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ABSTRACT

Between the second and fourth day of germination the DNA and

RNA content of developing cotyledons of pumpkin (Curcurbita pepo L.’)

approximately doubled. The DNAs of cotyledons between the second and
sixth day of germination were iexamivned for their proportion of coding for
ribosomal RNAs (rRNA) of chloroplastic and cytoplasmic ribosomes (CHL—
rDNA and CYT-rDNA, respectively). Hybridization experiménts were
conducted which showed that root rRNAs could be used té determine CYT-
rDNA and that CHL-rDNA could be calculated as the difference in the
hybridization values obtained using cotyledonary and root rRNAs,

DNAs extracted from whole cotyleidons or AiAso.latec_l nuclei from
light-grown pumpkins yielded similar resulté, Amplification‘ of rDNA like
.that reported in Xenopus oocytes W.as. not found. Instead, fiuctuations 1n
coding for rRﬁAs were related to nuclear DNA replication. Similar exper-.
imenfs using DNAS extracted from etiolated;‘pumpkins indicated that‘a\ .
high proportion of CHL-rDNA was Iprese'nt in the DNA extracted from iso-
lafed nucléi, DNA extracted from whole cotyledons, however, showed
very loW proportions of CHL-rDNA, The reasons for this difference were

discussed.

vii



: INTRODUC TION

Cells of most organisms contain more than one copy of the
genes which code for ribosomal ribonucleic acids (rRNA) . This redun-
dé"ncy varies from a few copies'in the procaryote genome to thousands of
cistrons per éell in the more complex deoxyribonucleic acid (DNA)‘ of
eucaryotes, Compilation of data (5) ‘frbm s tudies involving a wide phylo-
‘genetic range ofv species indicates that somatic tissues of higher animals
contain a few hundred rDNA (the DNA which codes for rRNA) copies per
-cell while higher plants attain the greatest proportion of rDNA cistrons
reaching as high as 27,500 copies per genome in Chinese cabbage;

Selective replication of ribosomal cistrons in amphibian oécytes
during oogenesis (8) sﬁggested that the proportion 6f rDNA in other or-
'gl;anisms may vary d'ufing a glfowth cycle. In this respect, fluctuations in

IDNA content have been reported to occur in the Vegetativefcell‘cycle of

Chlamydomonas reinhardi (28) and in the germinating wheat embryo (15).
Ingle and Sinclaif (30), however, could find no difference in the pércent
‘of hybridization' during germination of either the wheat or maize embryoa

’Massive syntheéis of rRNA in Xenopus oocytes later in oogene-
sis following seiective rDNA synthesis (8) was suggestive of a relation-
| ship between the replication of extra rDNA copies and a requirement for
RN'A synthesis. A rapid and selective synthesis of rDNA upon transfer of

Tetrahymena pyriformis (22) tcj enriched media indicated that such a rela-

tionship was possible, but conclusive evidence is not available, In
higher plants, the only available evidence suggests that the proportion

 '1
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of rDNA remains constant under conditions whlen the metabolic rates vary

considerably (30). | | |
‘ Since little is known about the relationships of rDNA coding to

rRNA production‘, the study report'edherein was undertaken to further this

understanding., The developing cotyledon of pumpkin (Cucurbita pepo L)
was selected because the cotyledone ernerge in a near-synchronous
fas_hion on the third day of germinetion and begin greening immediately
upon exposure to light, Furthermore, the micleie acid content is known
to undergo dramatic changes during germi_nation, The vbNA content us_ual—'
" ly doubles between the second and third day, without a proportionate in-
crease in cell number; and remains c‘enstant through the seventh day.

In addition, total‘RNA is known to increase 5 to 7 fold between the

| second and-fourth day (43). |

Studies were also made to determine the effect of light and: dark -
’ growth conditions on the proportlon of DNA coding for both chloroplastic
and cytoplasmlc rlbosomal RNAS (CHL-rRNA and CYT—rRNA respectlvely)
- Tewari and Wildman (52) and Matsuda, Slegel, and Lightfoot (39) found
that the genes coding for chloroplastic ribosomal RNAs (CHL—AII'DNA_)‘ are
distinct'from those coding for cytoplasmic ribosomal RNAs (CYT-rDNA)
and that both groups of genes are found as multiple copies in nuclear
_DNA ‘Only CHL-rRNA codmg has been found in chloroplast DNA (51),

but the number of cistrons is quite small (5),



LITERATURE REVIEW

Satellite DNA and. Redundant rDNA

The isolation of rDNA cisti“ons has been achieved in some or-
ganisms utilizing isopycnic centrifugation in CsCl, In plants rDNA has
a higher molar guanine and thosiné content (G + C about 50%) than that
of bulk DNA (G + C about 35% to 40%) and will band at a higher density
(38). Ribosomal cistrons which will not form a satelliie in CsCl can be
shown to lie; on the heé\}y side of the main band DNA by coliec.ting frac-

tions from the gradient and hybridizing these with rRNA (41)., Satellite

DNA has been found in yeast (46), Xenopus (5), Chlamydomonas (49),
and in higher plants, such as pumpkin', Chinese cabbage, and pinto
bean (38).

