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Riboflavin, Light, and the Growth of Plants’

Arthur W. Galston

Kerckboff Laboratories of Biology, California Institute of Technology,

Pasadena, California

IBOFLAYVIN, also known as lactoflavin and
vitamin B,, has been known since 1932,
when it was discovered almost simultane-
ously in the laboratories of Warburg and

Szent-Gyorgyi. Chemieally, it is 6,7-dimethyl-9-(1’-
p-ribityl)-isoalloxazine). In aqueous solution it is
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Riboflavin

yellow, possessing an absorption peak at about 4450
A. It is highly fluorescent, emitting green light when
exposed to ultraviolet or blue wavelengths. It is
capable of reversible oxidation and reduction, the re-
duced compound being colorless. It is unstable in
light, the type of decomposition it undergoes being
dependent on the pH of the medium. In neutral or
acid media, the ribityl fraction is split from the mole-
cule, leaving lumichrome, a derivative of alloxazine.
In alkaline media, only a portion of the ribityl moiety
is removed, leaving an N-methyl isoalloxazine deriva-
tive known as lumiflavin,

Biologically, riboflavin is of importance in that it
is a constituent of the prosthetic group of various
flavoproteins, or “yellow enzymes,” which are in-
volved in electron transfers in respiration. Approxi-
mately ten yellow enzymes have now been deseribed.

1 Much of the experimental work herein described has been
performed with the aid of Miss Rosamond S. Baker, to whom
the author wishes to express great appreciation. The action
spectrum herein reported was worked out at the Beltsville,
Maryland, laboratory of the U. S. Department of Agriculture,
with the cooperation of Drs. S. B. Hendricks, M. W. Parker,
and H. A. Borthwick. The carnosine was obtained from Dr.
HEmil L. Smith and the methylol riboflavin from Dr. Samuel
Gordon of Endo Products, Inc.

These differ greatly among themselves with regard to
reactivity, the oxidized form of the various enzymes
being reduced by such widely divergent substrates as
coenzymes I and IT, amino acids, xanthine, and var-
ious aldehydes. The reduced form of these enzymes
is oxidizable by oxygen, although generally more
quickly by other materials, among them methylene
blue, fumaric acid, and cytochrome C. The pros-
thetic group of these enzymes is either riboflavin
phosphate or flavin-adenine dinucleotide. In many
instances, it has been possible to separate the enzyme
into apoenzyme and prosthetic group, with attendant
loss of activity. When the two moieties are brought
together the enzyme is reconstituted, and the specifie
activity reappears. It is generally considered that
the flavoproteins occupy a position in the respiratory
chain of enzymes between the pyridine nucleotide
enzymes and the ecytochromes.

Almost all of the information conceerning riboflavin
and the flavoproteins has been obtained by the use
of microorganisms and various animal tissues. Al-
though riboflavin is known to be abundant in many
higher plants, investigations on its physiological role
have been very scanty. In 1937, van Herk (24) ob-
tained evidence that flavin enzymes are involved in
the prodigious respiration of the Sauromatum spadix.
The enzyme diaphorase, a flavin enzyme which cata-
lyzes the oxidation of reduced coenzyme I and II by
methylene blue, has been found in legume seedlings,
potato tubers, and pollen (16, 18). Flavoproteins
have also been found to stimulate the activity of
various dehydrogenases of the Awena coleoptile (1).
These disconnected bits of evidence have not yet been
incorporated into a generalized picture of plant
respiration.

