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Effect of air humidity on the development
of functional stomatal apparatus
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Abstract

Phaseolus vulgaris L. seedlings were grown under different air humidities simulating
conditions during micropropagation (very high humidity during in vitro cultivation
and low air humidity after transfer ex vitro). The functional stomatal apparatus
developed after a short period of growth at low air humidity at the beginning of plant
ontogeny or after transfer from high to low air humidity, but not in plants grown
steadily under high air humidity. The ability of stomata to regulate gas exchange was
not persistent and disappeared after transfer of plants from low to high humidity.
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Introduction

During in vitro cultivation plantlets grow under very special conditions: low
irradiance, low air turbulence, high air humidity, saccharides as carbon and energy
sources, large doses of growth regulators, etc. (for review see Pospisilova et al. 1992,
1996). These special conditions result in the formation of plants with abnormal
morphology, anatomy and physiology.

The transpiration rate of plantlets in situ is extremely low and the leaf water
potential corresponds to the water potential of the medium. The development of
cuticle and epicuticular waxes is retarded. Stomatal density in plantlet leaves may be
greater or smaller than in leaves of comparable plants grown ex vifro. Plantlet
stomata are often large and have a changed shape and structure. Guard cells in
plantlet leaves have thinner cell walls and contain more starch and chloroplasts
(Marin et al. 1988) and less calcium (Sallanon ef al. 1991) than those in leaves of ex
vitro grown plants. The stomata are often not able to close even when subjected to
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extreme levels of closing stimuli, e.g. dark, high concentration of CO,, low air
humidity and abscisic acid (ABA), or closure of stomata is not complete or is
extremely slow (Wardle ef al. 1979, Brainerd et al. 1981, Wardle and Short 1983,
Ziv et al. 1987, Marin et al. 1988, Pospisilova et al. 1988, Frommel ef al. 1991,
Preece and Sutter 1991, Diettrich ef al. 1992, Sallanon ef al. 1993, Santamaria ef al.
1993). The cause may be lack of ATPase activity detected at the plasmalemma
membrane of plantlet guard cells by Sallanon ef al. (1991). Stomatal conductance,
and stomatal and cuticular transpiration rates of leaves of plantlets taken out of the
cultivation vessels are very high (e.g Conner and Conner 1984, Pospisilova et al.
1987, 1988, 1989, 1992, Sutter 1988, Diettrich et al. 1992, Santamaria et al. 1993,
Santamaria and Kerstiens 1994) and this causes difficulties after transplanting
plantlets ex vitro.

On the other hand, the photosynthetic apparatus is usually not expressivelly
modified and the net photosynthetic rate of autotrophically grown plantlets is mainly
restricted by the low CO, concentration during the light period in the fairly air tight
cultivation vessels (e.g. Solarova 1989, PospiSilova et al. 1992, 1996, Buddendorf-
Joosten and Woltering 1994, Solarova et al. 1995).

The widespread use of micropropagation is restricted by high percentage of plants
lost or damaged in consequence of wilting during the acclimation to greenhouse or
field conditions. As air humidity seems to be the main limiting environmental factor,
it is of special importance to study in detail acclimation of plants to different levels
of air humidity.

Model experiments with bean plants grown under conditions simulating the in
vitro cultivation (Catsky et al. 1995) proved that the development of functional
photosynthetic apparatus requires in addition to light also a short period of increased
CO, concentration at the beginning of plant ontogeny. Simultaneously the model
plants grown under high air humidity had high conductances of adaxial and abaxial
epidermes and high transpiration rate similarly as the plantlets grown in virro.

The aim of further experiments was to find /) if a period of decreased air humidity
is essential for the development of functional stomatal apparatus, 2) how long this
period has to be, and 3) how steady is the developed stomatal apparatus. The results
are presented in this paper.

Materials and methods

Seeds of French bean (Phaseolus vulgaris L. cv. Jantar) were germinated in Petri
dishes on filter paper soaked with distilled water. After 4 d, seedlings were placed
into holes in porcelain holders in 4500-cm3 glass vessels, each containing 1000 cm3
of the Hewitt nutrient solution that was changed every third day. The plants were
grown in a growth cabinet at an irradiance of 450 umol m-2 s-1, photoperiod 12 h.
During the further 4 d, the plants were grown either in two closed vessels under high
relative humidity of air (92 - 94 %), temperatures of 27 - 29 °C, and CO,
concentration decreasing with the development of photosynthetic activities during
plant ontogeny (from 1200 to 300 mg m-3) or in two open vessels under CO,
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concentrations of ca. 700 mg m-3, relative air humidity 30 - 35 % and temperature
25 - 26 °C. After this period one of the closed vessels was opened and one of the
opened vessels was closed. Under these conditions the plants were grown for further
7 d. A longer treatment was not possible as after this period some signs of senescence
of plants grown steadily under high humidity were observed. In addition the
secondary leaves started to shade primary leaves.