The rDNAdof Xenopus laevis was shown to be associated with

the nﬁcleollisv (13) by the discovery that the amount of satellite rDNA
was proportionate to the number of nucleoli, Matsuda and Siegel (38)
found satellité DNA only in plants which contained a high hybridization
Valué for rRNA, The pumpkin s-atellite, which banded at 1.707 g cm'3,
was over a hﬁndred times ‘richer in rDNA than i:he bulk:”DNA. In addition,
they found that rRNAs from torbacco, Chinese cabbage,‘ and pinto beans

| hybridized équally'~ well to a given p}ant DNA, but DNAs differed in the
amount of'»rRNA binding, From these results they concluded that the base -
séquéhces of rRNAs o.f widely divergent species were similar, but plant
DNAs dogld vafy widely in their proportion of rDNA, In a later study (39),
Wthh supported their previous findings, it was also shpwn, that the base

3



sequénces coding for C-H.L—rR'NAs' were distinc't from those coding forr
,.CYT—rR'NA's'., The rDNAs for each type of RNA appeared to be evolutionar-
‘ily conserved, and the buoyant densities of both wére identical to that
of the pumpkin satellite DNA, 7

Although res.lilts from the hybridization of‘ heterologous and
‘homologous rRNAs to rDNAs suggest a conservation oi rRNA cistrons
among“eucaryot_es, there are limits to homogeneity (5), Base on buoyant
de.nsit}}'and molecular weight data (14), it appears tha_t the smaller cyto~-
plasmic ribosomal ‘subunit is more similar among species as diverse as.
tobacco, sea urchin, chicken, and mouse than the larger subunit, The
© fact that the molecﬁlar weight of the rRNA precursor in mammals is twice
th&it m plar_its taken together with the interspecific hybridization data
implies that t_heﬂ ribosp_mal cisi:r_on itself may be quite .similar but that
the spécer DNA @NA segments ihtérspersed betweén’rRl\iA cistrons) has
‘been considerably altered.

In sxipport bf this, Brown, Wensink, and Iofdan (11) found a .

similar buoyant density, base composition, and nucleotide sequence as

judged by reciprocal hybridization of isolated rRNA from Xer’iopus laevis
- and X. mulleri, However, utilizing the 40S precursor RNA which con-

tained s_'pacef seciuences as well as fRNA, they found that hybridization
- 'was be.st using an homologous system. Similarly, Grierson and Loening
| (2 7) indicated a possible diversity of rDNA in tissues of the same plant.
.Using vg‘el e_lectrophofesis, thejz iound that the 808 (cytoplasmic ribo-
"s.oine) precursor of the root ha..<i‘:.a molecular weight of 2.7 x 10_6 daltons'
‘wherea_S that of theyl'eaif was 2.9 x 106 dalténs'. vIt is possible, though,"

that an undetected cleavage of spacer DNA occurred in the root,



- Location of rDNA

A great deal of éutoradiographic work has been done te deter-
mine the location of rDNA genes. From such studies, the rDNA appears
to be located within the nucleolus and on specific chromosomes at re-
gions usually associated with nucleolar formation, termed nucleolar
organizer regions or NOR (13, 41, 48). Cytological work with Phaseolus
coccineue and P. vulgaris (1, 6) has showh regions of rDNA et the NOR
which consists of a heterochromatic arm connected to satellite DNA with
: diffuse strands of chromatin. A nucleoluswas a.séociete.d with some of
the chremosemes at the NOR site, |

Biochemical evidence for locating rDNA at the NOR rests on
work dehe with mutants whose genomes vary in NOR complement,
Wallace and Birnstiel (55) used hybridization saturation cufves to show
: a‘proportienate increese in rDNA content with increasing numbers of NOR,

The anueieolate mutant exhibited no satellite DNA -ahd no rRNA hybrid--
ization, Prevtous experiments utilizing Drosoghila_mﬁtants with‘one to

