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Summiary. AMeasurements were made over a 4-day period of the effect of added
indoleacetic acid (IAA), puromycin, actinomycin D and 5-fluorodeoxyuridine (1dt-(lR
on growth and the levels of total DNA, RNA, protein and cellulase in seg-ments of tIisVue
at the apex of decapitated etiolated epicotyls of Pis1luml satizvumnt, L. var. Alaska.

The hormone induced swelling of parenchyma cells and cell division. By 3 days after
IAA application, the amounts of DNA and protein w-ere approximately double, RN A\
triple and cellulase 12 to 16 times the levels in controls. All of these changes wvere
prevented by both puromycin and actinomycin D. FUdR prevented DN'A svnthesi.s and
cell division but not swelling or synthesis of RNA, protein and cellulase.

It is concluded that IAA-induced RNA synthesis is requiired for cellulase s.ynthie&
and lateral cell expansion, whether or not cell division takes place.

'heA high concentratiolns of ilndoleacetic acid
(IAA.) in lanolin paste are applied to the decapitated
apex of etiolated pea epicotyls, in the first 10 mm of
tissue beloxv the apex ther-e is a markedl increase in
anmounlt anid specific activity of the enzyme cellulase

(,f-1.4 glucan 4-glucainohldr-olase, EC 3.2.1.4.) (3).
The increase can be inhibited by including in the
lanolin any of a numiber of substances which interfere
wvith protein sy-nthesis. Accordinlgly, it appears that
IAA selectively bring-s into operatioln the coding
systei ( s ) needed for exvenitual biosynthesis of cellu-
lase.

'T'lheoretically-, a hormonie could r-egulate the syn-
thesis of a specific enzymlle by direct interaction with
macronmolecuiles wvhich are important in the processes
of iniformation transcription (2) or translation (22).
In the case of cellulase. ho\vever, it is possible that
syntlhesis occtirs specifically ini cells whlich are about
to dlivicle anid in ne\1-vformed cells as aln indirect
conseqiuence of IAA-indluced mitosis. In the pea
epicotyl. cellulase is concentratedl in the plumutle and
hook (16) xvhere the enidogenious auxin level is high
(21 ) andl xhere cell divisions are most common.
XAVhein plltlmule and hook are replaced by TAA, the
most rapid increase in epicotyl cellulase begins at
about 18 hoturs (3) wxhiclh is the time xvhen the first
divisions that lead to forniation of root primordia
become visible (20). Clearly the ability of an epi-
cotvl cell to form cellulase could depend merely on
the time elapsed since DN\A replicatioln and( not on
the continued presence of horm-ionie.

A maj;or quiestion, theni, in und(lerstaniding hoxy
cellutlase sx nthesis is indlticed is xvhether the action

I This study xvas supported bx granits from the Na-
tional Rcscarch Coulncil of Canada.

of IAA or the division of cells is the llor-e immniediate
prectirsor e-ent. 'I'lhis study examiunc-l the problem
b)y measturing- the (legree to wh-licll ITA\A brings about
celluilase synthesis in tlle epicotvl .egmien'ct w-hen the
formiiationi of DNA, RNA and/or lprotein is inhibited
bv 5-fluorodeoxytiridine (FIdR ) actinons cin D or

puiromsycin. In epicotyl tissue, both puromlycin and
actmnomwcin D inhiibit grow-tlh and protein syxnthesis
(3, 18. 23, 24) and the latter interfere.S wNitlh RNA
sv-nthesi; (17. 19, 213). Effects of FVdR oln pea
tis-Vues have niot been reported but tli.. nbsltance pre-
vent-; thflvmidN-late sy-nthesis (4) ani(l IitOi(I) in
a variety of other plant tissues.

