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Abstract—The rate of incorporation of radioactive precursors into RNA of root-tip segments has been shown to
increase during the early stages of boron deficiency n 6- to 8-day-old Phaseolus aureus seedlings Ths effect 1s
observed well before morphological changes occur, and before both the decrease n level of total RNA and n-
crease 1n ribonuclease activity can be detected. The nucleotide pool in root tips was too small to measure directly
on the rapidly growing seedlings, although 1t was easily measurable 1n the slower growing 12- to 15-day-old
plants The available indirect evidence suggests, however, that the early effect 1s not due to changes within the
total nucleotide pool

INTRODUCTION

DEsPITE a great deal of research on physiological aspects of boron deficiency, the primary
site of action of this element is still not known. In contrast to other trace elements, boron
has not been demonstrated to be a component or activator of any enzyme system.

Boron deficiency has been shown to affect nucleic acid metabolism. Thus, grossly defi-
cient plants show a reduction in RNA content,!-? a lower ATP level,® and an increase in
ribonuclease activity.*> These effects are recorded only after relatively long periods of
growth in deficient medium and therefore may not be good pointers to the principal mode
of action of boron. A much earlier effect on RNA metabolism has been demonstrated by
Cory, Finch and Hinde® and Cory and Finch.” They showed that transferring Vicia faba
seedlings to boron-deficient medium followed by incubation with **P-inorganic phosphate
resulted in an increase in the specific activity of root-tip *2P-RNA over that of control
plants maintained in complete medium. The specific activity of the total nucleotide pool
was not changed, suggesting an increased rate of RNA synthesis under these conditions.

This paper describes the effects of boron deficiency on nucleic acid metabolism in P.
aureus seedlings. Incorporation of '#C-uridine and *?P-inorganic phosphate into RNA
and acid-soluble nucleotides has been studied in root-tip segments, and levels of ribonu-
clease and uridine kinase activity determined A distinction is drawn between early and late
effects of boron deficiency 1n interpreting the results.

* Department of Botany, University of Edinburgh, Scotland

Y ALBERT, L S (1965) Plant Physiol 40, 649

2 JaweeD, M M and Scott, E G (1967) Proc W Virgima Acad Sci 39, 186

3 SHKOL'NIK, M YA, and MAEVSKAYA, A N (1962) Dokl Akad Nauk. SSSR 145, 222
4 SHERSTNEV, E A and Razumova, M V (1965) Agrochinuca 9, 348

5 ABROL, Y. P (1966) Indian J Biochem 3, 263

¢ Cory, S Fincy, L R and HINDE, R W (1966) Phytochemustry 5, 625

" Cory, S and FiNcH, L R (1967) Phytochenustry 6, 211

PHYTO 13/8--B 1311



1312 K S R CuapmaN and J F JACKSON

RESULTS

Morphological effects

These observations were made 1n order to put the effects of inadequate boron on nucleic
acid metabolism 1nto perspective on a time scale with the better known effects on the mor-
phology of the plant As shown m Fig 1. boron deficiency under the conditions used
results 1n an mmhibition of the rate of root elongation after 24 hr and complete cessation
after 120 hr of culture Just prior to this (50-100 hr), a thickening of the root tips was
observed, which was largely due to an increase 1n cell size Following this (at about 100 hr),
the normally white root tips began to turn brown The usual symptoms of boron deficiency
developed 1n the acrial parts of the plant a long time after the above cffects were observed
m the root system.
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ELONGATION CONTENT OF 5 mm ROOT TIPS

Roots were marked with a mixture of finely ground

charcoal inlanoline at the time of transfer to deficient

medum, and the subsequent elongation measured

Measurements from plants transferred to a boron-

deficient mediumare marked — B. those to a complete
medium, + B

RNA was extracted fiom 250 300 root tips by the
Schmidt-Thannhauset method and determined by (1)
absorption at 760 nm, (1) ribose method and (i)
phosphate method Mecan values from the three
methods arc plotted (4) RNA (as nmol nucleotide
content) per root tip (b) RNA (as nmol nucleotide

content) per mg (f w } of root tips

Nucleie acid content

The RNA content of root tips was found to be decreased by boron deficiency (Fig 2).
This effect appeared only after relatively long periods of growth m deficient medium (at
about the same stage as morphological symptoms were observed m the root tip) These
results are gimilar to those obtained by Albert! and Jaweed and Scott? for sunflower root
tips. In{oontrast to RNA, the DNA content was seen to mcrease. but again only after rela-
tively Tong periods in the deficient medium. The DNA content per root tip had almost
doubled by 200-300 hr following transfer to a boron-deficient medium.