" four NOR on the IX chromosome produced similar results (47)., Yeast,
which does not lend itself to the cytologic study required to establish
the presence of NOR, has been shown to have 70% of the rDNA comple-
mexit. on chromosome I by separating whole chromosomes of wild type
and aneuploid mutants on sucrose gradients (23) and hybridizing the
chromosomes with rRNA, Phillips, .Igleese, and Wang (44) used two wild
types .and one. mutarit straih of corn .contain-ing' an extra piece of hetere—
chromatin in the NOR to locate rDNA, Upon crossing these three spe01es

they found that the NOR was mherlted with the expected Mendellan



frequency. The nucleolus of the mutant was 64% larger and contained

twice the rDNA of the single heterochromatic NOR.,

Replication and Stability of Redundant rDNA

Replication of rDNA during the cell cycle vv'ariels with the or-
ganism studied, For example, the slime mold, Physarum (58), synthe-

sizes rDNA after bulk DN,A',synthe'sis has begun, but in Chlamydomonas

reinhardi (28) the rDNA complement builds up before nuclear DNA syn—-
thesis. Several models for rDNA replication, particularly concerning
Xenopus (7, 12, 56) , have been presented, but thé mechanism of rDNA
feplicatiqn'and its control are not well understood.,

A great deél of evidence (10, 18, 35) has been presented for
the Xenopus oocyte which suggests that the chromQSOmal rDNA first
synthe sizes rRNA and thét this rRNA transcribes extrachromosomal rDNA
using an RNA—deperident DNA polymerase, Briefly, the above. workers

" have shown that the banding in CsCl of satellite rDNA beiﬁg formed
during amplification is sensitive to RNase.. Upon isolation of the RNAs
présent in this satellite band, they recovered a piece of RNA which was
hot complementary to rRNA;_ in fact, it was not evén complementary to
the H strand (the DNA strand which tranécribes the rRNA precursor mole-
cule). This piece of RNA was as$sociated with the L strand (DNA com-
plementary to the H strand) and would bind oniy to RNA made with E,

9_9_1_5 polymerase which transcribes both strands of DNA inéluding spacer»,
regioné., These results led them to state that the L strand as well as the
H straﬁd is btr_anscribed into an RNA whosé only function would be as a

‘template for DNA synthesis,



| 7
Other studies for selective rDNA éynthesis suggest a more com—4
piéx proc.:ess. is invol_\}ed ih the ‘amplificlation process than was first sus-
pected. Using two species of Xenopus and the progeny of their
reciprocal crosses, Brown and Blackler (7) found, :that fhe rRNA of either
“homozygous parent was equélly complementary to the progeny -irrespec-
tive of the matérnal species .. But upon hybridization with rRNA tran-
scribed by E. coli polymerase, the spacer RNA of only one species, X.
laevis, hybridized best to the DNA from all brogen.y regardlesé of its Sex
in the cross, These reéults indicate a dominance .of tbe X. laevis rDNA
to that of X. rﬁ.u’lleri,_ B
» The bobbed mutant Qf'Drosophila (50) may be another ;:ase-of~
rDNA amplification, In this mutant a portion of the rDNA genome ié lbét _
‘rthusA impairing rRNA's_ynthes:;Ls . Reveréion- to the'wild, type complement
| of rDNA occurs spontaneously after several generations., The imbalanbe
is thought to be corrected through synthesis and inqqrporation i_ntd the
. genome of ex’bra rDNA; | |
_ An analogou‘s situation may exist in hyacinth, Tiinvmis , Sin-
_élair,_ and Ingle (54) utilized,severai euplbids-and aneuploids of Hyacin-

thus orientalis which had different NOR complements in hybridizatioh'

’ ;-experiments with rRNA, They found no proportionéte relationship in the
rDNA number with tbe number of NOR presént° However, comparing the
'averag_e rDNA number of all the eupl__oids with that of all the aneup'loids , |
they shdwed a definite decrease in rDNA number in the aneupioid genome, -
It .’is possible that rectification of the i’DI\TA complement of the lost

- chromosomes accounts in part for these results,
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Am'p.‘lificatio,n of rDNA in Xénopus laevis, occurring at pachYtVeAné
in the oocyte (4), vreaches a maximﬁm of 2 x 106 7 cistrons perrcell.-
These nonchromoscmal genes' persist throughout bogénesis but are dis-~
persed during gastrulation with the résultanf sorhat_ic tissue containing
1to2 .,.5 x 103 cistrons per cell (5). This phenorhenon focu'.sed attention
on the stability of redundancy in plant tissues. Howell (28) established
that a periodic fluctuation in rDNA content occﬁrs during the vegetative

cell cycle of Chlamydomonas reinhardi. In higher plants Chen and

Osborne (1 S)V.reported that the embryo of ungerminated"wheat contains
30% more rDNA than a whe_at embryo after 48 hours of germination, pre-
sumably due‘vto gene deletion. However, they also show a concurrent
syntheéis- of DNA. If there i;; a syhchronous replicatioﬁ of DNA dﬁr:’mg

