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ABSTRACT

Exposure of plant tissue culture media to light from fluorescent
bulbs changed the growth regulafing properties of the media. The
light caused nutrient medium-dependent photosensitized degra-
dation of the phytohormone indole-3-acetic acid and other media
components. Photochemical changes in culture media were
caused by light from 290 to 450 nanometers and were prevented
with a yellow long-pass filter. The use of appropriately filtered
light when culturing plant material can eliminate unnecessary
variability by stabilizing the culture media composition.

The ability to grow and manipulate plant cells in culture
has led to important applications in basic research and in
agriculture. For example, plant tissue culture has been crucial
to progress in genetic transformation of plants (17). Tissue
culture techniques are also being used for commercial plant
propagation and for variety development (20, 25). However,
not all plants can be readily cultured, and many of those that
can be cultured exhibit high levels of variation as a result of
the culture process. Genetic change, or somaclonal variation,
is one type of variability that occurs frequently in cultured
cells and tissues (1 1, 20, 21, 23). This type of instability is
undesirable where genetic fidelity is required, as is usually the
case. Moreover, genetic and somatic variation may limit many
tissue culture applications because it makes results difficult to
reproduce.

Several factors have been implicated as origins of variability
in plant tissue cultures. These include factors such as tissue
source, media components, genotype, environment, and cul-
ture age (1 1, 21, 23). Factors which should be amenable to
careful control, such as media components and environmen-
tal conditions, continue to be a sometimes unsuspected source

of variability. Plant tissues and cells are usually grown on
defined media in which the chemical nature and amounts of
all components are known when the media are first prepared.
However, once culture media are exposed to plant material,
the medium composition changes as cells metabolize com-

ponents, perhaps explaining tissue density-related differences
in growth of cell cultures (3). Furthermore, abiotic factors
such as light and heat can change the chemical composition
of culture media (1, 6, 7, 9, 27).
Changes in growth regulator levels are ofparticular concern

since excised plant tissues and cells are generally incapable of
synthesizing their own growth regulators, which must there-
fore be provided in the culture medium. Auxins and cytoki-

nins are probably the most critical regulatory substances
involved in coordinating growth and development ofcultured
plant tissues. The natural auxin IAA is degraded rapidly in
culture media and often is not very effective in supporting
sustained growth of cultured plant tissues. This has led to the
widespread use of more stable synthetic auxin-like growth
regulators such as 2,4-D. However, although 2,4-D is very
active in stimulating the growth of cultures, it has been
associated with decreased regeneration and increased chro-
mosomal abnormalities relative to those observed when IAA
is used (5, 25, 26).
As an alternative to the use of synthetic auxin-like growth

regulators we have been exploring ways to stabilize the levels
ofIAA supplied to cultures (15). As much as 90% of the IAA
initially present in a standard Murashige and Skoog nutrient
medium can be photochemically degraded within a few days
in the absence of plant tissue (1, 7, 9). Since plant cultures
are often grown in the light for weeks between subcultures,
light-induced changes in growth regulator level could contrib-
ute significantly to variations in the growth and development
of tissue cultured cells. This paper describes an efficient and
simple method for eliminating nutrient media-catalyzed pho-
tochemistry which improves the stability of the media and
results in improved plant tissue growth.

MATERIALS AND METHODS

Plant Material

Seeds of Arabidopsis thaliana Columbia wild type and
tomato (Lycopersicon esculentum Mill. cv Marglobe) were
surface-sterilized for 15 to 20 min in 30% (v/v) commercial
bleach. After rinsing with sterile water, Arabidopsis seeds were
germinated and grown on hormone-free media in polystyrene
Petri dishes at 22 to 24°C with continuous illumination (65
Amolm-2.s-' PPFD). Growth media contained Murashige
and Skoog nutrients (22), 0.8% agar, 3% (w/v) sucrose for
Arabidopsis, or 1% sucrose for tomato seed germination. The
pH of all media was adjusted to 5.8 prior to autoclaving.
Tomato seeds were germinated in darkness.
For root growth assays 3-d-old Arabidopsis seedlings were

transferred to Petri dishes containing growth media and the
indicated growth regulators. The root tip positions were
marked. The Petri dishes were oriented vertically so the roots
grew on the agar surface. The increase in root lengths were
measured after 2 d in darkness at 23°C (10).