Incorporation of **C-uridine mto RN A and acid-soluble fractions

Itis apparent from Fig 3 that, while incorporation of '*C-uridine into the RNA fraction
of root-tip segments continues to decline with increasing age after transfer of plants to a
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F1G 3 EFFECT OF BORON DEFICIENCY ON UPTAKE AND
INCORPORATION OF '*C-URIDINE
100-200 root tips were incubated m '*C-unidine,
extracted and separated into RNA and acid-soluble
fractions by the Schmidt-Thannhauser method

FiG 4 EFFECT OF BORON DEFICIENCY ON THE SPECIFIC
ACTIVITY OF RNA AND THE ACID-SOLUBLE FRACTION
FOLLOWING '#C-URIDINE INCORPORATION
(a) 100-200 root tips were incubated with '*C-unidine
and the acid-soluble f{raction extracted by the

Schmidt-Thannhauser procedure (b) 400-600 root
tips were incubated with '*C-uridine and the RNA
extracted by the phenol method

medum containing adequate trace element, transfer to a boron-deficient medium arrests
this decline and eventually leads to an increase. Roots from plants removed to the deficient
medium have higher incorporation values than thewr normal counterparts as little as 6 hr
after transfer. Hydrolysis of the RNA fraction 1n 0-3N KOH followed by separation of
the constituent nucleotides on Dowex-1 showed that approx. 40%; of the label was incor-
porated into RNA as the CMP moiety, and that this proportion was not significantly
altered by boron deficiency. Incorporation of '*C-uridine into the acid-soluble fraction 1s
also higher when plants transferred to the deficient medium are compared with those
transferred to the normal medium (Fig. 3). However, 1n this case, significantly higher values
are not encountered until at least 48 hr after transfer.

The specific activity of the label from '“C-uridine incorporated into RNA and the acid-
soluble fraction of root-tip segments is mcreased by removal of plants to a boron-deficient
medum (Fig. 4), while plants transferred to the normal medium give relatively constant
specific activities with mcreasing age. As for total incorporation, the specific activity of
RNA increases at a much earlier stage of deficiency than does the acid-soluble fraction,
although it should be noted that the measurement of the specific activity of the acid-sol-
uble fraction 1s based on ribose levels and will be influenced by the reaction of ribose (and
other interfering substances) not associated with nucleic acids. The patterns of incorpor-
ation of 32Pi are affected by boron deficiency 1n a similar manner to those for '*C-uridine.
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At 24, 48 144 and 312 hr after transfer to the deficient medium, the increase mn specific
activity of >2P-RNA in root tips is 53, 69, 100 and 202%, respectively.

To test the specificity of the effect of boron deficiency on '*C-uridine incorporation pat-
terns, three other trace element deficiencies were studied. Although inadequate iron,
manganese and copper resulted in changes in these patterns, the changes obtained are
quite different from those of boron deficiency (Table 1). Thus, manganese and copper defi-
ciencies gave rise to increased uptake into the acid-soluble fraction within the first 48 hr
without significantly increased incorporation into the RNA fraction The latter did show
a relatively small increase at later stages of deficiency. Despite suggestions that the effects
of iron deficiency on growth, cell division and DNA and RNA contents of pea root tips
are similar to those of boron deficiency,® iron deficiency in P. aureus seedlings shows an
early mhibition of incorporation into root-tip RNA and no significant effect on uptake
mnto the acid-soluble fraction until the very late stages of deficiency (Table 1)

TaBLE | EFFECTS OF TRACE ELEMENT DEFICIENCIES ON '*C-URIDINE UPTAKE AND

INCORPORATION

Deficient Time after transfer to deficient medam (hr)
element 12 24 48 144 336

Acid-soluble
Iron | 121 097 090 185
Manganese — 134 142 158 110
Copper —- 108 127 177 1-33
Boron ! 102 108 157 262
RNA