: this time period, a dilution of the fDNA cistrons by replicating DNA
.coul‘d account for their results. Ingle ana Sinqlair (30), in comparing

| three-day-old wheat or corn embryos to the ungerminated seed, detected

no difference in the Apercent of rRNA hybridization.

Reduridant rDNA and the Synthesis .of rRNA

. Ifan orgénism is transcribing rRNA at maximum cabacity, any
ider-nand for additiox_nal massive amounts of rRNA would be limited by>_the
’ -A-nurlnbe'r of rDNA templates available, With this in mind, studies ha\;é
4 »bee_r»l done which try to reléte rDNA content to rRNA synthesis. No direct
’ I"relati'ons-hip of gene'. dosage to rRNA"synthesis was derived 'from' studié's
with Xenopus (32). In crosses of the Wild_ type (2 NOR) with anucleolate .
’ (ﬁo NOR) or partial nucleolate (l/VZvNOR) mﬁtants the améunté of rRNA

. synthesized were equivalent to the homozygous wild type. But in hybr.ids :



of the fcwo mufcants a heterozygous C:rQSS" in Which only half‘of the'rRNA
eistrons of one genome and none of the other were present resulted ina
reduction of rRNA synthesis by approximately half, while the homozygous
: ranucleolate hybrid had no substantial rRNA synthesis, Apparently.a full
haploid complement of genes is required for rRNA syhthesis to remain at
the level of the wild type, and the amount of rDNA 1n excess of this hap-
loid eomplement does not effect an increased amount of rRNA synthesis,

Work with a protozoan, Tetrahymena pyriformis, may suggest

_ that rDNA syhthesis can respond to metabolic requirements, Upon trans-
fer from-an .inorgan.ic to an organic medium, the protozoan exhibits an'b
_ increase’d growth rate., Engberg, Mowat, and Pearlman (22) indicated
that replication of rDNA began within 90 minutes after transfer to the
:enr,iched medium’ and before bulk DNA synthesis commenced. This was
accompanied by morphological changes within the nucleolus. Although
rDNA was expected to replicate after bulk .DNA, the transfer may have }.
‘induced asynehrony resulting in the higher values for redundant genes-
@8, | | B
Studies by Ingle and Sinclair (30) point out that artichoke tis_—

s'ues, such as leaf or tuber tissue, which vary in metaboli‘c.rates and -
should have varied requirements for rRNA did not have detectable differ-
ences in rDNA con"cent° More recently, =Miksche and Hotta (40) demon-
str_ateci that DNA from the roof tips '_o.f conifer seedlings reannealed at a
B .slightly slower rate than the DNA from whole seedlings. This indicated
that the rbot'tip‘ may have fewer redundant genes ‘than the Whole seedling
. and s_uggest'ed_that slight differences in DNA content may exist in dif‘—:

ferent tissues,
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Chloroplast DNA and the Effect of Light
on rRNA Synthesis

Chiang and Sueoka (17) used differential 14yN-15n labelling and
the resulting density shift to _demonstratevth'é semi-conservative replica-
tion of chloroplast DNA (CHL-DNA) before nuclear DNA (N-DNA) synthe-

sis in Chlarﬁydomonas, Studies with tobaéco (52) and Euglena (51)

chloroplasts.indicate that the chloroplast DNA contains coding for only.
the 708 ribosome (chloroblastic rRNA) and that the cistrons are not highly

rédundant, How’ever,' Bartels and Hyde (2) usihg wheat and Wells and

Sager (57) using Chlamydomonas demonstrate that CHL-DNA éxhibité a
faster renaturation rate than nuclear DNA which is indicative of redun-
danc-y,° This repetitious CHL—DN‘A has not beén shown to be rDNA, but
~sﬁch a possibility would be attractive in view of studies on light-induced
RNA sYnthesis . | 7 |
Hyb:idizat;on of RNA extracted from pea stems'grown in the dérk
' ahd in the light to pea DNA indicated the presence. of ‘a new spe‘.cies of
RNA in the ‘light—gx.“own stem, but this speciés was not identified (53)‘.,
Ingle (29) concluded, using gel electrophoresis profiles of rRNA from
develoéing radish cotylédons', that CHL-rRNA acqu_mula‘tes in the cotylé-
don after the CYT-rRNA with maximum incofporation of labelled uridine
iﬁto CHL~-rRNA occurring after emergence of the cotyledon., He did not,
howe\}e_r, relate this synthesis to a light-indﬁced phenomenon, Brown
and Ha_selkorn. (9), using Euglena, detected_an undefined incfease in the .v
mRNA populétion of light-~grown cells, ahd autoradiograms indicated that
label was vg'o’ing into the chloroplast, But they could not show an increase

in C'HL-rRNA- in the light-grown Euglena. After noting a consistently;