Leafexplants were used as the tissue source for tissue culture
experiments with Arabidopsis. Leaf tissue was excised above
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Figure 1. Light absorption properties of Murashige and Skoog nu-
trient media and components. Trace A, hormone-free liquid nutrient
medium; trace B, 100 AM FeSO4.7H20 and 100 AM Na2EDTA; trace
C, 100AM NH4NO3 and 100 AM KNO3; trace D, 50 AM IAA; trace E,
100 AM FeSO4.7H20. All solutions were adjusted to pH 5.8 with HCI
or NaOH.

the petiole from rosette leaves of 20-d-old aseptically grown
plants. For tomato, hypocotyl explants (1 cm) were taken
from 7-d-old aseptically grown etiolated seedlings (15).
The explants from both plants were cultured at 22 to 24°C
with continuous illumination in polystyrene Petri dishes
on medium containing Murashige and Skoog nutrients (22),
3% (w/v) sucrose, 0.8% agar, 30 Mm IAA, and 10 ,M
N6-[2-isopentenyl]adenine.

Light Treatments

Light was supplied from cool-white fluorescent lamps (Gen-
eral Electric F96T1 2-CW). The PPFD at the surface of the
Petri dishes was measured with a Li-185B quantum photom-
eter (LiCor, Inc.). Light levels were varied by changing the
distance from the source. The long-pass filters used are ex-
pressed here as the longest wavelength at which light trans-
mission is below 0.1% of incident light as determined with a
Hewlett Packard Diode Array Spectrophotometer. The 290
nm cutoff was provided by the polystyrene Petri dishes used
for all experiments and corresponds to our standard unfiltered
light conditions. Clear plexiglass (3.18-mm thick, Rohm and
Hause) provided the 340 nm cutoff. Acrylic UF-3 and Yellow-
2208 (3.18-mm thick, Polycast Technology Corp.) were the
388 and 454 nm filters, respectively. Absorbance spectra were
measured for liquid nutrient solutions at pH 5.8.

IAA Degradation

IAA degradation was monitored two ways. One method
measured the absorbance increase at 251 nm which is char-

acteristic of the formation of 3-methyleneoxindole by oxida-
tion of IAA (2, 24). Absorbance changes were calculated by
subtracting spectra of dark controls from light-treated sam-
ples. IAA degradation was also monitored by assaying IAA-
induced inhibition of Arabidopsis root growth (10).

RESULTS AND DISCUSSION

To investigate the photochemistry involved in light-induced
IAA degradation, we analyzed the light absorption properties
of materials used for plant tissue culture. The absorption
spectra of Murashige and Skoog medium and the light-ab-
sorbing components of such media are shown in Figure 1.
Hormone-free medium absorbs light from 220 to about 450
nm. No light absorption was detected between 450 and 700
nm. Analysis of individual medium components showed that
light absorption by the nutrient media is mostly due to Fe-
EDTA and nitrate salts. Unchelated iron also absorbs light
but to a lesser degree. None of the other component salts
absorb light significantly between 220 and 700 nm. Growth
regulators such as auxins contribute to UV absorption as
indicated by the absorption spectrum of IAA.

Transmission spectra of several common plant culture ves-
sels are shown in Figure 2. With the exception of containers
made from polypropylene the culture vessel materials screen
out most of the UV light below 300 nm. Because light
absorption by IAA occurs mostly below 300 nm, IAA degra-
dation by direct absorption of light is largely prevented by
typical culture vessels. All ofthe containers examined transmit
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Figure 2. Transmission spectra of different types of plant tissue
culture containers. Trace A, glass Petri dish; trace B and D, polysty-
rene Petri dishes from two sources; trace C, polycarbonate Magenta
vessel; trace E, polypropylene Magenta vessel cover.
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Table I. Protection of IAA from Photodegradation by Long-Pass
Light Filters

The absorbance increase at 251 nm is characteristic of the for-
mation of 3-methyleneoxindole by oxidation of IAA (2, 24). Liquid
Murashige and Skoog medium containing 100 AM IAA was incubated
in polystyrene Petri dishes for 6 d at 230C in continuous light at 65
mol. m-2 s1 at the surface of the Petri dishes. The 290 nm cutoff

is from the polystyrene Petri dishes.
Filter Cutoff A251

nm

290 0.590
340 0.480
388 0.320
454 0.030

light longer than about 300 nm. The different materials
showed some variation in the extent of transmittance to UV-
A (320-400), but transmittance to photosynthetically active
radiation (400-700 nm) was usually between 80 and 95% of
the incident radiation.