Stomatal conductances of abaxial and adaxial epidermes of primary leaves were
measured by a diffusion porometer Delta-T (type Mk3, Delta-T Devices, Cambridge,
UK) at a temperature of 25 °C, irradiance of 860 pmol m-2 s-1, and relative air
humidity of 40 - 50 %. At least 6 leaves from 3 plants were measured at each
treatment and time and experiments were repeated six times. Under the same
environmental conditions water loss curves were measured gravimetrically on
30 leaves that were originally fully turgid. These measurements were done for
comparing wilting of plants growing in conditions simulating the in vitro culture and
of plantlets in vitro (leaves of which were often not suitable for porometric
determination of stomatal conductance).

Results and discussion

Bean seedlings were grown on mineral medium in environment simulating the
conditions during micropropagation. Plants grown under high air humidity roughly
corresponded to the plantlets cultivated in vitro and the transfer from high to low
humidity simulated the transfer from in vitro to ex vitro conditions. Plants grown
under low humidity corresponded to seedlings grown ex vitro. The transfer from low
to high humidity was done with the aim to determine the stability of developed
stomatal apparatus.

Transpiration rate of young seedlings grown for 4 d under high as well as low air
humidity was rather high when measured under irradiance 860 pmol m2 s,
temperature 25 °C and relative air humidity 40 %. However, during further growth
the transpiration rate of plants grown under low air humidity considerably decreased
while that of plants grown under high air humidity increased (Fig. 1). Consequently
the leaves of plants grown steadily under high air humidity quickly wilted similarly
as the leaves of plantlets grown in vitro. The shape of water loss curves of leaves of
bean plants grown steadily under high humidity was similar to that of water loss
curves of leaves of tobacco plantlets grown in vitro. The shape of water loss curves
of leaves of bean plants grown steadily under low humidity corresponded to that of
water loss curves of leaves of tobacco seedlings grown under low air humidity in air-
conditioned chamber or of leaves of tobacco plantlets acclimated (for 3 weeks) to
low air humidity after transplantation (PospiSilova ez al. 1987, 1988). It is possible to
suppose that high transpiration rate of plants grown under high air humidity was
caused by retardation in development of cuticle as well as ability of stomata to
regulate gas exchange as it was supposed for leaves of plantlets grown in vitro.

Adaxial and abaxial stomatal conductances (g,q and g,,) of leaves of bean plants
grown continually under low air humidity increased at the beginning of plant
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ontogeny, reached maximum 7 d after the beginning of treatment (11 d from the
beginning of germination) and then slightly decreased (Fig. 2). The ontogenetic
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Fig. 1. Comparison of transpiration curves (changes in relative water content after cutting of fully
water saturated primary leaves) of bean plants grown for 4, 8 and 11 d at low (fop) or high (bottom)
air humidity. Transpiration curves were measured under irradiance 860 pumol m? s, temperature
25 °C and relative air humidity 40 %. Means of 30 leaves, S.E. were from 0.1 to 2.6 %.

courses of g4, gap Or total epidermal conductance (gep) (Fig. 3) were in a good
agreement with the ontogenetic course of g, observed in bean plants grown in air-
conditioned chamber or in greenhouse (for review see Catsky et al. 1985). Similar
ontogenetic course of g, of leaves of bean plants grown continually under high
humidity was also found but all the values of g, were much higher. Much higher
were also values of g,q which rose during the whole treatment period. Plants
transferred from high air humidity to low humidity gradually acclimated to low
humidity: g,4 and g, gradually decreased and after 7 d they were similar to those of
plants grown continually under low air humidity. This acclimation was in agreement
with the acclimation of plantlets transplanted from in vitro culture to ex viiro, e.g. of
Brassica (Grout and Aston 1977, Wardle et al. 1979), Leucaena (Dhawan and
Bhojwani 1987), Nicotiana (PospiSilova et al. 1988), Prunus (Drew et al. 1992),
Saintpaulia (Short et al. 1984) and Solanum (Conner and Conner 1984, Baroja
Fernandez 1993) but acclimation of these plants was slower than that of bean plants.
The rate of acclimation was species specific. In addition, bean seedlings were very
young (8 d) when they were transferred and so the period of growth under high
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humidity was much shorter than in the case of in vitro cultivated plantlets. When
plants grown at the beginning of their ontogeny under low air humidity were
transferred to high air humidity, their g,4 and g, increased (Fig. 2). The acclimation
from low to high humidity lasted similar period as acclimation from high to low air