Iron 075 055 060 062 106
Manganese — 0-98 092 130 156
Copper — 088 110 132 108
Boron 107 124 150 152 3123

Deficient and normal root tips (150 of each) were incubated in '*C-uridine for 4 hr and
the acid-soluble and RNA fractions extracted and separated by the Schmidt-Thannhauser
method Results are expressed as the ratio —

counts mcorporated into 150 deficient root tips
counts incorporated mto 150 normal root tips

All samples incorporated at least 10% cpm 1nto each fraction
P 1%

Nucleotides

Root tips from 6- to 8-day-old P aureus seedlings used for the present boron deficiency
studies were found to contain levels of nucleotides too low to be detected by UV spectro-
photometry after chromatography on Dowex-1 or DEAE-Sephadex, even if extracts from
as much as 500 mg of root tips were used. That this result is not due to degradation during
extraction is shown by the recovery of 77 pmol **C-UTP after chromatography from
86 pmol '*C-UTP added to the medium used to extract 500 mg root tips. The same extrac-
tion procedures yielded appreciable amounts of nucleotides when applied to the root tips
of 12- to 15-day-old plants and to mature root tissue {e.g. approx. 100 nmol ATP/g mature
root tissue compared with an estimated figure of less than 10 nmol ATP/g tissue for 6-
to 8-day-old root tips). Although many have reported on the nucleotide content of roots,
there seems to be little information available on changes in the root tip (and thus the meris-

% ABBOTT, A J (1972) New Phytol T1, &5
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tematic region) during growth and development of the plant. Our resuits suggest that there
is a dramatic increase in the size of the pool as the plant matures, the pool being smallest
at the time (6- to 8-day-old plants) of most rapid root growth (Fig. 1). It was considered
impractical to attempt to isolate much more than 500 mg of tissue for nucleotide studies
since this figure represents approximately 1000 root tips. Hence, it was not feasible to
determine the specific radioactivity of the nucleotides following incorporation of *C-uri-
dine or *?Pi in an attempt to explain increased radioisotope incorporation into RNA in
boron-deficient root tips.

It was possible to measure in some cases the incorporation of **C-uridine and 3*Pi into
the various nucleotide fractions. At relatively early stages of deficiency (24 and 48 hr) the
amount of **C-uridine incorporated into nucleotides is very small, except for a fraction
corresponding to UDPG. Boron deficiency had no significant effect on this pattern. After
144 hr of culture (when the plants are 11 to 12 days old), higher amounts of '*C-uridine
are incorporated into nucleotide fractions. As shown in Table 2, boron deficiency did not
significantly affect the distribution of *C-label among the various fractions. With 32Pj,

TABLE 2. DISTRIBUTION OF *“C IN NUCLEOSIDES AND NUCLEOTIDES OF 144 HR DEFICIENT ROOT
TIPS FOLLOWING 1*C-URIDINF INCORPORATION

Radioactivity

Nucleotide or (cpm) % of Total

nucleoside +B —-B +B -B
Nucleosides 7838 8398 74 721
CMP 95 57 09 05
UMP + UDPG 1279 1620 111 ’ 14
CDP 64 50 06 04
UDP 293 383 28 33
CTP 237 188 22 1-6
UTP 884 947 84 81

greater amounts of radioactivity are incorporated into the various nucleotide fractions
and, as for '*C-uridine, these increase with the age of the plant. The distribution of
radioactivity over the various nucleotides is not significantly altered by boron deficiency;
however, by 144 hr in boron-deficient medium, root-tip segments show a general increase
in label incorporated into all nucleotides, an effect not shown at 48 hr or earlier. These
results are illustrated for the uridine and adenosine nucleotides in Table 3.

