natural conditions, 
fluctuations in water content of plant tissues are related to 
changes in the size of cells (Canny and Huang 2006). In 
correspondence with this, it was believed that the excess 
of water in hyperhydric tissues was related to swelling of 
the cells. The swelling was supposedly caused by reduced 
wall pressure brought about by a reduction in the levels of 
cellulose and lignin (George 1996). More recently, though, 
it has been observed that in hyperhydric tissues the extra 
water replaces the air in the apoplast (Gribble et al. 1998; 
Van den Dries et al. 2013). The apoplast consists of the cell 
wall continuum and the intercellular spaces (for a review 
on the terminology, see Canny 1995).

Because of the flooding of the apoplast, gas exchange 
by cells becomes severely inhibited and as a result the 
cells suffer from anaerobiosis and accumulation of gases 
like ethylene (Gribble et  al. 2003; Van den Dries et  al. 
2013). The poor gas exchange leads to the symptoms of 
HH. In Arabidopsis seedlings, severe HH leads to dying 
off 3 weeks after the first visible symptoms (Van den Dries 
et al. 2013). Evidently, the excess of water is brought about 
by too much entering and/or too little removal of water. 
Thus, methods to reduce HH involve a reduction of water 
uptake (for example by increasing the concentration of gel-
ling agent, Delarue et al. 1997) or a stimulation of transpi-
ration [by reducing the relative humidity in the headspace 
of the tissue culture container, Saher et al. (2005)].

It is often maintained that plants in vitro do not transpire 
as the RH (relative humidity) is believed to be saturated. 
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However, the RH under normal tissue culture conditions 
is only 95–99.5% (Chen 2004; Saher et  al. 2005) and not 
100%. The transpiration in  vitro is a few percent of the 
transpiration under ex-vitro conditions (De Klerk 2010). 
Water transpires from plant tissues via the stomata and via 
the cuticle. The movement of water through the cuticle is 
strongly inhibited by a wax layer so that cuticular transpi-
ration is only small. In plants growing ex vitro, stomatal 
transpiration usually makes up more than 95% of the total 
transpiration (Kerstiens 1996).

Waxes are very long chain lipid molecules. There are 
two layers of cuticular wax: Wax embedded within the 
cuticle and wax on the outer surface (Buschhaus and Jet-
ter 2011). The former is designated as ‘intracuticular wax’ 
and the latter as ‘epicuticular wax’. Apart from being a 
barrier to water loss, these wax layers protect plants from 
pathogens and ultraviolet radiation. The synthesis of wax 
is blocked by TCA (trichloroacetate). In developing maize 
leaves, TCA inhibits the incorporation of 14C-acetate in  C32 
chains (Dewey et al. 1962). TCA reduces wax in both lay-
ers but at different rates.

A reduction of the wax layer enhances transpiration 
of water by the leaves, but the thickness of the cuticle is 
not exactly related to its effectiveness as barrier (Ker-
stiens 2006). In the present paper, we examine whether the 
symptoms of HH are reduced by stimulating transpiration 
through inhibiting wax synthesis and whether apoplastic air 
and water volumes show the relative amounts characteris-
tic for nonhyperhydric plants as reported by Van den Dries 
et al. (2013).

Materials and methods

Plant material and tissue culture conditions

Arabidopsis thaliana (Col-0) seeds were sterilized with 
70% (v/v) ethanol for 1 min, 2% (w/v) sodium hypochlo-
rite for 15  min and subsequently rinsed three times for 
10  min with sterilized distilled water. Sterile seeds were 
transferred to Petri dishes with half-strength MS basal salt 
mixture including vitamins (Murashige and Skoog 1962) 