Materials and Methods

Eltiolated pea seedlings with third jnitei-io(les 3 to
5 CmII long wvere uise(l throtughlonit thi] -tudv Undei
dimii green light the pltumlule was cult off j'ist below
the hiook and a point 10 mm below the cuit apex was
marked wvith ink to delineate a ..egmirent of tissue.
The apex was painted with abotit 2.; mo of lanolin
paste (70 % xv/wv w-ater) containing- IAA (0.5 %
xv/xv) pluis or minus FUdR (0.1 a'xx). actino-
mvcin D (0.02 % wv/w) or purom-cin 0.02 % /v-/w).
At dailv intervals 30 to 100 segnments from eachl con-
dition wvere removed, washed w-ith (liluite NaOCl
soltutioln and blotted dry-. The fre..h xeight and
lengtlhs w-ere recorded. Some of the segnments were
theni used for imeastureimieint of cellulase actix-it- alnd
soluble protein in enzymie extracts and(I others for total
protein and nucleic acid determination... Tx-o experi-
mienlts are reported hiere: one (A) u..ing puromvcin
anid actinonmycin D and the other (B ) using FUdR.

The methods tised for buffer-extraction of soluble
proteini and cellulase xvere describe(l in previous
papers (3. 16). Cellulase activity n tlte enzyme ex-
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FAN AND MACLACHLAN-AUXIN-STIMULATED CELLULASE SYNTHESIS

EXPT. A EXPT. B

I 2 3 4 I 2 3 4

TIME (days)

FIG. 1. Swelling- of segment; treated with
fluorodeoxvuridine (FUdR). Expts. A and
an increase in the fr wt/unit length (see

IAA in combination witlh puromycin (P),
B were carried out on separate occasions.
table I for original data for expt A).

actinoln¾-cim D ( A) or
Swelling is indicated by

tract was measured by the initial rate of loss of
viscosity in solutions of carboxyinethylcellulose (3).
Soluble protein was determined with the biuret re-

agent standardised against bovine serum albumin (5).
Total protein, RNA and DNA determinations were
carried out on homogenized 80 % ethanol- and ether-
insoluble fractions from the segments. The methods
(15') included extraction of total nucleic acid into
warm 0.5 N perchloric acid, its estimation by ultra-
violet absorption and DNA determination with di-
phenylamine (RNA - total nucleic acid minus
DNA). Total protein was determined in the per-
chloric acid-insoluble residue after Kjehldahl digestion
by nesslerization. The yield of buffer-soluble protein
accounted for 90+ % of total segment protein.

Results

Growth. Table I records the growth in segmilent
length and fresh weight; figure 1 show-s the changes
in relative fresh weight per unit length, i.e., a measure
of the extent of segment swelling. In untreated
segments (control), both length and fresh weight
increased mainly during the first 2 days. In IAA-
treated segments, elongation was slightlv inhibited
but the fresh weight increment was much greater
than in controls with the result that segments showed
marked swelling (3-fold increase in fr wt/length in
4 days). When puromycin or actinomycin D wvas
included with IAA, elongation was greater than that
observed after any other treatment given in these

Table I. Effect of Added IAA in Combiniation with Puromiiycin or- Actiniomiiycin D on the Growth of Dc(capitated
Pea Epicotyl Tissue Segments

Time 'Unitreated + IAA + IAA + IAA
(days) (cointrol) + puromycin + actinomnvin D

Length (mm/segment)
10.0 10.0
12.2 13.1
12.5 16.4
14.0 18.6
14.3 24.0

Fr wt (mg,l segment)
23.0 23.0
53.4 38.8
69.7 56.8
92.7 68.5

106.0 89.0

10.0
13.2
18.6
22.0
24.5

23.0
39.2
62.6
82.4
89.5

E-4

Ez

E--

~:D-

H
E--
<4

3

2

I

0
1
2
3
4

10.0
12.0
13.6
14.1
15.0

0
1
2
3
4

23.0
34.2
43.2
45.5
54.8
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PLANT PHYSIOLOGY

tests. TI'he fresh weight kept pace with elongation
so that a major effect of these antibiotics was the
complete prevention of IAA-induced swelling. In
contrast, FUdR had no effect on elongation and it
interfered only slightly with swelling.