Because typical culture container materials do not block
light between 300 and 450 nm, a region ofthe spectrum where
nutrient media absorb light, photochemistry in the media is
possible when using such vessels. The light-absorption prop-
erties of plant culture materials shown here are consistent
with the earlier demonstration that iron and nitrate, the major
light-absorbing components of Murashige and Skoog-based
culture medium (Fig. 1), can catalyze light-induced IAA deg-
radation (7).
We tested a series of long-pass light filters for their ability

to prevent photochemical degradation of IAA in Murashige
and Skoog medium (Table I). The greatest protection occurred
when all wavelengths less than 450 nm were blocked. Al-
though there was relatively little absorption by the media
between 388 and 450 nm (Fig. 1), blocking light below 388
nm decreased IAA degradation by approximately 50%. Since
root growth is very sensitive to IAA exposure, we measured
Arabidopsis root growth on IAA-containing nutrient media
that had been exposed to different light conditions. When
Murashige and Skoog medium containing IAA was incubated
in unfiltered light for 10 d IAA activity was lost, but when it
was incubated under light filtered through yellow acrylic
(which blocks wavelengths below 454 nm) IAA activity was
unaffected (Fig. 3). The apparent I5o for IAA-induced inhibi-
tion of root growth shifted from 0.06 Mm on media incubated
in darkness and under yellow-filtered light to 7.4 Mm on media
incubated under unfiltered light. Other experiments with the
root growth assay and UV absorbance measurements showed
that the yellow light filter prevented IAA degradation in the
absence of tissues for at least 25 d (data not shown).
Slow release formulations of IAA have been suggested as a

possible means of controlling IAA levels (7, 14, 15). In pre-
vious work we showed that conjugates of IAA could be used
as slow release sources of IAA (14, 15). One of the attractive
features ofIAA conjugates is that many ofthem are protected
from peroxidative attack (2, 24). Unfortunately, UV spectra
of light-treated Murashige and Skoog media containing IAA-

alanine, IAA-glycine, IAA-aspartate, or IAA-phenylalanine
showed these compounds to degrade to the same extent as
did free IAA (data not shown). Thus, conjugation does not
protect the IAA moiety from the nonspecific photosensitized
degradation that occurs in culture medium incubated in un-
filtered fluorescent light.
We also observed that the photochemical activity of plant

nutrient culture media led to growth inhibition when no
phytohormones were used (Fig. 4). Prior incubation of hor-
mone-free Murashige and Skoog medium for 21 d in unfil-
tered light at 65 Omol.m-2 s-' resulted in 53% inhibition of
Arabidopsis root growth compared with roots grown on media
previously incubated in darkness. Yellow-filtered light did not
cause the medium to become inhibitory to root growth.
However, light-induced inhibition in hormone-free controls
was not significant at the lower light level and shorter exposure
used in the experiment in Figure 3.

In experiments with cultured Arabidopsis leaf and tomato
hypocotyl tissue we observed growth differences when the
tissues were cultured under yellow-filtered and unfiltered light
(Fig. 5). Growth of the tissue explants was three to four times
greater under yellow-filtered light than under unfiltered light.
Growth under yellow-filtered light was similar to the growth
observed in unfiltered light when IAA levels were maintained
by frequently transferring the tissues to fresh medium (Fig.
5). Under yellow-filtered light, frequent renewal of the media
also improved growth compared with the untransferred tissues
but to a lesser degree than the same treatments under unfil-
tered light. The differences between transferred and untrans-
ferred tissue in the yellow light was probably due to metabo-

IAA (M)

Figure 3. Inhibition of Arabidopsis root growth on IAA-containing
nutrient medium previously exposed to different light conditions.
Unfiltered light (0), yellow-filtered light (A), darkness (0). Each point
represents the mean of eight measurements ± SE. PPFD at the
surface of the culture dishes was 25 Mmol.m-2 . S for the light
treatments. Yellow acrylic was used as the light filter.
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Figure 4. Inhibition of Arabidopsis root growth by prior exposure of
hormone-free nutrient medium to light. The experiment was carried
out as in Figure 3, except that the medium lacking hormones was
incubated for 21 d prior to placing the seedlings on it, and the light
was increased to 65 Umol. m-2- s-1. Data represent the mean of 10
measurements ± SE. Unfiltered light rendered the media inhibitory to
Arabidopsis root growth whereas yellow-filtered light was almost
without effect.