The fact that riboflavin is a fluorescent pigment
has led certain investigators to speculate about its
possible role as a light receptor in various organisms.
For instance, Euler and Adler (5) showed that the
retina of the codfish has up to 4175 ug of riboflavin
per gram dry weight, a value approximately one hun-
dred times greater than that of tissues like liver and
kidney, ordinarily considered flavin-rich. The retinal
flavin is mainly dialyzable, and in this free form is
highly fluorescent, leading Euler and Adler to at-
tribute to it the role of converting the difficultly
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visible short wavelengths to longer, more easily vis-
ible wavelengths. Theorell (23) has also speculated
on the possible role of riboflavin in color vision.
Heiman (11) has gathered convineing eclinical evi-
dence from various sources to strengthen his belief
that riboflavin is involved in vision. He cites papers
by Spies and co-workers (20), by Pock-Steen (19),
and by Sydenstricker et al. (21), in all of which there
are reports of effective riboflavin therapy of visual
disorders. In addition, photodynamie action of ribo-
flavin in vivo has been noted by Heiman and Brandt
(12) and by Blum (2). The photooxidation of as-
corbic aeid in vitro in the presence of riboflavin has
been reported by Martini (17), Hand, Guthrie and
Sharp (10), and Hopkins (13).
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F16. 1. The effect of riboflavin on the growth of etiolated

pea epicotyl sections in darkness and light.

About two years ago, we noticed that the addition
of small quantities of riboflavin to media in which
plant tissues were being grown results in a slight
enhancement of growth if the tissues are kept in the
dark, but results in a marked inhibition of growth if
they are exposed to light (Fig. 1). Our investiga-
tions since that time have led us to the belief that
both free riboflavin and flavoproteins may be light-
activated, and that such light-activation within the
plant may lead to reactions of physiological signifi-
cance. The evidence for such beliefs is presented
below.

Riboflavin-sensitized photooxidations in vitro

The growth in length of plant cells is dependent
upon the presence of small quantities of growth hor-
mone such as 3-indoleacetic acid (IAA), generally
believed to be metabolically derived from the amino
acid tryptophan. The sections of pea stem employed
in our original experiments were dependent for their
optimal growth upon the presence of 0.1-1.0 mg/ml
of TAA in the medium (Fig. 2). We were able to
ascertain that the inhibitory effect of riboflavin upon
growth of these sections in the light was dependent
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FIG. 2. The effect of indoleacetic acid (IAA) on the
growth of etiolated pea epicotyl sections. From left to right,
the IAA concentrations were 0; 0.01; 0.1; 1.0 ; and 10 pg/ml.

on the TAA level of the medium. Further investi-
gation of this interrelation (6) revealed that ribo-
flavin exerts its effect by causing the photooxidation
of TAA in the nutrient medium. Since the growth
of the sections is dependent on TAA concentration,
such photoinactivation of TAA leads to a marked
inhibition of growth of the sections. Thus, we have
the paradox of a vitamin’s inhibiting growth by de-
struction of a hormone in the presence of light.

Subsequent investigations of the riboflavin-TAA
photoreaction revealed it to be a first order reaction,
dependent on the presence of oxygen, and sensitive
to pH and temperature. The pH data suggested
that the undissociated TAA molecule reacts prefer-
entially. The fact that the riboflavin becomes de-
colorized under anaerobie conditions made it possible
to formulate the following series of stepwise reac-
tions:

Rbf + hv ———> Rbf*
IAA + Rbf* ———> oxidation product + Rbf - H,
Rbf-H, +1/2 0, —— Rbf + H,0

This indicates that the light-activated riboflavin
(Rbf*) acts as a hydrogen ecarrier between TAA and
oxygen, and thus is in a role here analogous to the one
it plays in respiration. Manometric data indicated
that the over-all reaction could be written:

riboflavin
IAA + 0, ——> oxidation product + CO,
light
The nature of the oxidation produet is still unknown,
but present evidence indicates that it is a condensation
product of several cleaved indole rings.

Although such reactions may be studied unambigu-
ously in vitro, it is dangerous to extrapolate from the
test tube to the living cell. Even if riboflavin, when
fed to plant cells, were to produce marked photo-
dynamic effects, these effects might be due to oxida-
tion of substances other than TAA. We therefore
undertook a systematic survey of possible biological
substrates for such photoreactions.

