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Abstraet

Maleic hydrazide (MH) inhibits corn root elongation through an effect on cell
division apparently without inhibiting cell enlargement. The decrease in the rate of
elongation was apparent only after a considerable lag, over 14 hours, even with a
concentration as high as 5 mM. MH (1 mM) did not inhibit the growth of roots
from corn seeds given very large doses of y-irradiation or excised corn root seg-
ments including the elongation zone or the cell enlargement induced by TAA in corn
coleoptile sections. Many compounds including purines, pyrimidines, nucleosides,
cysteine, pyridoxal, pyruvate, kinetin and CoCly, many of which had previously been
reported to alleviate MH inhibition in other tissues, were tested for their ability to
prevent the inhibition of corn root elongation by MH, but none were effective. These
data do not support the theory that MH acts by inhibiting the synthesis of or com-
peting with some simple metabolite or hormone. Whatever its mechanism of action
the failure of MH to inhibit cell enlargement in most systems indicates that it is fairly
selective.,

Introduction

For about 20 years maleic hydrazide has been studied extensively as an
inhibitor of plant development and as an antimitolic agent (3, 11, 13, 31). Of
special interest are the developmental aberrations (29, 30) and chromosome
breakage (13, 16, 18) resulting from MH treatment. The structural require-
ments for its activity are known to include the heterocyclic ring and an OH
(maleic hydrazide ordinarily exists as the enol in solution, see 11, 12, 16).
The biochemical mechanism (s) by which MH affects plant development or
causes chromosome breakage are still unknown (3, 11, 13, 31).
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MODE OF ACTION OF MALEIC HYDRAZIDE 261

Knowledge of the biochemical effects of MH or the mechanism (s) of action
of maleic hydrazide would be very useful in tying together many devel-
opmental and cytogenetic studies with some specific metabolic processes. In
this paper the effects of MH on cell enlargement and division are reported
along with attempts to prevent inhibition of cell division by MH with several
metabolites.

Abbreviations: FU: fluorouracil; FUdR: fluorodeoxyuridine; MH: maleic hydrazide.

Materials and Methods

The corn seeds (Zea mays L.) used in these experiments were Michigan 250 RF
Hybrid seed corn (yellow field corn) and Burpee's Barbecue Hybrid (vellow sweet
corn). These seeds were soaked in 0.25 % (w/v) NaClO for 15 minutes and then
placed in running tap water (about 30°C) for 8-10 hours. The seeds were then
grown in moistened vermiculite at 25°C for about 48 hours from the start of the
soak to obtain roots and about 4 days for coleoptiles. Subapical sections 2 em long
were taken from the coleoptiles as described before (22). The coleoptile sections
were floated on water with or without IAA or MH and subjected to rotary shaking.
Sections of the corn seedling roots with or without the tips were shaken in the
same way in solutions containing 2 % sucrose, 5 mM KH,PO, (pH 5.5) and 0.1 mM
pyridoxal.

For some experiments dry Michigan Hybrid corn seed was irradiated with y-ravs
from %Co by the University of Michigan Radiation Control Service. After at least a
couple of days of dry, cold storage, these seeds were germinated and grown as be-
fore except that sterilizing the vermiculite by autoclaving was necessary to prevent
the growth of fungi around the seeds. Since the roots of the irradiated seeds grow
less rapidly than those from unirradiated seeds, they needed a little more time to
reach the required length.

The Alaska peas (Pisum sativam 1.,) were soaked in tap water for 4-5 hours and
then germinated on trays between moist paper towels at 25°C. The temperature of
the water used to soak the peas was 25-30°C;: cold water resulted in very poor roots.

To study root elongation, seedlings with rapidly growing roots were selected,
washed with distilled water and placed on racks with the roots sticking down into
the treatment solutions, which were aerated by bubbling air through the treatment
solutions. The root sections were incubated in flasks with rotary shaking.

All experiments were done at 25°C in dim red light.