humidity.
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Fig. 2. Conductances of adaxial and abaxial epidermes of primary leaves of bean plants grown for
4, 7 and 11 d at high (H) or low (L) air humidity, for 4 d at high and for further 3 or 7 d at low
humidity (HL) or for 4 d at low and for further 3 or 7 d at high humidity (LH). Irradiance during
measurement 860 pmol m? s-, temperature 25 °C and relative air humidity 50 %. In bean leaves
abaxial conductance is much higher than adaxial conductance (see y-axis scale). Bars indicate average
SEE.
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Fig. 3. Total epidermal conductance of primary leaves of bean plants grown for 4, 7 and 11 d at high
(H) or low (L) air humidity, for 4 d at high and for further 3 or 7 d at low humidity (HL) or for 4 d at
low and for further 3 or 7 d at high humidity (LH). Irradiance during measurement 860 pmol m?2 s°1,
temperature 25 °C and air humidity 50 %. Bars indicate S.E.

The ability of stomata to regulate water loss was further tested by dipping petioles
of cut leaves into 0.1 mM ABA solution for 1 h. In all cases g after treatment with
ABA was lower but the percent decrease was much higher in leaves grown
continually under low air humidity than under high humidity and intermediate in
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plants grown under low—high or high—low humidities (Fig. 4). The low sensitivity
of bean plants grown under high air humidity to ABA is also in good agreement with
low sensitivity to ABA of plantlets grown in vitro.
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Fig. 4. Changes in total epidermal conductance of primary leaves of bean plants grown for 11 d at
high (H) or low (L) air humidity, for 4 d at high and for further 7 d at low humidity (HL) or for 4 d at
low and for further 7 d at high humidity (LH) induced by dipping leaf petioles in 0.1 mM solution of
abscisic acid for 1 h. Bars indicate S.E.

However, the effect of air humidity can be indirect. Stomata respond rather to the
rate of transpiration than to air humidity per se (Mott and Parkhurst 1991, Monteith
1995). Therefore the cause of retardation of development of stomatal apparatus under
high air humidity may be the very low transpiration rate.

In conclusion, the functional stomatal apparatus develops after a short period of
treatment with low air humidity (a short period of increased transpiration rate).
However, the ability of stomata to regulate gas exchange is not persistent and
disappears again after transfer of plants into high air humidity. On the other hand, the
already developed photosynthetic apparatus remains functional in plantlets growing
under low ambient CO, concentration (Catsky ef al. 1995).

References

Baroja Fernandez, E.: [Water Relations and Photosynthetic Activities of Potato Plants Cultivated ir
Vitro.] - Thesis, University of Navarra, Pamplona 1993. [In Span.]

Brainerd, K.E., Fuchigami, L H., Kwiatkowski, S., Clark, C.S.: Leaf anatomy and water stress of
aseptically cultured 'Pixy' plum grown under different environments. - HortScience 16: 173-175,
1981.

Buddendorf-Joosten, JM.C., Woltering, E.J.: Components of the gaseous environment and their
effects on plant growth and development in vitro. - Plant Growth Regul. 15: 1-16, 1994,

Catsky, ., Pospisilova, J., Solarova, J., Synkova, H., Wilhelmova, N.: Limitations on photosynthesis
under environment-simulating culture in vitro. - Biol. Plant. 37: 35-48, 1995.

Catsky, J., Solarova, J., PospiSilova, J., Ticha, J.: Conductances for carbon dioxide transfer in the
leaf. - In: Sestik, Z. (ed.): Photosynthesis during Leaf Development. Pp. 217-249. Academia,
Praha 1985.

Conner, LN., Conner, A.J.: Comparative water loss from leaves of Solanum laciniatum plants
cultured in vitro and in vivo. - Plant Sci. Lett. 36: 241-246, 1984.

202



DEVELOPMENT OF FUNCTIONAL STOMATAL APPARATUS

Dhawan, V., Bhojwani, S.S.: Hardening in vitro and morpho-physiological changes in the leaves
during acclimatization of micropropagated plants of Leucaena leucocephala (Lam.) De Wit. -
Plant Sci. 53: 65-72, 1987.

Diettrich, B., Mertinat, H., Luckner, M.: Reduction of water loss during ex vitro acclimatization of
micropropagated Digitalis lanata clone plants. - Biochem. Physiol. Pflanz. 188: 23-31, 1992,

Drew, AP., Kavanagh, K.L., Maynard, C.A.: Acclimatizing micropropagated black cherry by
comparison with half-sib seedlings. - Physiol. Plant. 86: 459-464, 1992.

Frommel, M.1,, Nowak, J., Lazarovits, G.: Growth enhancement and developmental modifications of
in vitro grown potato (Solanum tuberosum ssp. tuberosum) as affected by a nonfluorescent
Pseudomonas sp. - Plant Physiol. 96: 928-936, 1991.