Figure 2 illustrates the effects of IAA and FUdR
on the anatomical structure of segments at 1 and 3
days. In unltreated segments some swNelling of
parenchyma cells but no cell division occurred. Simi-
lar results (not shown here) were observed in seg-
menits treated with IAA plus puromycin or actinomy-
cill D. In segments treated with IAA alone, marked
swelling and some cell division wvere visible at 1 day.
By 2 days many swollen parenchyma cells throughout
the cortexlhad disintegrated to leave lacunae filled
xxitli cell aml wall debris (see 20). By 3 days recog-
nisable reot primordia had been generated in vascular
regions. This did not result in much further swelling
of the wxhole epicotyl (cf. fig 1) because the masses
of new cells merely occupied the spaces left by col-
lapsed and disoriented cortical cells. In segments
treated witlh IAA plus FUdR, considerable paren-
chl na swelling but no visible cell division or wall
disintegration took place.

Chianges in DNA, RNAT and Protein. Figure 3
showxx effects of IAA and inhibitors on total DNA,
RNA and protein levels. Table II records the ratios
of the veight of total RNA/DNA and protein/RNA.
Inl uintreated segments, the total and relative amounts
of these components showed little change up to 4
days. With IAA treatment, the amounts of each
mllacromolecule increased linearly during the whole
experiment. The approximate times necessary for
initial levels to double were 2.2 days for DNA, 1.2
days for RNA and 3.4 days for protein. Accord-
ingly, the RNA/DNA ratio steadily increased in the
presence of IAA and the protein/RNA ratio de-
creased. Only the RNA level increased at a rate
comparable to the growth rate, i.e., RNA concentra-
tion per unit fresh weight was maintained during
sw-elling wlhereas DNA and protein concentrations
decr-eased (cf. table I and fig 3).

Puromycin and actinomycin D prevented the
IAA-induced increases in DNA, RNA and protein
(fig 3). FUdR completely inhibited the increase in
DNA which accounts for its effectiveness against
cell division (fig 2). However, FUdR did not inter-
fere seriously with the increase in RNA and protein
until after about 2 days incubation. There was

therefore a marked increase in the RNA/DNA ratio
up to that time (table II). Evidently this RNA
and protein synthesis, as well as most of the lateral
segment expansion (fig 1), was due to action of
IAA in cells which were present in the segment at
zero time (pre-existing cells) and was relatively in-
dependent of DNA synthesis or cell division.

Cellulase Activity. Figure 4 shows the changes
observed in cellulase activity. By 3 days, the amount
of enzyme per segment reached levels 12 to 16 times
the level in controls. This increase was much greater
than those in fresh weight (table I), total protein,
RNA or DNA (fig 3), i.e., the cellulase level fol-
lowed a typical sigmoid induction curve regardless of
the basis on which it was calculated.

In the presence of IAA plus FUdR, cellulase
activity increased rapidly for 2 days, i.e., for as long
as rapid synthesis of total RNA and protein con-
tinued, and then began to decrease slowly as the total
protein level declined (cf. figs 3 and 4). Since there
was no DNA synthesis or cell division in the presence
of this inhibitor, the extra cellulase must have formed
as a result of direct IAA action in pre-existing cells.
The maximum cellulase level reached in these cells
(4.5 X zero time) was less than the level reached
in segmnents treated with IAA alone, and the dis-
crepancy between the 2 increased after the first day
as cell division proceeded. Evidently newly-formed
cells also synthesized cellulase.

IAA failed to raise cellulase levels in the presence
of puromycin or actinomycin D (fig 4). This cannot
have been due to inhibition by these antibiotics of
IAA-induced DNA synthesis and cell division since
the results with FUdR show that these events were
not required for cellulase svnthesis. Rather, it may
be presumed to result from their effectiveness in
preventing RNA and protein synthesis in pre-existing
cells.