Stock solutions of 10 mM MH and 100 mg/l IAA, both acidic, were adjusted to
pH 5.50 with NaOH. Likewise the pH of other solutions was adjusted to 5.50 where
necessary. The MH was obtained from Sigma Chemical Co. and for most experiments
it was recrystallized from distilled water at least 5 times.

The artichoke tuber disks were prepared and treated as described earlier (22).
Tobacco pith explants were cultured on agar with 2 mg/l TAA and other additives
according to Murashige and Skoog (21) excepting kinetin.

Results and Discussion

Without a doubt, MH at the appropriate concentration inhibits cell divi-
sion in plants (3, 11, 13, 16, 18, 30, 31): however, there is still some uncer-
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Figure 1. Kinetics of inhibition of corn
root elongation by maleic hydrazide, ef-
fects of varying concentrations. (—) con-
trol, no maleic hydrazide; (—— } 0.5 mM;
1 AT N A AT S VS S I I [ (===) 1 mM; (---) 5 mM maleic hydrazide.
0 2 16 20 24 36

TIME hours]

tainly about its effects on cell enlargement especially that induced by auxin
(1, 6,7, 8,9, 10, 11, 15, 26, 28, 30, 31). Although MH does not seem to inhibit
cell enlargement in most cases, it was considered necessary to re-examine
this problem in connection with experiments on its mode of action. Corn
seedlings, the roots in particular, were chosen as the principal material for
study.

First, it was determined what concentrations of MH were required to in-
hibit elongation. As with the growth of flax roots (1), concentrations of
0.1 mM or above show a distinct inhibition of the elongation of corn roots
submerged in aerated solutions (Figure 1). Because the purity of reagent
MH has been questioned recently (17), the MH was recrystallized from walter
5 times or more, but recrystallization did not produce any change in the
ability of various concentrations of MH to inhibil root elongation.

Figure 1 shows that the time required for inhibition of root elongation is
rather long, more than 12 hours, but it is influenced by the concentration of
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MH indicating that the rate of uptake of MH may be important in determining
the kinetics of inhibition. At all concentrations tested there is a considerable
time lag before inhibition of growth starts. With 1 mM MH, the concentra-
tion chosen for physiological studies, the inhibition of root elongation begins
after about 16 hours. In similar experiments with pea roots, 1 mM MH inhi-
bited elongation from aboul 24 hours onward.

The next question which arises is: does MH affect root elongation through
inhibition of cell division and/or enlargement? This problem was approached
experimentally in three ways: (a) by testing the effect of MH on roots grow-
ing without cell division from y-irradiated corn seeds, (b) by comparing MH
with another inhibitor, fluorouracil, which also appears to inhibit cell divi-
sion without affecting cell enlargement, and (¢) by examining the effect of
MH on root segments which include the elongation zone.

Since corn seeds which have been given massive doses of y-irradiation
produce roots which grow by cell enlargement only (24), it is possible to see
if maleic hydrazide can inhibit growth independent of its effect on cell divi-
sion. The elongation of roots produced by the irradiated seeds is not inhibited
by 1 mM MH (Figure 2) as would be expected if MH inhibited growth
through inhibition of cell division alone. Haber and White (10) have also
reported tests on the effect of MH (supplied via the roots) on the growth of
seedlings from y-irradiated wheat. MH reduced the growth of the leaves from
unirradiated seeds but not those from irradiated seeds. Since there is some
uncertainty as to whether enough MH to inhibit cell expansion can get up
into the leaves in the y-plantlets and the organs studied here were roots not
leaves. these experiments were done with corn roots to confirm and extend
the earlier studies by Haber and White.

Fluorouracil, also an inhibitor of cell division in roots (4), likewise does
not affect the elongation of roots from irradiated seeds, although it does
inhibit the growth of roots from unirradiated seeds after a time lag similar
to that with MH. A related base analog fluorodeoxyuridine, which may act
through a different biochemical mechanism from FU but also suppresses
cell division (13), inhibits the elongation of the roots from irradiated seeds
only slightly.