Grout, B.W.W., Aston, M.J.: Transplanting of cauliflower plants regenerated from meristem culture.
1. Water loss and water transfer related to changes in leaf wax and to xylem regeneration. - Hort.
Res. 17: 1-7, 1977,

Marin, J.A., Gella, R., Herrero, M.. Stomatal structure and functioning as a response to
environmental changes in acclimatized micropropagated Prunus cerasus L. - Ann. Bot. 62: 663-
670, 1988.

Monteith, J.L.: A reinterpretation of stomatal responses to humidity. - Plant Cell Environ. 18: 357-
364, 1995.

Mott, K.A., Parkhurst, D.F.: Stomatal responses to humidity in air and helox. - Plant Cell Environ.
14; 509-515, 1991

Pospisilova, J., Catsky, I, Sestak, Z.; Photosynthesis of plants cultivated in vitro. - In: Pessarakli, M.
{ed.): Handbook of Photosynthesis. Marcel Dekker, New York 1996,

Pospisilova, J., Catsky, ., Solarova, J., Ticha, I.: Photosynthesis of plant regenerants. Specificity of
in vitro conditions and plantlet response. - Biol. Plant. 29: 415-421, 1987.

Pospisilova, 1., Solarova, J., Catsky, J., Ondfej, M., Opatmy, Z.: The photosynthetic characteristics
during the micropropagation of tobacco and potato plants. - Photosynthetica 22: 205-213, 1988,
Pospisilova, J., Solarova, I, Catsk)'f, J.. Photosynthetic responses to stresses during in vitro

cultivation. - Photosynthetica 26: 3-18, 1992,

Pospisilova, I., Ticha, I, Catsk)'f, I, Solarova, J., Ondfej, M.: Photosynthesis in regenerants of
tobacco transformed by plasmids of Agrobacterium. 3. Transplanted plants. - Photosynthetica 23:
130-135, 1989.

Preece, J.E., Sutter, E.G.: Acclimatization of micropropagated plants to the greenhouse and field. - In:
Debergh, P.C., Zimmerman, R H.: Micropropagation. Technology and Application. Pp. 71-93.
Kluwer Academic Publishers, Dordrecht - Boston - London 1991.

Sallanon, H., Laffray, D., Coudret, A.: Ultrastructure and functioning of guard cells of in vitro
cultured rose plants. - Plant Physiol. Biochem. 29: 333-339, 1991.

Sallanon, H., Tort, M., Coudret, A.: The ultrastructure of micropropagated and greenhouse rose
plants. - Plant Cell Tissue Organ Cult. 32: 227-233, 1993,

Santamaria, J M., Davies, W.J., Atkinson, C.J.: Stomata of micropropagated Delphinium plants
respond to ABA, CO,, light and water potential, but fail to close fully. - J. exp. Bot. 44: 99-107,
1993.

Santamaria, J. M., Kerstiens, G.: The lack of control of water loss in micropropagated plants is not
related to poor cuticle development. - Physiol. Plant. 91: 191-195, 1994.

Short, K.C., Wardle, K., Grout, BW., Simpkins, L. In vifro physiology and acclimatization of
asseptically cultured plantlets. - In; Novak, F.J., Havel, L., DoleZel, J. (ed.): Plant Tissue and Cell
Culture Application to Crop Improvement. Pp. 475-486, Inst. Exp. Bot. Czechoslov. Acad. Sci.,
Prague 1984.

Solarova, J.. Photosynthesis of plant regenerants. Diumal variation in CO, concentration in
cultivation vessels resulting from plantlets photosynthetic activity. - Photosynthetica 23: 100-107,
1989.

203



J. POSPISILOVA

Solarova, J., Soutkova, D., Ullmann, J., PospiSilova, J.: In vitro culture: environmental conditions
and plantlet growth as affected by vessel type and stopper material. - Zahradnictvi 26: in press,
1996.

Sutter, E.: Stomatal and cuticular water loss from apple, cherry, and sweetgum plants after removal
from in vitro culture. - J. amer. Soc. hort. Sci. 113: 234-238, 1988.

Wardle, K., Quinlan, A., Simpkins, I.: Abscisic acid and the regulation of water loss in plantlets of
Brassica oleracea L. var. botrytis regenerated through apical meristem culture. - Ann. Bot. 43:
745-752, 1979.

Wardle, K., Short, K.C.: Stomatal response of in vitro cultured plantlets. I. Responses in epidermal
strips of Chrysanthemum to environmental factors and growth regulators. - Biochem. Physiol.
Pflanz. 178: 619-624, 1983.

Ziv, M., Schwartz, A., Fleminger, D.: Malfunctioning stomata in vitreous leaves of carnation

(Dianthus caryophyllus) plants propagated in vifro; implications for hardening. - Plant Sci. 52:
127-134, 1987.

204