Discussion

It is clear from the effects of inlhibitors (figs
1-4) that IAA can promote the synthesis of protein
in general and cellulase in particular in cells which
are in the process of expanding. It is legitimate,
therefore, to speculate on the question of where the
hormone must act in the sequence of events leading
to protein synthesis. Recentlv it has been suggeste(d

Table II. Effects of IAA and FUdR on the Weight Ratios of RNA/DNVA anid Proteint/RNA

RNA/DNA
Untreated + IAA

6.5
7.3
9.1
7.1
6.5

6.5
7.8
8.7
9.6

12.0

+ IAA
+ FUdR

6.5
10.5
18.5
16.1
20.3

Protein/RNA
Untreated + JAA + IAA

+ FUdR

4.9
3.6
2.7
3.5
4.0

4.9
3.5
3.5
2.9
2.2

4.9
3.0
2.7
2.3
2.0

Time
(days)

0
1
9

4
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FAN AND MIACLACHLAN-AUXIN-STIMULATED CELLULASE SYNTHESIS

3 DAYS
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FIG. 2. Anatomical structure of cross sections of segments at 1 and 3 days after treatment with IAA or IAA

plus FUdR. Sections (10 ju) were removed from the most swollen regions of tissue after it had been dehydrated

in t-butanol and embedded in paraffin wax. Magnification: X 29; stain: saffranin. Note swelling and formation

of root primordia in tissue treated with IAA; FUdR prevented cell division.
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FAN AND MACLACHLAN-AUXIN-STIMULATED CELLULASE SYNTHESIS

EXPT. A EXPT. B

I 2 3 4 I 2 3 4

TIME (days)
FIG. 3. Changes in DNA, RNA and protein levels in segments treated with IAA plus puromycin, actinomycin

D or FUdR. Values are calculated relative to those at zero time, namely, for expt. A and B respectively: DNA =

8.5 and 7.5 A4g: RNA -- 58.0 and 48.5 ,tg; total protein = 278 and 238 ,ug/segment.
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PLANT PHYSIOLOGY

EXPT.. A
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II

9

7

5

3

I

EXPT. B

I 2 3 4 I 2 3 4

TIME (days)
FIG. 4. Changes in cellulase activity per unit soluble protein and per segment.

zero time, mirmely, for expt. A and B respectively; cellulase activities = 0.60 % and
segment; soluble protein = 253 and 228 ,g/segment.

XValues are rclati-e to those at

0.65 % loss in viscosity/2 hours/

H
E-4

0

¢

E--

:9

0

H

:z

11)

'-:1

1120

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lp

h
y
s
/a

rtic
le

/4
2
/8

/1
1
1
4
/6

0
9
0
8
5
1
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



FAN AND 'MACLACHLAN-AUXIN-STIMULATED CELLULASE SYNTHESIS

that plant hormones promote synthesis of specific
enzymes by unnmasking the appropriate preformed
messenger RNA (22, 26) or by charging a particular
variety of transfer RNA needed to initiate synthesis
(1). Such effects on the process of translation
would not necessarily require RNA synthesis. Alter-
natively, hormones may selectively de-repress part of
the genome of maturing cells so that certain species
of messenger RNA and eventually the proteins for
which they code are synthesized (2, 8, 23). Such
control over the transcription of DNA to RNA ap-
pears to be the best explanation for nearly all the
effects of IAA observed in this study.

IAA induced very great increases in total RNA
in the epicotvl segment (fig 3), not only in time as
an eventual result of cell division but from the
beginning by direct action in pre-existing cells (cf.
RNA/DNA ratios, table II). Similarly pronotunced
and differential effects on RNA synthesis have been]
reported to follow 2,4-D-treatment of intact soybean
hypocotyls and in this tissue most of the new\ly-formed
RNA was ribosomal (9, 10). In pea seedling tissues,
nearlv all of the total cell R NA is in microsomes
(12) associated with cytoplasm rather than the nu-
cleus (14, 19) Thus, niucli of the IAA-induced
R'NA is probably also ribosomal, especially in v\icw
of its apparent stability (fig, 3, Expt B). In this
event, mnerely as consequence of an increased number
of sites w\here s-nthesis canl proceed, a non-specific
increase would be expected in the production of total
cell protein. Certainly preferential action of auxin
on transcription rather than translation is implied by
the fact that auxin causes protein/RNA ratios to
decrease in both the pea epicotyl (table II) anid the
soybeani hypocotyl (10).