TABLE 3. DISTRIBUTION OF 32P BETWEEN ADENOSINE AND URIDINE NUCLEOTIDES

Time after
transfer to ADP + UDP ATP + UTP
boron-deficient
medium (hr) Treatment cpm % total cpm % total
48 +B 39633 382 63991 61-8
—-B 33807 383 54516 617
144 +B 71068 265 197996 735
-B 93327 239 297604 76:1

Ribonuclease and uridine kinase activities

Boron deficiency leads to a sharp increase in ribonuclease activity, but only after at least
100 hr of growth in deficient medium (Fig. 5). This is the stage at which the RNA level
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begins to decline (Fig. 2) and shghtly precedes the cessation of root elongation (Fig. 1).
It is possible then that the fall in RNA content, a relatively late effect of boron deficiency,
1s related to mereased RNAse activity, The other enzyme tested was uridine kinase; this
did show a significant increase, but only after relatively long periods of boron deficiency
(and only if calculated on a root-tip basis) (Table 4). This 1s consistent with the increase
1n icorporation of *C-uridine 1nto nucleotides of root tips after relatively long periods
of growth 1n deficient medium (Table 2) and could represent an increase in activity of sal-
vage enzymes at a time when RNA breakdown has increased along with elevated ribonuc-
lease levels.
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FIG 5 EFFECT OF BORON DEFICIENCY ON RIBONUCLEASE ACTIVITY
100 root tips were harvested for each determination, and the ribonuclease activity of crude extracts
determined at pH 54 (a) nmol/min/root tip, {b) gmol/mm/mg proten

DISCUSSION

The decrease 1n the level of RNA 1n root tips reported for other plants subjected to
boron deficiency has been confirmed in P aureus seedlings. Time-course studies indicated
that this only occurs at about the stage when root elongation ceases. 1e. at a relatively
late stage of boron deficiency The lowermg of RNA can be correlated with an increase 1n
ribonuclease activity, and these changes are similar to those which occur in maturing and
senescing plant tissue.?"'? It is tempting therefore to attribute these late effects of boron
deficiency to an accelerated rate of maturation and senescence i deficient root tips.

TABLE 4 EFFFCT OF BORON DEFICIENCY ON URIDINE KINASE ACTIVITY

Time after pmol UMP produced per hr
transfer to
boron-deficient Protein Tissue

medium (hr) Treatment (mg) (mg) root tip

49 +B 943 143 S18

-B 1040 162 624

91 +B 1455 199 SK2

-B 1292 204 802

During the early stages of boron deficiency before morphological changes become
visible (6 to 24 hr after the transfer to the deficient medium), the rate of incorporation of
radioactive precursors into the RNA of root-tip segments 1s increased. That this early n-

9 McHALr, J S and Dove, L D (1968) New Phytol 67, 505
' Prueies, D R and FLitciR, R A (1969) Physiol Plant 22, 764
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crease takes place without any apparent effect on the total precursor pool 1s suggested by
the observation that the total level of radioactivity in the acid-soluble fraction and its dis-
tribution between the different nucleotides are not significantly changed until at least 48 hr
after transferring plants to deficient medium. The absence of any significant early effect
on uridine kinase activity or the distribution of '*C (introduced as '*C-uridine) between
UMP and CMP within the newly synthesized RNA also suggests that boron deficiency
does not affect the total nucleotide pool. As there is no evidence of altered degradation
rates during these early stages of deficiency, the increased incorporation of radioactivity
into RNA could be due either to changes in the properties of small specific nucleotide
pools or to an mcreased rate of synthesis of all or certain species of RNA. The properties
of the RNA into which increased incorporation of radioactive precursor is observed will
be examined in a subsequent paper. It should be noted here, however, that several poly-
acrylamide-gel electrophoretic fractionations showed the absence of radioactivity in posi-
tions corresponding to 16S or 23S RNA, ruling out bacterial contamination as the cause
of increased RNA labelling. Another situation leading to increased incorporation of '*C-
nucleoside or *?Pi into RNA is that of auxin treatment of intact or excized plant tis-
sue.''71® This lends some support to suggestions®!” of a possible relationship between
hormones and the mechanism of action of boron.