MATERIALS AND METHODS

- DNA was obtained from cotyledons of seeds and seedlings of

pumpkin, Cucurbita pepo L, var}. Small Sugar (Dessert Seed Co., El

Centro, California), Pumpkin cotyledons and roots, and leaves and

roots of tobacco, Nicotiana tabacum L. var, tobacum, were utilized as

sources of labelled and unlabelled RNAs.

Approximately 75 pumpkin seeds were placed'r'lengthwyise in 5
rows ever 2 liters of vermiculite in an 8" x 12" x 2 3/4" plant tray
(Carolina) and were overlaid with another liter of vermiculite. This
planting procedure was followed, since Pegelow (43) found earlier that
_ random planting led to inconsistent germination, Initial and subsequent

‘daily watering of plante was generally made between 9:30 and 11:00 a.m.,
- in growth chambers maintained at 37°C + 19C with a photoperiod .(ﬂuo—
, reScent and incendescent lights) from 8:00 e,mo_ to 8:00 pm of about
800 ft-c in intensity at plant height, Under these conditions, seedling
emergence occurred by the morning of the third day. Once emergence
occurred, the plants were watered with a modified Hoagland‘s nutrient
solution consisting of 1 ml 1 M MgSO4°7HZO, ‘1 ml lM KNO3, 1 m17'1°5
.M Ca(NO3)2, 1 ml 1 MKH9POy:1 M KoHPOy (1 1), and 1 ml of micromix
' (3 75 gH3PO3, 2,25 g MnCly- ZHZO 0.075 gCuClz 2H20, 0.075 g
MnOg3, 0.33 g ZnSOy4, made to a volume of 3 liters) for each liter of
" nutrient solution, | |

'i'obacco planté, 6 to 8 weeks old, were o’btained from Jeffery

Hilbert, Department of Agricultural Biochemistry, The University ef

12
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Arizona, and transferred to m-odifi:ed Hoagland's nutrient soiution. They
were grown hydroponically at room temperature (230C + 30C) for about
three weeks. until vigorous growth began. The plénts were then labelled

with H332PO, and RNA was extracted.

DNA Extradtion, Purification, and Storage

Whole cotyledons as well as purified nuclei were used as

.sOurces of DNA in thé hybrid-ization_expériments . In order to prepare
whole 'cot.yledonary or total D_NA, the cotyledons were first ground and
converted to a pigment-free acetone powder prior to. DNA éxtracﬁon us-
ing,a modification of a procedure suggested by Katterman ’(Dr-,.Prank-
Katfefman, Department of Agr'oriomy and Plant Genétics , The Univers"i;cy
of Arizona, personal vcommunication) . In COnfcrast, nuclear DNA wés ob-
tainéd directly from washed -nuclei'using a slight modification of the
procedure outlined by Matsuda _e_‘g_al. (39). Unless otherwisé indicated,
~all operations were at 0°C to 400 , and centrifugatioﬁs were for 5 minutes

using a Sorvall §5-34 rotor at 7,000 rpm in a Sorvall RC-2 B centrifuge.

| Total DNA

To prepa're acetone po'wder's for total DNA exiraction, cotyledons
from three tréys (20 to 40 g fresh weight) werei harvested, weighed, and '
" stored at —BOOC 'prior to <-;rinding° Eight representa_ti‘ve cotyledons were
also Weig»hérd and stored for subsequent DNA and RNA extractio,n., |

After grinding the. frozen cotyledons to a fine ,powder»in a mortar
chiiled to -20°C, 80 ml of icé—cold éthanbl:etheri 2:1 (v/v) were added
and the mixtufe was'_ground' fpr an additional 5 minutes} followed} by fil-

tration through a large Buchner funne‘l, The ’re(sidue was then washed .
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with furth_er alriquots of .ethariol:ether (600 ml total) followed by 300 ml
acetone. The final residue was thén vacuum and air dried overniéht fol-
- lowed by storage of the dried powder at -20°C. .