When 5 mm sections are taken from the corn roots starting 3 mm from
the tip to include the elongation zone (5), the limited growth of these sec-
tions is not inhibited by FU or MH (Table 1). Similarly, MH and FU do not
affect the elongation of a 10 mm segment of the root including the tip.
Omission of the potassium phosphate or pyridoxal did not alter the effect of
MH and FU or the amount of growth. Since all the nutrients required for
the culture of roots were not added (25), these excised root tips probably have
little mitotic activity in their apical meristem, and elongation probably does
not depend on continued cell division. Regardless of whether there is any
cell division or not the roots grow by cell enlargement and since growth is
not inhibited neither is cell enlargement.

Taken together these results suggest that MH inhibits corn root elongation
by suppressing cell division: thus it is possible that the long delay in inhibi-
tion is due to continued cell enlargement until the supply of small, potentially
expandable cells is exhausted. The question of whether or not MH inhibits
cell expansion is important because cell enlargement requires the nmormal
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Figure 2. Growth of unirradiated
and y-irradiated corn roots in the
presence  of maleic  hydrazide.
[luorouracil and fluorodeoxyuridine.
(—) control; (——-=) 1 mM fluoro-
uracil; (-=--) 1 mM maleic hydra-
zide; (---) 1 mM fluorodeoxyuridine.
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Table 1. Failure of maleic hydrazide and fluorouracil to inhibit the growth of sections
from corn seedling roots. — The treatment solutions contained 2 % sucrose, 5 mM KHsPOy
(pH 5.5) and 0.1 mM pyridoxal. Average initial root length 2.2 cm.

Increase in

Tooatment fresh weight
Type of section - o B g & :
in 24 hours
1 mM FU 1 mM MH %o
o B i P - - 35
i am-Eront The D < voncovinna s s 0.1 32
—_ 1.0 38
— 5.0 35
1.0 39
10 mm with the tip .................... — - 83
1.0 80
75
1.0 90

functioning of a considerable portion of the cell’s metabolic machinery, ATP
production, protein synthesis, efe. (see 2, 22) and thus a lack of inhibition
would indicate some degree of specificity. For this reason the question was
explored further using auxin-controlled cell expansion in several lissues in-
cluding corn coleoptile sections.

MH (1 mM) also failed to inhibit IAA-induced cell enlargement in corn
coleoptile sections and artichoke tuber disks (Table 2). Even 5 mM MH only
slightly inhibits IAA-induced growth in the coleoptile sections. but it does
inhibit IAA-induced growth in artichoke tuber disks. Since the MH at 1 mM
is present in an eighteen fold excess compared to the IAA on a molar basis,
it is unlikely that MH is a very effective anliauxin. In contrast to the other
tissues tested here, cell enlargement promoted by IAA in tobacco pith ex-
plants is very sensitive to MH being inhibited by concentrations as low as
1073 M (Table 2). Perhaps pith tissues are unusually sensitive to MH; long ago

Table 2. Effect of maleic hydrazide on IAA-induced growth.

Treatment i Increase in fresh weight, %
Subapical ) ) !‘n]i‘;u'('u
COrn ‘ Aged artichoke tuber disks | pith
TIAA MH . explants
coleoptile B ~ exj
10 mg/l ‘ mM socHona ‘ i
'i“ 20 I-1 in 12 h ‘ in 24 h in 48 h in 72 h | in 12 days
- - 30 b 6 8 7 29
- 0.1 30 — — -
= 1 24 —- — - 27
- 5 22 — — — - —
+ — BE 6 19 43 53 191
+ 0.01 - — - -— — 175
+ 0.1 BES —— - - - 1
+ 0.5 — 6 16 48 59
+ 1 51 6 15 40 50 35
& 5 46 6 12 17 19 -
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Table 3. Effect of short exposures to maleic hydrazide on elongation of corn seedling roots
(cumulative increase in rool length, em). Average initial root length 2.3 cm.