Using O, uptake in an illuminated Warburg ap-
paratus as measurement of the reaction, we found
that the amino acid histidine is rapidly photooxidized
in the presence of riboflavin, and that the amino acids
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F1G6. 3. The time course of photoinactivation of a-amylase
sensitized by riboflavin. !

tryptophan and methionine, as well as indole-contain-
ing compounds, are less rapidly acted upon. Since
the amino acids are mainly found in peptide chains
i wivo, we investigated the influence of their in-
corporation into peptides on their suseceptibility to
riboflavin-sensitized photooxidation. In general, we
found them to react as well in peptides as in the free
state. A good example of this is the dipeptide carno-
sine, which chemically is B-alanyl histidine. 'We knew
from our experiments on free amino acids that
B-alanine does not react in our system, but that his-
tidine does. We found B-alanyl histidine to react,
and the manometric data indicated that only the his-
tidine of the dipeptide reacted.

Carrying on investigations into the realm of pro-
teins, we found that all enzymes studied, including
a-amylase, tyrosinase, and crystalline urease, are rap-
idly photoinactivated in the presence of traces of sen-
sitizing riboflavin (8). Such photoinactivation also
followed simple first order kinetics (Fig. 3). Going
to still more complicated protein particles, we in-
vestigated, with the aid of Max Delbriick, the photo-
inactivation of a bacteriophage, T6r. Such virus par-
ticles, known to be at least mainly nuecleoprotein in
nature, were also rapidly inactivated in the presence
of riboflavin, but the kinetics of the reaction, were
indicative of a more complicated “multiple hit” type
of phenomenon (Fig. 4).

In view of the current interest in the phenomenon
of photoreactivation of ultraviolet-inactivated bac-
teriophage particles, we tested these riboflavin-photo-
inactivated bacteriophages for photoreactivatability
by incubating duplicate plates in dark and light. No
evidence of photoreactivation could be found in our
preliminary experiments. This photoinactivation of
a bacteriophage is also of great interest because of
the chemical similarity between viruses and genes.
It seems not beyond the realm of possibility that
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F1a. 4. The time course of photoinactivation of bacterio-
phage T6r sensitized by riboflavin.

riboflavin may sensitize the genic material of cells
to alteration by visible light, and so produce muta-
tions. It should be added, however, that preliminary
attempts to produce such a result in the laboratory
have been unsuccessful.

Thus it is clear that riboflavin may cause the photo-
chemical alteration of many different kinds of mole-
cules, both large and small. It should also be pointed
out that other, fluorescent pigments, some of a non-
biological nature, are also effective in such reactions.
Among such pigments are lumichrome, methylol ribo-
flavins, fluorescein, and eosin.

Light activation of a flavoprotein enzyme

Thus far, we have considered only those photo-
reactions involving free riboflavin. Since, in most
cells, almost all of the riboflavin oceurs in flavopro-
teins, it seemed desirable to investigate the possi-
bility that flavoproteins could similarly be light-
activated.

Our first experiments in this field involved the
p-amino acid oxidase of hog kidney, and pr-alanine
as a substrate. The experiments were conducted in
a Warburg apparatus, measurements of the oxygen
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consumed by identical systems being made in dark-
ness and in light. We could find no effect of light
on the oxygen uptake, and thus had to conclude that
light is without effect upon the activity of the enzyme.

‘We turned next to an enzyme from a plant source,
which was not known to be a flavoprotein, but which
had the properties of an indoleacetic acid oxidase.
This enzyme, described as a heme protein by Tang
and Bonner (22), may be conveniently studied in
breis of etiolated pea epicotyls. We prepared the
crude enzyme from this source and, by measuring its
activity in darkness and in light, were able to dem-
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F16. 5. Action spectrum for the photoinactivation of TAA
by etiolated pea brei.

onstrate a distinet light stimulation of TAA destruec-
tion by the enzyme (9). The action spectrum for the
light stimulation (Fig. 5) is clearly that of a flavin,
showing a maximum at 4400 A, a minimum at 4100 A,
and a subsequent rise toward the region of the ultra-
violet.