DNAs were obtained from the acetone powders by first grinding
th_e powdefs with sand in an ice~cold mortar using 5 ml of grinding me-
dium (0,14 M NaCl, 0.1 M disodium ethylenedi‘nitri.lotetra-acetate", 2%
(w/v) sbdium dodecyl sulfate, pH 8.2) per gram of powder (usually 3 fo
6 g) for 5 minutes until a thick paste fesulted,' The paste was transferred
1o a large beaker énd_incubated at BQOC for 1 hour with 6ccasidnal stir-

Aringo,.After cqoling té room temperafure, the mixture was centri’fuged‘ and
. the supernatant fraction collected. The pellet was reextracted with about
5 ml chloroform:octanol (1%,v/v,octanol in chloroform), centrifuged, ahd
, thev upper aqueous. phase was collected and combined with 'the first.
Preéhly prepafed pronase at a ccAchentration of 5 mg/ml in 1 ‘x SSC (0, 15
M NaCl, 0.01 M trisodium citrate, pH 7,2), Was predigested at 37°C. for
30 minutes an‘d added to the supernate to a final cdnCentration of 1

mg/ml. Following further incubation at 37°C for 30 minutes, the solu-

- tion was washed repeatedly with an equal volume of chloroform:octanol

. and centrifuged until ;no white precipitate was found at the interface.

.Sﬁbsequentiy_,' the DNA was precipitated with 95% ethanol, pelleted,
and/’r,edissol_ved in 0.1 x SSC. rVolumes"were kept minimél (5 to 15 ml)
forv eas-e of handling and to retain th__e époéling quality of the DNA in 95%
ethanol. . o
" Furtheér DNA p’feparatioh was done according to Marrhur (37),
.except that ri.bo‘n‘uclease digestion Waé followed by pronase, as de-—z'

scribed abové, before washing with chloroform:octanol, In'addition',
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isopropyi precipitation steps were not included, but the DNA was purified 7
further by gel exclusion chromatography using Sepharose 4B columns |
(Pharmacial Fine Chemicals Inc.). “In this final purification stép, DNAs
ranging in concentration from 0.16 mg/ml to 1,49 mg/ml in 1 x SSC were
applied to 12 x 1.5 cm columns of Sepharose 4B in volt.lm‘es ranging from
1.5 ml to 0.3 ml, respectively,‘ taking care not to overléad the column
by applﬁng more than 10 A260 units. The DNAs were eluted with 1 x SSC
and collected as 1-ml fractions. The As60 profilé of the eluate was de-
‘ termined,and DNA fractioﬁs were pooled. | |

The concentrations of DNA were estimated by éssﬁming that a
solution of 1 mg DNA/ml has an Agep =20 for a 10 mm light path (20,
- 36), DNA samples were also assayed with the diphenylamine reaction
‘ as outlined by Giles and I\/IeYers_ (24) . Deoxyadenosine was used as a
standafd assuming that 0,411 ug deoxyadeﬁosine is equivalent to 1 ug
DNA, - All hybridization experimént's utilized the Aggq estimated values
~‘:vfo»r DNA concénfrationo Estimates of DNA éoncentration by the diphenyl-
amine test and Aggq were similar, indicating that the DNA samples were

free of major RNA contamination;

VNuclear DNA
Nuc»lei from freshly harvested cotyle‘dons w'ere isolated and
-washed according to the proéedure of Matéuda et al. (39). Thé resultant
”pellets of.isolated nuclei were .stoféd at -600C for no mo-re fhah t_Wo |
weeks"prior to DNA extraction. To extract DNAs, the nucle_i' pellets wefe
first fesuspended in saline EDTA (0,15 M NaCl, 01 M ethylenediamine-~

tetra~acetate , pH 8.0) and incubated at 60°C f_or 20 minutes with
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occasio.nal shaking.' The solution was then brought to 1 molar With 5M
HC1O4 and shal<err gently at room temperature for 30 minutes, as outlined
by- Marmur (37) . Subsequent washing was as described for total DNA

preparation,

Storage of DNA

All samples of DNA were stored in screw cap vials over ice at
00C to 40C, and experiments were conducted as soon as possible after |
purification. After no more tharl two weeks of such storage, a few drops
of chloroform octanol were added to each vial to retard bacterlal growth,
Any ‘subsequent hybridization experiments with DNA stored over chloro-
- form required reprecipitation with 95% ethanol redissolving in 0.1 x SSG .