light, consistent with the idea that commonly used fluorescent
light sources are stressful to cultured plant tissues ( 18).
We have not yet determined what photochemical changes

are responsible for the inhibition of root growth observed in
hormone-free medium (Fig. 4) nor the mechanisms involved
in the photochemistry of plant culture media. However, UV
spectra of light-induced IAA degradation products showed a
marked increase in absorption at 251 nm indicative perhaps
of 3-methyleneoxindole, the major product formed by per-
oxidase-catalyzed oxidation of IAA (2, 24; Table 1). Further-
more, many photosensitizers react with molecular oxygen to
form reactive species such as superoxide and singlet oxygen
(4, 8, 19). Thus it seems probable that photosensitized oxi-
dations catalyzed by nutrient media lead to degradation of
IAA and possibly to alterations in other media components.
Action spectra and mechanisms of the media-catalyzed pho-
tochemistry are being investigated.

Plant tissue cultures have become an indispensable tool for
both commercial and research applications. Unfortunately,
current practices of controlling plant tissue growth, such as
by adjusting the auxin to cytokinin ratio with unstable hor-
mone sources, is such an empirical procedure that it ap-
proaches an art. When it works it can work well, but failures
leave little recourse. Any steps that remove sources of varia-
tion and stress are certainly desirable. Preventing photochem-
ical changes in culture medium, such as those leading to IAA
degradation, eliminates an otherwise uncontrolled source of

lism of media components by the untransferred tissues. How-
ever, the larger difference between the transferred and
untransferred tissue under unfiltered light, compared with the
difference under filtered light, indicates that the media was
altered more by light than by the tissue itself. Furthermore,
the slightly different responses of tomato and Arabidopsis
might also be due to differences in their rate of metabolism
of IAA. From these observations and the rapid degradation
of IAA by unfiltered light (Table I), it would appear that the
increased growth under yellow-filtered light was related to
improved stability of IAA. However, it must be realized that
the levels of all media components were renewed and that
metabolic products were also removed with each transfer.

It remains possible that some aspects of growth under the
filtered light are due to removal of the growth-inhibiting
effects UV and blue light have on plant tissues (12, 18).
Action spectra for various blue light responses are known to
have two maxima, one in the near UV between 370 and 380
nm and another in the blue region between 400 and 500 nm
(16). It is unlikely that blocking light below 450 nm would
completely prevent blue light responses because action spectra
for blue light responses extend to 500 nm. On the other hand,
responses regulated by UV light, such as phenylpropanoid
metabolism (13), will almost certainly be affected by yellow-
filtered light. The induction of phenylpropanoid synthesis is
thought to provide protection from various stresses, including
UV damage (13). Indeed, we have observed that cultured
tomato hypocotyl tissues synthesize red pigments when grown
under unfiltered fluorescent light but not under yellow-filtered
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Figure 5. Prevention of white light-induced growth inhibition of to-
mato hypocotyl and Arabidopsis leaf tissues by yellow light and media
renewal. Filled bars, untransferred tissue; open bars, tissues trans-
ferred every 3 d. Hormone levels were renewed every 3 d by trans-
ferring the tissues to fresh media as described in "Materials and
Methods." Data represent the means of the callus fresh weight for
24 to 30 measurements ± SEM. Tomato and Arabidopsis tissues
grew larger under yellow-filtered light compared with unfiltered light.
Frequent transfer to fresh culture medium caused the tissue to grow
as well (tomato) or better (Arabidopsis) in unfiltered light as did the
untransferred tissue in yellow light.
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variation and potential stress. It is conceivable that genetic
stability may be improved by preventing potentially muta-
genic radical species from forming. The observed growth
inhibition with light-modified, hormone-free medium sug-
gests that precautions should be taken even when using light-
stable, auxin-like compounds or when no hormones are used.
Moreover, many of the reported effects of light intensity and
quality on tissue cultures may be due to indirect effects caused
by photochemical alterations of the media.
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