EXPERIMENTAL

Culture of Phaseolus aureus Nutrient solns were prepared using double glass-distilled H,O which was
further distilled 1n a silica apparatus, passed through a milhipore filter (02 um pore size) and stored 1n sealed
plastic containers All equipment was either autoclaved or surface-sterilized with EtOH (or conc. HCl) and
exposed to UV light for at least 30 mm P aqureus seeds were surface-sterilized with EtOH for 1 min and with
02%, (w/v) sodium hypochlorite for 1 hr, then rinsed three times with sterile H,O and imbibed overnight The
seeds were germinated 1n the dark on moist blotting paper (previously irradiated with UV light) at 30" tor 77 fir
n covered contamers Seedlings were grown in 101 black plastic containers from the 3 to 5 cm long radicle stage,
as described by Neales !® Filtered air was bubbled from four silica tubes 1n each container and the day length
maintained at 16 hr. with day and night temps of 25 and 20° respectively Initially all the plants were grown
in a complete medium,'® but after 5 or 6 days, half the plants were placed 1n a medium deficient 1n the trace
element and the other half in fresh complete medium Each medium was changed every 5 to 6 days thereafter

Incorporation of labelled precursor into excized root tips Excized root tips (each 5 mm) were incubated at 30°
for 4 hr m plastic test-tubes (1 35 x 10cm) in 2 ml of nutrient medium (with or without boron) containing the
radioactive precursor, 50 units/ml of Penicillin G and 2% (w/v) sucrose When *?P1 was used, the nutrient
medm was diluted 4-fold before the incubation to give a sp. act of 30 mCi/umol (500 uCi/ml) for *2P1 '*C-
Uridine was used at a sp act of 40 mCiy/mmol (1 uCi/ml) After incubation the tips were washed six times with
a jet of distilfed H, O before homogenization as described befow The rate of incorporation of **C-uridine into
RNA was found to be linear with time up to 4 hr under the conditions used

Nucleic acid extraction and characterization Total nucleic acids were determined, after separation mnto acid-
soluble, RNA and DNA fractions, by the method of Schmidt and Thannhauser?® as modified by Bonner and
Zeevaart *' For the extraction of nucleotides, root tips were homogenized n 109, TCA (1 ml/250 mg fr wt) and
the mixture shaken at 2° for 15 min After centrifugation for 20 min at 2° and 800 g, the pellet was re-extracted
with 5% TCA and the combined supernatants were washed ten times with ether to remove TCA The washed
supernatant was used for characterization of the nucleotide fraction by chromatography on DEAE-Sephadex

' Key, ) L and SHaNwoN, J C (1964) Plant Physiol 39, 360

2 SACHER, ] A (1967) Plant Physiol 42, 1334

'3 TREwavas, A J (1968) Arch Biochem Biophys 123, 324

14 Kev, J L (1969) Ann Rev Plant Physwol 20, 449

13 HaissiG, B E (1971) Bot Gaz 132, 263

16 TREWAVAS, A J (1968) Phytochenustry 7, 673

'7 Cokk, L and WHITTINGTON. W ] (1968) J Exp Botany 19, 295
'8 NeaLes, T F (1960) Aust J Bl Sci 13,232