Because this laborious etorage method was not satisfactory for
maintenance of DNA integrity for longer than a month, a second method
of storage wes attempted.. A known aliquot of DNA was lyophilized to
drryness‘a»nd ‘s-tored ina screw cép vial at =200C for two months, The
‘DNA was r_ed'issolved'ih 0.1 xS8SC, and hybridization values w'ere'com—
pared to those obtained before lyophylization. |

Procedure for Labelling Plants
with RNA Precursors

Labelled pumpkin root and cotyledonary RNAs were prepared
using tritiated uridine (20.to 40 Cl/ m mole) obtained from International
Chemical and Nuolear Corporation (ICN) or New England Nuclear Corpo—
ration (NEN) Carrier~free H332PO4 (ICN) was used to .prepare labelled
tobac,co RNAs,

| _.P_rior to la.bellihg, roots of 3-day-~-old pumpkin seedlirlgs were

| -washe_d'end insérted through 3’/4-’in'ch holes that were drilled in stiff,

)
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opagque or foil-covered plastic sh\eets, The seedlings were supported on
the plastic plétform’by wrarppingrthke hypocotyl With flexible strips of
foam pla'stiq, and the roots were guickly placed in nutrient solutions to
avoid drying., Norma'lly, about 16 plants were used to prepare labelled
root or cotyledonary RNAs . |

Labelled pumpkin root RNAs were prepared by quickly blotting
adhering nutrient solution from roots and then p.lacing them in a shallow
| parafilm dish that contained 0.5 mCi 3H-uridine in about 1 ml solution.,
The rqots were allowed to absorbrthe labelled solution for 2 minutes,”
then 10 ml of nutrient solution was added, -and fhe s‘.e;e‘dl‘ings were thén
Vshaken ,gehtly for 30 hours at 25°C under fluorescént lighting of about
400 ft-c, Further additions of nutrient solution were made as needéd to
prevent drying of the roots . -Following the 3thour incu-bation,f'the la=
belled solution was further diluted, and the plants were cultured with
root aeration ﬁor an additioﬁal 20 hours in the growth chamber,

For preparation of labelled cotyledonary RNAs, pl»ants, grown
hydroponically in .2"liters of solution, were labelled frbm early on the
third moming until early in the morning ofr the fourth day; One cotyledon
 per plant was’ markéd Witﬁ a pinprick and 5 or 10 }11 ofa 0.2 mCi 3H—.
uridine solution (containing 0.1%,v/v, Triton-x-100) ‘were applied to the
abaxial surface at nearly hourly intervals throughout the third day, and
the planté were harvésted early on the fourth morning. |

In order to prepare labelled tobacco RNAs, vigorously growing
‘plants were transferreci to =P nﬁtfient solutions and 2 mCi H332PO4 were

added directly to each solution in the glazed clay pots. Roots and young
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leaves were harvested three days later and extracted for RNAs, -RNAs

were also obtained from similarly treated but otherwise unlabelled plants,

Extraction and Purification of RNA |

RNAs were obtained both by direct extrac‘;ion of tissue and from
isolatedribosofﬁes. In either me’;hod, adhering, unincorporated labelled .
uridine Wés‘first.removéd-by» {/igorous washing,; Roots -were‘washed by
shaking first in 400 ml 0.05% sodium hypochloride and later in 600 ml 1% -
(w_/v)' sodium dodecyl sulfate (SDS) . They were then blotted Vand cooled
in an ice-cold mortar, Cotyledons Wrere‘ washed in 75 ml i% (w/v) SDS-,
blottéd, and cooled in a mortar, All later procedures were at 0°C to
4°C and centrifugations were‘ at‘7,000' rpm in a Sorvall SS-34 rotor for 5

minutes, unless stated otherwise,

‘Extraction from Tissue
For direct RNA extractions, plant tissues (5 to 10 g fresh wéight) 7
were ground m éahd with’_ 10 ml buffer (1%, w/v, SDS ,' l%‘, w/v,,sodium
pyrophosphate-, pH 8A,O)‘Ato a péste and rinsed into a_centrifuge tube with
5 ml buffer. An equal volume of Watef—éatﬁrated, redistilled phénol was
'qﬁickly added, and the mixture was ;v'igorously shaken for at least 5
minutés and then centrifuged. After extracting with phenol three times,
the upper aqueous phase containing RNA was wéshed three times with
about 3 volumés ether frém a freshly opéned’can to remox}e residual
' phenolo ‘The dissolved ether was then removed by evacuation and the -
's.olution centrifuged to remove’ insoluble ﬁlaterials . The dissolved RNA
VWas.prec'ipitatear with 95% ethanol ét -2 OOC 6vernight. The resu'ltant_-.

p_éllet following centrifugafiori Was redissolved in 1 to 2 ml 0.015 M-
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‘Sorenson's_phosphafe buffer, pH 7.0, and reprecipitated in 1,5 M NaCl.
The pellet, which contains ribosomal RNAS and other high molecular
wéighf RNAs was redissolved and Sfored at -20°C. |
‘Concentrations of RNAs were determined by assuming that 1 mg.