supplemented with 1.5% (w/v) sucrose and solidified with 
0.7% (w/v) Microagar (all from Duchefa Biochemie, Haar-
lem, The Netherlands). Seeds were stratified in the dark 
for 3 days at 4 °C and after that germinated in a growth 
chamber with 16 h light/8 h dark (30 µmol m−2 s−1, Philips 
TL33) at 21 °C. To induce HH, 7-days-old seedlings were 
transferred to high Petri dishes (nine seedlings per dish) 
containing the same nutrient medium solidified with 0.2% 
(w/v) Gelrite (Duchefa Biochemie). Control seedlings were 
transferred to fresh nutrient medium solidified with 0.7% 
(w/v) Microagar. To both media, TCA was added as indi-
cated. Per condition, three dishes were prepared. The dishes 
were sealed with two layers of household foil. Photographs 
were made 14 days after transfer. At 14 days, all leaves (ca. 
10 leaves per seedling) were evaluated under the binocular 
with respect to HH; curled edges of the leaves and a dark 
green colour were used as criteria (Fig. 1). For each dish, 
the percentage of hyperhydric leaves was calculated and for 
each condition the mean of these percentages.

Estimation of the volumes of apoplastic water and air

Fourteen days after the transfer, apoplastic water was 
extracted from leaf tissues by mild centrifugation accord-
ing to Terry and Bonner (1980). Leaves were excised from 
plants, weighed and placed into a spin mini filter microcen-
trifuge tube (Starlab, Ahrensburg, Germany). Leaves were 
centrifuged at 3000×g for 20 min at 4 °C. Immediately after 
centrifugation, the leaves were reweighed. The presence of 
symplastic contamination in the apoplastic water was previ-
ously assessed by a malate dehydrogenase assay and found 
to be negligible (Van den Dries et al. 2013). The apoplastic 
water volume  (Vwater) in µl  g−1 FW was calculated using 
the formula: V

water
=

FW−W
ac

FW
, where FW = fresh weight 

(mg) of leaves and  Wac = weight (mg) of leaves after cen-
trifugation. The difference in weight in the numerator is the 
amount of water (in mg) that had been removed by centrif-
ugation. This amount was re-appraised as a volume taking 
the water density as 1 mg µl−1.

The volume of apoplastic air in leaves was estimated 
using a pycnometer with stopper (Raskin 1983). Leaves 
were excised, weighed and placed into the pycnometer. The 

Fig. 1  Normal (left) and hype-
rhydric (right) leaves of Arabi-
dopsis. The normal ones had 
grown for 10 days on medium 
solidified with 0.7% agar and 
the hyperhydric ones for 10 
days on medium solidified with 
0.2% Gelrite
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pycnometer was filled with distilled water and stoppered. 
Water on the exterior of the pycnometer was carefully 
removed with filter paper. The weight of the full pycnom-
eter (including water and leaves) was determined and the 
pycnometer with water and leaves was subjected to vacuum 
(500 mm Hg) for 5 min to remove air from the leaves and 
replace it by water. When required, the vacuum treatment 
was repeated until all air had been removed from the apo-
plast and the leaves had sunk to the bottom of the pycnom-
eter (Fig.  2). The leaves did sink to the bottom when air 
had been replaced by water because the specific gravity 
of the non-gaseous fraction in leaves is in the range 1–1.3 
(Roderick et al. 1999). After vacuum infiltration, the pyc-
nometer was refilled, dried and reweighed. The apoplastic 
air volume  (Vair) in µl g−1 FW was calculated using the fol-
lowing formula V

air
=

W
av
−W

bv

FW
, where  Wbv = weight (mg) of 

the pycnometer including leaves and water before vacuum 
infiltration,  Wav = weight (mg) of the pycnometer including 
leaves and water after vacuum infiltration and FW = fresh 
weight (g) of leaves; the water density was taken as 
1 mg µl−1. Care was taken that the temperature of the water 
remained constant.

The apoplastic water and air determinations were done 
with 4 and 3 samples respectively per condition. Each sam-
ple consisted of two shoots.

Determination of cuticular wax

Cuticular wax was measured gravimetrically according 
Silva Fernandes et  al. (1964). Leaves of 8 shoots were 
immersed, one shoot at a time, in 30  ml redistilled chlo-
roform for 30 s. The chloroform was allowed to evaporate 
for 24  h in an active hood and the residue was weighed. 
The amount of wax was calculated per  cm2 leaf surface. 
The leaf surface was determined using Image J4.40 (http://
rsbweb.nih.gov/ij/, 2013). Chloroform releases both intra- 
and epicuticular waxes, so the overall wax content was 
assessed (Walton 1990). For each condition, three samples 
of eight shoots were taken.