The other main effects of IAA, namely DN'A and
unilateral cellulase synthesis and growth bv cell
expansion and cell division, were all closely correlated
with the ability of the segments to synthesize RNA.
It is difficult to account for these events wNitlhout
supposing that IAA brings about formation of coding
varieties of R-NA besides ribosomles. In fact, auxins
have been shown to stimulate the synthesis of all
fractions of RNA including messenger in experiments
with attached (10) and detached (9) soybean hypo-
cotyl tissue and with oat coleoptile sections (6).
MIessenger RNA is the one fraction of total RNA
which is still synthesized in detached pea root sections
and presumably required in order for growth on
solution to proceed (13). It is necessary, of course,
to show that only selected messengers are induced in
order to explain the specific formation of those
enzymes which are needed for growth. To this end,
preliminary studies in this laboratory (E. Davies,
unpublished) have indicated that polvribosomes iso-
lated from pea epicotyl segments after brief IAA
treatment are enriched in bound cellulase and appear
to have acquired the capacity to synthesize this par-
ticular enzvme.

The above considerations apply to reactions brought
about by IAA in pre-existing cells. After 2 days of

IAA treatment, most or all of the further increases
in RNA, protein and cellulase appear to result from
synthesis in newly-formed cells. Even here, how-
ever, the continued presence of IAA seems to be
needed to promote cellulase synthesis. In these and
previous (3) tests, the cellulase level in IAA-treated
tissue stopped rising after 3 days although DNA,
RNA and protein synthesis continued without abate-
ment. Indeed, when such experiments w-ere carried
on for longer time periods, the cellulase level began
to decrease while root primordia proliferated and
grew throughl the epidermis. Undoubtedly the con-
centration of IAA x-ithin the segment also decreased
with time as a result of translocation, degradation and
detoxification reactions, all of which are well known
to ocCLir in peas. T'he implication is that new cells
read:lv form RNA and protein but they lose capacity
to forml cellulase un1ess high IAA levels are maini-
tainedl. Separate tests (unpublished) have confirnmed
that cellulase activity can be made to increase further
after 3 da)s if fresh 0.5 % IAA in lanolin is applied
at that time.

It is possible to compare the relative capacities
for cellulase sy-nthesis of new andl pre-existing cells
by calculating, the cellulase levels per unit DNAw.vhich
wvere reache(d in segmleients treated withi IAA plus or
minus FUdR. The data are asSembled in table III.
Values close to 5 times initial values were attained
in 2 to 3 days w-hether or not D-NA ;N1ithesis or cell
division took place. After reachiing this peak level,
the cellulase activity per tunit DNA began to decrease
tundeir lhoth treatmeints. It appears. therefore, that
cel's in this tissue, regardless of age. were capable
of generating cellulase at similar high rates provided
the geioniie w-as ftully dle-repressed by IAA.

W ith respect to growth effects in this >ystemi, all
of the data are consistent witlh the view (3) that
IAA-induced cellulase activity- helps to bring about
lateral swelling of parenchlvmiia cells and fragmlenta-
tion of their walls (fig 2). Special attention should
be draw-n to the fact that greatly enhanced elong,ation
w-ithout swelling occurred in segments treated with
IAA plnis actinomycin D or puromycin (3. table I).
This result was unexpected since these antibiotics
have consistently inhibited auxin-induced elongation
in detached pea epicotyl sections (17. 18. 24) and in
other excised tissues (8, 9, 13. 18). Nevertheless,

Table III. Effec-ts of IAA1 oni the Formaii(itioni of
Cellulase in Nezw alld Pre-exristinig Cells

Cell division occurs in IAA-treated segments from
the first day unless F`UdR is preselnt (fig 2).

Time Cellulase activity per uinit DNA
'Untreated + IAA + IAA

(days) + FtUdR

0
1
2
3
4

1.0
0.8
1.2
0.8
0.6

1.0
1.8
4.8
5.6
4.8

1.0
2.4
4.8
4.0
4.0
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PLANT PHYSIOLOGY

several otlher inhibitors of protein synthesis, e.g. thio-
uracil, aza-uanine, terramycin, etc., have been re-
ported to increase elongation, especially in tissues left
attached to the plant (3, 7, 13, 25). Apparently
elongationl doe- not require any concurrent increase
in the level of RNA, protein or cellulase provided
bothl IAA anid some other essential factor derived
froimi elsexw here in the plant are available.
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