' HoacLann,. D) R and Arnon, D 1 (1950).Calif Agric. Exp Sta. Cr 347
29 ScuMmIDT, G and THANNHAUSER, S. J (1945) J Biol Chem 161, 83
2t Bonner. 1 and ZeevaarT. I A. D (1962). Plant Physial. 37,.43
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or Dowex- 1. The acid-insoluble pellet containing R NA was hydrolyzed in 0 3M KOH for 20 hr at 37 . then neu-
tralized with 0 6 M PCA After standing at 2° for 15 mun, followed by centrifugation at 400 ¢ for 5 min, the super-
natant was used to estimate the distribution of radioactivity among the bases of RNA Nucleotides were separ-
ated by chromatography on DEAE-Sephadex (A-25), using a column 09 x 20cm The acid-soluble fraction
(diluted five-fold with H,O to ensure a low salt conc) was loaded onto the column together with unlabelled
marker nucleotides (0 25 ymol each) at a flow rate of 40-50 ml/hr The column was then washed with water until
no UV-absorbing material was present in the eluate Nucleotides were eluted with a linear gradient of triethylam-
monium bicarbonate, in which the mixing vessel imtially contained 400 ml water and the reservon 400 ml of the
buffer (1 M, pH 8) The flow rate was 40-50 mi/hr The eluate was monitored automatically at 254 nm with an
LKB Uvicord I, and fractions of 4 ml collected 3?P-Contaiming fractions were assayed by Cerenkov radiation,
and "*C by iqud scintillation spectrometry after sorbing a portion of the fraction onto glass-paper Nucleotides
in the alkahi-hydrolyzed acid-insoluble fractions were separated by chromatography on Dowex-1 Samples were
loaded onto the Dowex-1 column (1 2 x 10 cm) as before, and elution achieved with a two-stage hinear gradient
system. A 0 to 4 M gradient of formic acid (100 ml) was followed by a gradient of 0- 0 5 M ammonium formate
in 4 M formic acid (100 ml) The eluate was momtored and fractions collected and radioassayed as before RNA
was extracted from excized root tips (100-400 mg fr wt) by homogemization at 2° 1n a mixture of 2 ml of an aq
soln contamning 10 mM phosphate, 50 mM KCl, 10 mM MgCl,, 1 59, (w/v) SDS, 02°, (w,/v) bentonite (pH 7 6)
and 2 ml of 90% (v/v) phenol-- 0 1°, (w/v) 8-hydroxyquinoline The mixture was shaken at 2 for 20 min and
centrifuged for 20 mmn at 1000g The aq layer was re-extracted with phenol and bentonite, and the RNA precipi-
tated from the final ag phase with 2 5 vol of EtOH overnight (at —15%) The ppt was washed successively with
709, (v/v) EtOH, 95% (v/v) EtOH, twice with Et,0, then dried n vacuo RNA-ribose was determined by the
method of Schneider,?? using CuCl, as catalyst?® and AMP as the reference standard The Pi content of RNA
fractions was determined by adding a drop of 10% (w/v) Mg(NO;), i EtOH and heating 1n a test-tube over
a strong flame until all the brown fumes had been expelled. When cool, 09 mi of HC1 was added and the soln
was heated at 100 for 15 mm The soln was then analysed for Piby the method of Chen Tortbara and Wainer =*
DNA was determined as deoxyribose by the method of Burton *

Ribonuclease activity Ribonuclease activity was determined 1n crude extracts by the method of Walters and
Loring ¢ Extracts were prepared by homogenizing 100 mg {r wt of root tips with 8 ml of I M NaOAc, pH 54
Assays were conducted at 37° in 2 mi incubation mixtures contaming 0 05 M NaOAc pH 54, 4 absorbance units
of yeast RNA and 0 1 ml of plant extract

Uridine kinase actinity PC was used to determine the conversion of '*C-uridine to "*C-UMP The assay mix-
ture 1n a total vol of 04 ml contained: 50 umol Tris-HCI (pH 8 1), 5 umol MgCl,, ! 5 umol mercaptoethanol,
15 umol ATP, 56 nmol 2-'*C-uridine (4 6 x 10* cpm/nmotl) and 0-05-0 1 ml of plant extract The extract was
obtamned by homogenizing | g fr wt of root tips with 2 ml 50 mM Tris-HCl (pH 8 1)-- | mM glutathione. followed
by passage through a French Pressure Cell at 200 kg/cm® After incubation at 30 for periods between 30 and
60 mun, the reaction was terminated by adding 1-25 ml 10% (w/v) TCA The supernatant, after centrifugation at
1000 g, was removed and extracted twice with Et,O,and 0 04 ml (contarming added uracil. uridine and UMP as
markers, 0 1 yumol each) was spotted onto Whatman 3 MM chromatography paper and developed by ascending
chromatography in 025 M formic acid The chromatogram was cut into 5 mm strips and the conversion of '*C-
uridine to '*C-UMP determined by liquid scintillation spectrometry

Protein was determined 1 plant extracts after TCA precipitation by the Folin procedure of Lowry er al,?”
using bovine serum albumun as standard

22 SCHNEER, W S (1957) In Methods in Enzymology (CoLowick, S P and Kapran, N O eds} Vol 3, p
680, Academic Press, New York

23 LiN, R 1 and SCHIEIDE, O A (1969) Anal Biochem 27, 473

24 CueN, P S, Tor1BARA, T Y and WaRNER, H (1956) Anal Chem 28, 1756

25 BurToN, K (1956) Biochem J 62, 315

26 WaLTeRS. T L and LORING, H S (1966) J Biol Chem 241, 2870

27 Lowry, O H, RosrerROUGH. N 1, Farr, A L and RanpaLL, R 1 (1951} J Biwol Chem 193, 265