Measurement of WRC (water retention capacity)

The WRC of detached leaves was measured 14 days after 
transfer of seedlings to Gelrite or agar media according to 
De Klerk and Wijnhoven (2005) with minor modifications. 
Leaves excised from three seedlings and FW (fresh weight, 
mg) was measured  (FWstart). Leaves were then allowed to 
evaporate water at 22 °C and 48% relative humidity and 
were weighed (mg) after 30, 60 120 and 240  min  (FWt). 
DW (Dry weight, mg) was determined after keeping the 
leaves overnight in an oven at 70 °C. The water retention 
(WR) as a percentage of the total water at the start was cal-
culated according to the formula: 
WR

t
= 100 − 100 ×

(FW
start

−FW
t
)

(FW
start

−DW)
. For each treatment, the 

time required to achieve 50% water loss was estimated by 
extrapolation using the curves of the individual shoots. 
Each value is the mean of 3 determinations.

Statistics

For each parameter, the mean ± SE was determined. The 
number of biological replicates is indicated in the descrip-
tion of the method. Significant differences from the con-
trol were determined with the Student’s t-test and the 
levels of significance are shown in the graphs (*P < 0.05; 
**P < 0.01; ***P < 0.0001).

Results

TCA prevents the development of HH

In many crops, shoots cultured on medium solidified with 
Gelrite develop HH whereas shoots with agar as gelling 
agent show little or no symptoms of HH (De Klerk et al. 
2017). Accordingly, almost all Arabidopsis seedlings cul-
tured on Gelrite developed severe HH (Fig.  3b), but no 

Fig. 2  Leaves of Arabidopsis in a pycnometer before the vaccuum 
treatment (left) and after (right). The leaves were from seedlings 
growing on agar. Note that the leaves float on the surface of the water 
in the left picture, but have sunk to the bottom at the right photo. The 
leaves shown right have also turned darkgreen caused by filling the 
intercellular spaces by water. (Color figure online)

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
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or only little HH was observed with agar (Fig.  3a). The 
hyperhydric seedlings displayed the typical characteris-
tics of HH: brittle, dark green and curled leaves, a gla-
seous appearance and long petioles. After 18 days, the 
seedlings started bleaching and after 25 days, all seed-
lings grown on media with Gelrite had died (not shown).

Addition of TCA reduced the amount of wax from 
0.25 to 0.30 mg cm−2 to less than 0.1 mg cm−2 (Fig. 4). 
The severity of HH on medium with Gelrite decreased 
with an increase of the concentration of TCA in the nutri-
ent medium and at 1000  µM hardly any HH occurred 
(Fig.  3e). After 25 days, seedlings growing on Gelrite 
with 1000 µM TCA were green and alive (not shown).

To quantify the extent of HH, we scored whether 
leaves showed the characteristics of HH and the percent-
ages of hyperhydric leaves were calculated. In the experi-
ment shown in Fig.  5, we evaluated per condition 27 
plants having ca. 10 leaves each. The percentage of hype-
rhydric leaves at 1000 µM TCA (10.0%) was significantly 
(P < 0.001) lower than the percentage in agar-cultured 
seedlings (17.2%).