We thought at first that this action spectrum might
be due to a light destruction of TAA mediated by free
riboflavin, not by a flavoprotein. However, we were
subsequently able to demonstrate that the photore-
ceptor giving the flavin spectrum is largely heat
labile, and will not dialyze through a cellophane mem-
brane. Since free riboflavin, riboflavin phosphate,
and flavin adenine dinucleotide are all heat stable and
dialyzable, the flavin receptor must be a flavoprotein.
We therefore concluded that we had demonstrated the
light activation of a flavoprotein enzyme. Such a
phenomenon has previously been reported for another
flavoprotein, xanthine oxidase, by Bernheim and
Dixon (1a).

Subsequent investigations of this light activation
have revealed some interesting features of the mecha-
nism of the light effect. We noticed, as had Tang
and Bonner, that dialysis of the erude enzyme greatly
increases its activity in the dark, presumably by re-
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FI1G. 6. Relative light activation of undialyzed and dia-

lyzed IAA-oxidase from etiolated peas.

moval of some dialyzable inhibitor of the reaction.
Such dialysis-purified enzymes show very little light
activation, as compared with the crude enzyme (Fig.
6). Yet if a colorless solution of inhibitor is added
back to the dialyzed enzyme, the inhibition in the
dark is reimposed, and this inhibition is once again
reversible by blue light, the degree of reversal being
dependent on the amount of light relative to the
amount of inhibitor present. This led us to the be-
lief that dialysis and light are accomplishing the
same effect, i.e., “removal” of an inhibitor. Thus
light activation of this flavoprotein enzyme occurs
through reversal of a naturally occurring inhibition,
similar in principle to the light reversal of the CO
inhibition of heme enzymes.

The role of the flavoprotein in this enzyme com-
plex has sinece been shown to be that of producing
H,0,, which is then utilized by an IAA-peroxidase
(the cyanide-inhibited enzyme of Tang and Bonner).
Thus, the reaction destroying IAA is inhibitable by
catalase and by various metallic ions which react with
H,0,. In the absence of inhibitor, H,0, is not lim-
iting to the reaction, and therefore the system is not
light-activated. However, in the presence of inhibi-
tor, H,O, is limiting to the reaction and under these
conditions, blue light accelerates the reaction, pre-
sumably by stimulating the production of H,O, by
the flavoprotein system. Our best evidence indicates
that the substrate for the flavoprotein is TAA itself;
thus TAA oxidation by oxidized flavoprotein appears
to lead to the production of H,0,, which then is
instrumental in the oxidation of more IAA through
the peroxidase. The reaction scheme can probably be
represented as follows:
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The significance of riboflavin-sensitized photoreac-
tions in vivo

Our attention was directed to the possibility that a
riboflavin-sensitized photoreaction might be involved
in the phototropic curvature of various plant organs.
This phenomenon, first studied systematieally by
Charles Darwin (4), is of great historical interest
because it led to Went’s discovery in 1928 (25) of the
plant growth hormones. It is now believed that
phototropie curvature is the result of a differential
growth hormone distribution, leading to a differential
rate of growth on the two sides of a unilaterally
illuminated plant organ. It can be demonstrated,
for instance, that unilateral illumination of the cole-
optile (leaf sheath) of a dark-grown grass seedling,
such as that of the oat (Avena sativa) leads to a
lower auxin content on the illuminated side than on
the darkened side. In general, it is believed that
only the topographic distribution of auxin is affected
by light, and not the total amount formed in the tip.
This has led to the view that light causes the migra-
tion of auxin from the illuminated to the darkened
side of the coleoptile, although other explanations
involving photoinactivation of auxin and of an auxin-
producing enzyme are possible (7).

It has been known for many years that blue light
is most effective phototropically. In etiolated plants,
wavelengths longer than 5200 A are generally entirely
ineffective, but in green plants red light may also
produce some curvature. As the result of action
spectrum determinations for phototropism, such as
those of Johnston (14), the belief has developed that
the receptor pigment for phototropism is a carot-
enoid, such as B-carotene. In support of this view
it has been pointed out that B-carotene is found in
abundance in typical photoreceptor organs, both in
plants and in animals, and that various carotenoids
can sensitize the photoinactivation of auxin-a by vis-
ible light (15). Despite this evidence, we feel that
riboflavin or a flavoprotein is a more likely photo-
receptor.