Incubation in 1 mM MH before transfer to Hz0

Time after start hours
hours S — =_—
0 1/2 1 4 12 24 72
. R T L 4.1 3.4 3.1 3.9 2.6 2.8 2.5
B8 5 5 s EinRlEEG o 7.6 5.5 5.1 1.0 3.7 3.7 3.3
7R 5 e ey A s 8.4 6.3 5.7 4.2 3.9 3.9 3.5

Greulach and Haesloop (9) observed that MH tended to inhibit cell enlarge-
ment in the center of tomato stems to a greater extent: thus cell enlargement
in some tissues can be inhibited by MH. Other investigators have also ob-
served that MH may inhibit auxin-induced growth or not depending on the
tissue and the conditions of application (1, 6, 7, 8, 9, 10, 11, 15, 26, 28, 31).
Usually MH does not inhibit cell enlargement, but sometimes it can, partic-
ularly at high concentrations.

In order to determine the length of the exposure to MH required to pro-
duce maximum inhibition and to determine if recovery occurs after short
exposures to MH, corn roots were treated with 1 mM MH for varying lengths
of time and then transferred to water (Table 3). As little as 12 hours of treal-
ment produced maximal inhibition; however, a four-hour treatment had
almost as much effect. Although no tendency to recover was observed here,
it has been reported for lower concentrations of MH in other roots (18).

Another approach which has been widely used to study the action of MH
is the use of various compounds to counteract the inhibitory effect of MH.
A variety of compounds including uracil (11), CoCls, cysteine (26), cystamine
(20), pyruvate, pyridoxal (27), guanosine and thymine (14) have been shown
to ameliorate the effects of MH on other systems. Most of these compounds
were tested in concenlrations equal to or greater than those used in the
original investigations, but none is able to prevent the inhibitory action of
MH on corn roots (Table 4). In addition to those shown in Table 4, a variety
of other compounds such as thymidine, uridine, orotate, adenosine and thi-
amine were lested, but they too were unable to prevent the effect of MH.
Most of these were also tested on pea seedling rools with essentially the same
results, namely no preventative effect. Some, especially pyridoxal, markedly
promoted root elongation in the absence of MH. Under some circumstances
such as with adenosine (Table 4), this could be mistaken for a true “reversal”
of the inhibitor. For gibberellin (10, 11), auxin (1, 19). kinetin (19) and
several pyrimidines including uracil (13, 16, 23), tests on other plant lissues
have already failed to produce any substantial reduction of the inhibition
due to MH. So far, the data on corn roots do nol support and, within the
limitations imposed by the small number of molecules tested, even argue
against the theory that MH inhibits the synthesis of or compeles with any
simple metabolite or hormone.

These and earlier studies (see for example 8, 9, 10) support the idea that
MH influences plant development mainly through its effect on cell division.
Although lower concentrations of MH suffice to cause chromosome breakage
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Table 4. Effect of reputed antagonists of maleic hydrazide on its inhibition of corn seed-

ling root growth. — Average initial root length 2.2-2.7 em depending on the experiment.
’ Change
Treatment ln(l'uhal‘mn in root llzlngth
hours

cm
6 0 48 7.1
5 mM uracil . ... .. ... ..... - 7.8
5 mM uridine ............. - 7.4
5 mM thymine . ............ — 9.7
L oM MH . ..icovemnassnmas - 3.9
MH+uracil ................ 3.5
MH + uridine . .............. — 4.1
MH +thymine .....oovenvese — 4.4
BN o pomsnesmsmin wteowsen s wisvesazi 18 5.3
1 mM thymidine ........... — 6.6
g o A1 R ———— - 3.0
MH + thymidine ............ -— 3.1
L R A e 48 6.1
1 mM adenosine ..,........ 74
Il M . coanasswssaes — 3.7
MH + adenosine ............ - 4.4
1L 48 6.1
5 mM pyridoxal ........... — 8.3
10 ME ...ociinninis o s — 3.7
MH + pyridoxal ............ — 3.6
LY . caninvimmin sommmismiomsnesmex 18 6.1
1 P eysleine . ..oaswesae s 1.2
10 uM ” — 1.6
s AL (R ——— — 3.2
MH +1 pM cysteine ........ — 2.4
MH + 10 uM . - — 2.9
OO & iusnin sawsving b s o & 24 4.7
I pM GCoGlg : vovasniiveiiia — 5.0
MM MH : o cooscesamana v s - 33
MH 4+ CoCle «ivsmanvanvn ez - 3.3
B0 5 i vnmannsiss s ien g o5 u 48 9.3
1 pM CoGle .ncivaviinssess s — 7.6
L M MB .oconivineii s — 4.1
MHE +CoCls .vcsnvimviess aas - 4.1