Fig. 3  HH in Arabidopsis seedlings treated with TCA. Seed-
lings were cultured for 7 days on 0.7% agar, and then transferred to 
fresh medium with 0.7% agar or to 0.2% Gelrite with 0, 10, 100 or 
1000 µM TCA. Photographs were taken 14 days after transfer of the 

seedlings. a Seedlings cultured on 0.7% agar exhibited no symptoms 
of HH. b Seedlings cultured on 0.2% Gelrite developed HH. c, d and 
e When TCA (10, 100 or 1000  µM respectively) was added to the 
Gelrite medium, the development of HH was reduced or prevented

Fig. 4  Amount of wax extracted by rinsing leaves for 30 s in chloro-
form. The leaves were from seedlings that had grown after transfer for 
14 days at 0.7% agar or 0.2% Gelrite with increasing concentrations 
of TCA



93Plant Cell Tiss Organ Cult (2017) 131:89–95 

1 3

Water status

Previously, we noted a large volume of air in the apoplast 
of agar-grown seedlings (80% of the volume of the apo-
plast) (Van den Dries et al. 2013). In the present research, 
this percentage was a little higher (90%). In hyperhydric 
Gelrite-grown plants, the apoplast was almost completely 
filled with fluid (70%). TCA reduced the amount of water 
in the apoplast and increased the amount of air (Fig.  6). 
The amount of apoplastic water in 1000-µM-TCA Gelrite-
cultured plantlets was even lower than in agar-cultured 
plantlets (P < 0.05).

We examined whether the decrease of wax did lead 
to an increased permeability of the cuticle for water. To 
this end, we determined water retention capacity (WRC) 
of detached leaves after transfer from the very high RH 
in  vitro (95–99.5%, Chen 2004; Saher et  al. 2005) to 
ambient RH (48%). If TCA influences the permeability 
for water, the WRC of TCA treated seedlings would be 
reduced. During the initial 30 min of exposure to ambient 

RH, the control seedlings (0  µM TCA) lost 35% of the 
water present in leaves, whereas 1000-µM-TCA grown 
seedlings lost 58%, so the loss was 65% higher (Fig. 7). 
In the control, the time point at which 50% water loss 
had been reached was 53  min, with 1000  µM this had 
decreased to 28 min. These data show that TCA strongly 
reduced WRC.

Discussion

The term HH indicates that plantlets that suffer from this 
disorder contain too much water. Accordingly, the dry 
weight percentage (DW%) of hyperhydric plants is lower 
than the DW% of unaffected plants although not much 
(Rojas-Martínez et  al. 2010). The underlying cause of 
HH has only occasionally been examined. Most articles 

Fig. 5  The percentage of leaves displaying HH symptoms 14 days 
after transfer to medium with 0.7% agar or to 0.2% Gelrite with 
increasing concentrations of TCA

Fig. 6  Amounts of water (a) 
and air (b) in the apoplast of 
leaves of seedlings 14 days after 
transfer to 0.7% agar or 0.2% 
Gelrite with increasing TCA 
concentration. Each value is the 
mean of four samples of nine 
seedlings ± SE

Fig. 7  Water content of detached eaves exposed to ambient atmos-
phere (48% RH). The leaves were from seedlings that had grown after 
transfer for 14 days at 0.7% agar or 0.2% Gelrite with increasing con-
centrations of TCA. The inset shows the time at which 50% water loss 
had been reached as determined by extrapolation
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on HH deal with tissue culture conditions that reduce the 
disorder or with the symptoms on the anatomical, bio-
chemical and, occasionally, molecular levels.

With respect to the cause(s) of HH, it should be noted 
first of all that the high water content of the tissue is the 
most essential feature since conditions that reduce uptake of 
water (e.g., a high concentration of gelling agent, Delarue 
et al. 1997) or increase the removal of water from the plant 
tissue (a reduction of the RH in the headspace, Saher et al. 
2005) prevent the development of HH. Why is the excess of 
water harmful and sometimes even lethal? The detrimental 
effect is attributable to the localization of the extra water in 
the apoplast. Gribble et al. (2003) and Van den Dries et al. 
(2013) discuss the effects of the abundance of water instead 
of air in the apoplast. The main consequence is a distortion 
of gas exchange because the diffusion of gases in water is 
10,000 times slower than in air (Jackson 1985). The ina-
bility to exchange gases is demonstrated by the occurrence 
of anaerobiosis in hyperhydric plants (Van den Dries et al. 
2013). Internal translocation of gases is essential for vascu-
lar plants. This concerns not only  O2 and  CO2 but also, e.g., 
gaseous hormones like methyl jasmonate and ethylene.