In the first place, the absorption speectra for ribo-
flavin and B-carotene are very similar in the visible

other ions)

portion of the speetrum (9). Because of the ap-
proximate nature of action spectra in vivo, it would
seem that either pigment could fit the action spectra
now available. In fact, most of the action spectra
for fungal phototropism (3) resemble the flavin spec-
trum more than the B-carotene spectrum. Second,
although B-carotene will sensitize the photoinactiva-
tion of auxin a, it will apparently not so act toward
IAA. The recent evidence of Wildman and Bonner
(26) seems to indicate that the native auxin of the
Avena coeoptile is largely, if not entirely TAA. We
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Fi1c. 7. Relative rates of destruction of pure TAA and of
native diffusible Avena coleoptile auxin sensitized by ribo-
flavin,

have in addition found (9) that riboflavin can sensi-
tize the photoinactivation of the native diffusible
auxin of the Avena coleoptile, the time course of the
disappearance closely resembling that for pure TAA
(Fig. 7). Third, riboflavin is abundant throughout
the Awena coleoptile, including the most light-sensi-
tive apical 0.25 mm, which is relatively free of caro-
tenoids. Fourth, our best evidence indicates that
riboflavin, like auxin, is present in the cytoplasm,
whereas B-carotene is known to be localized in plas-
tids. It is a little difficult to see how the small quan-
tities of light that suffice to produce phototropic cur-
vatures could be effective if the photoreceptor were
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spatially removed from the substrate of the reaction.

Finally, we have the recent experiments of Ban-
durski and Galston (unpublished) with albino corn.
A mutant strain of ecorn was obtained in which earo-
tenoid pigments were absent, or if present at all, were
less than 0.01 the normal concentration. The cole-
optiles of such corn, devoid of earotenoids but pos-
sessing the normal content of riboflavin, showed ap-
proximately normal phototropic curvature when ex-
posed to about 600 meter-candle-seconds of blue light.
This experiment does not, of course, disprove the pos-
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Static Electricity Elimination During
Sectioning with a Microtome

Oscar W. Richards and Rolland L. Jenkins

Research Department, American Optical Company,

Buffalo, New York and 205 East 43rd Street,
New York City

Paraffin ribbons of tissue sections become charged with
static electricity as they are cut on a microtome, and in
dry weather the charge may be great enough to pull the
ribbon into contact with the metal parts of the instru-
ment, or other objects, making it difficult or impossible
to obtain serial sections without loss. This widespread
difficulty has vexed biologists and they have tried in a
number of ways to lessen it. For example, they have
tried grounding the instrument, and using high fre-
quency generators to ionize the air near the microtome.
The first procedure helps, but is inadequate, and the
generators are somewhat eumbersome to use and they
introduce some hazard of shock.

A simple and efficient solution of this problem is to
place a surface on which polonium has been plated about
an inch from the edge of the knife. The alpha radiation
from the polonium ionizes the air and discharges the
static electricity as it forms, leaving an easily handled,
limp, uncharged ribbon. A further advantage is that
the sections do not tend to stick to the knife facet during
cutting, and they are less distorted and compressed
when cut without the formation of frictional electricity.

A convenient unit (Fig. 1) consists of a polonium-
plated, radiating surface (A) recessed into a rotatable
head (B) held on a flexible tube mounted on a base (C').
When in use it should be placed with the head about
1 in. from the surface of the specimen block (D) and the
emitting surface turned to radiate both the surface of
the paraffin block and the ribbon as it forms at the
knife edge. This arrangement dissipates the charge
formed on the surface of the block on its upstroke and
on the ribbon from the friction of cutting. Alpha
radiation has little penetrating power to damage the
specimen or the sections. The useful life of the emitting
surface should be somewhat more than a year from the