than for inhibition of cell division (18), both could be produced by the same
mechanism, a higher level of damage being required to suppress cell division.
It may be very significant that heterochromatic regions of chromosomes are
affected preferentially (13, 18) and species with more heterochromatin do
seem lo be more sensitive (13, 18). Thus the primary effect of MH may be on
the metabolism of the proteins or nucleic acids of chromatin. Although the
action of MH on root growth resembles that of FU, the similarity may end
with their ability to suppress cell division without inhibiting cell expansion.
This notion is supported by the observation that the inhibitory effect of FU
may be prevented at least partially by simultaneous application of thymidine
but not thymine or uridine (Table 5) whereas the MH effect is not (Table 4).

Physiol. Plant., 22, 19649
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Table 5. Effect of antagonists of fluorouracil on its inhibition of pea seedling root growth.
~ Average initial root length 2.6 cm.

Change in root length, cm

Treatment —
| after 24 h | after 48 h | after 72 h
L T 1.8 29 3.5
1 mM thymine 1.7 3.1 3.9
1 mM thymidine ..................... | 2.9 3.5
1 mM urldine ...ocvvesecsnssonnssenee 1.6 2.6 3.0
1 mM fluorouracil .................... ) | 1.3 1.3
PUFTHITEHNE & oo vn v s s st as sosn b s 1.3 1.5 1.5
FU -+ thymidine . ..., 1.5 2.2 24
FU+uridine ...........iiiiinnnnnnn. 1.3 1.2 1.2

The same results were oblained with corn roots and FU. In conlrast to FU
the inhibitory effect of 1 mM FUdR on corn root growth is almost completely
prevented by 1 m) thymidine.

While the inhibition of cell division is cerlainly very important, it may
not account for all the developmental aberrations such as inhibition of cell
enlargement and the effects on phloem which have been observed o result
from treatment with MH (3, 8, 11, 29, 30, 31). MH has been shown to cause
defects in the phlncm after exposures which are very long compared to those
used here, but this is probably not the primary mean by which MH affects
plant development. Certainly, the inhibition of cell division is not mediated
through an effect on the phloem because it suppresses cell division in
tissue cultures where a dependence on phloem transport is eliminated (23).
Moreover, the failure of MH to inhibil the elongation of roots from y-irra-
diated seeds as it does unirradiated roots argues against the possibility that
MH inhibits root elongation through an effect on phloem function. The dras-
tic reduction in the .mmunt of elongation in 1 em root tips when they are
excised (Table 1) indicates that the normal phloem function is still needed
to supply nutrients from the seed. Since the same is true for rools from
irradiated seeds, it follows then that MH does not interfere with phloem
function during the growth of the roots in the y-irradiated seeds.

Although MH has long been suspected to inhibit plant growth mainly
through an effect on cell division rather than cell enlargement, the evidence
generally has not been clear cul. At least in the case of corn roots, MH in-
hibits cell division bul not enlargement. Similarly IAA-induced growth in corn
coleoptiles is not inhibited by MH. Since cell enlargement is known to require
active metabolism including ATP and protein synthesis (see 2, 22), it follows
that MH does not significantly interfere with these. Thus, MH appears to be
relatively selective in its action.

Studies on the metabolism of MH and its effects on nucleic acid synthesis
will be presented in other papers.

This work was supported in part by Institutional Research Grant No. IN-40 G to
the University of Michigan from the American Cancer Society and in part by a grant
from the National Science Foundation (GB-5502).
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