Next, the reason(s) why the apoplast is flooded should 
be considered together with possible treatments. As noted 
before, abundant entering and/or poor removal of water are 
central to the development of HH. The former is related 
to the type and concentration of the solidifying agent and, 
possibly, to the hydrophilicity of the walls of the xylem and 
the intercellular spaces (Raven 1996). The poor removal is 
brought about by the very high RH in the headspace and by 
a low permeability of the epidermis with respect to water 
due to properties of the stomata and the wax layer. The pre-
sent paper deals with the effect of a large increase of the 
permeability of the epidermis by adding TCA.

Dewey et  al. (1956) reported that spraying plants of 
Pisum sativum L. and Brassica with TCA inhibits wax dep-
osition. TCA decimates the incorporation of 14C-acetate in 
wax blocking the elongation between  C28 and  C30 and also 
between  C30 and  C32 (Mikkelsen 1978). TCA is being used 
as an herbicide: The TCA-treatment increases transpira-
tion and thereby causes wilting. When in our experiments 
Arabidopsis seedlings were treated with 1 mM TCA, a 70% 
reduction of wax observed (Fig. 4).

As noted before, plants in tissue culture also transpire 
water. As TCA increases the permeability (Fig.  7), this 
transpiration will increase, preventing the flooding of the 
protoplast and thereby the development of HH. At the 
highest concentration tested (1000  µM), HH had disap-
peared as judged by visual inspection (Figs. 3, 5) and by 
the amounts of water and air in the apoplast (Fig. 6). The 
most likely explanation is that the poor wax layer depos-
ited in the presence of TCA is relatively permeable for 
water. It can, however, not be excluded that TCA acts by 

having a positive effect on the stomata that are often in a 
poor condition in hyperhydric plants (e.g., Van den Dries 
et  al. 2013; Yu et  al. 2011). Remarkably, as judged by 
their visual appearance, the seedlings do no show nega-
tive side-effects at the highest TCA concentration tested. 
Finally, it should be noted that the causal relationship 
between closure of the stomata and flooding of the apo-
plast is not as straightforward as it seems since flooding 
of the apoplast brings about closure of the stomata (Sib-
bernsen and Mott 2010). In other words, the closure of 
the stomata may be both the cause and the effect of HH.

Plants without a wax layer will not survive after 
transplanting. The absence of a wax layer is unlikely a 
problem in commercial micropropagation as plants can 
be allowed to recover before exflasking during an addi-
tional subculture cycle and/or an in-vitro rooting step. It 
has been reported that there is no carry-over of the TCA 
effect after a pulse treatment. However, wilting caused 
by the absence of wax may also occur in  vitro during 
propagation in spite of the very high RH: we added TCA 
to shoot cultures of apple and they fully wilted in  vitro 
(Klerk and Pramanik, unpubl. results). Apparently shoot 
cultures (that have no roots; Arabidopsis seedlings do 
have roots) were not able to take up sufficient water from 
the solidified medium to replace water lost by the addi-
tional transpiration caused by TCA. When a layer of liq-
uid medium was added on top of the solidified medium, 
the induction of wilting by TCA was fully absent. These 
results indicate that practical use of TCA to prevent HH 
still requires extensive research.

Another potential application of TCA in tissue culture 
is easing of the uptake of medium components. Particu-
larly in liquid medium, medium components may enter 
the explants all over the surface of the TCA-treated shoots. 
Under normal tissue culture conditions uptake is problem-
atic for three reasons. (1) Under normal conditions, uptake 
is largely restricted to the cut surface due to the imperme-
ability of the cuticle (Guan and De Klerk 2000). (2) Moreo-
ver, within a few days after preparing the explant, uptake 
via the cut surface is strongly reduced by wound repair 
(Smulders et al. 1990; Wilms et al. 1990). (3) Finally when 
uptake occurs via the cut surface, the compounds have to 
be transported within the explant to the areas where growth 
occurs. About this transport nothing is known but it may 
well be problematic in many species (De Klerk 2010).
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