RNA/ml.has an Ayeq of 25 in a 10 mm light path.

‘Extraction from Isolated Ribosomes
Ribosomal RNAs were prepared from isolated ribosomes accord-

" ing to the method of Matsuda et al. (39).

“RNA Characterization

Resolution of the various RNA species was made using the
'agarose-polyacrylamid_e gel electrophoresis method of,Pealc'ock and Ding—
Ina_n (42). Agarose gels were made by heating 2.45 ml HyO, 4 ml acryl-
amide solution (15%, w/v, acrylamide; 0.75%, w/\r; bisacrylamide) and

8.33 ml 3 x E buffer (0,12 M trizma base, 0.06 M sodium acetate, 0,003

M disodium EDTA, pH 7.2 with glacial acetic acid) to 379C, To this was - -

added 10 ml of 1., 25% (w/v) agarose (BloRad Laboratorles) . 20 jl tetra-
,.methylethylenedlamme and 0.2 ml 10% (w/v) ammonium perchlorate

" The agarose had been prev1ously treated with actlvated charcoal and-
flltered to remove 1mpur1t1es To effect resolution, approx1mately 15 pg
RNA were applied to each gel and electr'ophor‘esis with a Heathkit IP-17

- power supply wae performed at 5 ma per gel for 1,25 hours in 1 x E buffer
with 0, 2% (w/v) SDS. The gels were scanned at 260 nm on a Gllford 240 -
spectrophotometer usmg the Gllford #2410 linear transport and a Brown-
_ "’,Honeywell recorder. The gels werev then frozen and sliced into 1,25-mm

sections and transferred to scintillation'{jials,. One-half ml of 30%
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HZOZV Was then added, and the éel slices were indubat_ed at 450C over- -
night before addition of 10 ml Triton-toluene fluor consis_tingrof 16‘,5. g
PPO (2,5-diphenyloxazole), 0.3 g POPOP (1,4—bis[2—(5.—phenyldxazoljzlﬂ
benzene ), 2 liters toluene, and l. liter Triton-x-100. Counting was done
_in a Packard 3320. Tri-carb scintillétion counter, Radioactivity was
plotted on the ,op‘tiCal density scans,i areas under the peaks were cut out

‘and weighed, and specific activity of each RNA species was determined.

DNA-RNA Hybridization

Hybridizations were conducted using a modification of the

" method of Gillespie and Spiegelman (25). Nitrocellulose membranes

: .(SC'hleicher and Schu'ell, B-6, 25 mm), number with a soft lead pencil,
were soaked for a few seconds in 2 x SSC and were pléced numbered side
down in a Millipore microanalysis filter holder, Five m} of 2 x SSC were
~ added to each membrane and _suctibn was applied to maintain a 1 ml/min
flow vr.a'te . Membranes wefé then turned nﬁmbered side up aﬁd égain o
washed with 5 to 10 ml 2 x SSC. At this time DNA was alkali-denatured

by bringing 4 ml of a 1 x SSC solution of DNA to pH 12.6 with 1 M NaOH,

After being held at that pH for 10 minutes, the solution was brought to pH

65 wifh 1M KHZPO4'. and was applied immediately to the nitrocellulose
membranes, using 5 ug DNA per membrane. The DNA solution was al-

 7 1owed ’L,;o‘ drip through the membrane wi_thout suction to allow fqr maximum
‘binding of DNA>to the mem'brane . Two ml of 2 x SSC were then added and
‘a very mild suction was appliedo DNA-embedded mémbfanés were air
dried for 1 hour and were pl.aced in a vacuum oven at 80°C for 4 h-ours .

- Membranes were then removed from the oven, cooled to room temperature
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‘fo'r 5 to 10 minutes, ‘and carefully placed in snap}cap giass vials 1 'inch
-in diameter (one membrane per vial) ,coﬁta_—ining 2 ml of RNA solution, The'.v
RNA solutions, usually prepared 2 to 3 hours in advance, were made with
.bol% (w/v) SDS in 2 x SSC and were placed in the glass vials (2 ml/vial)
and stored at 00C to 4°C until used. The vials were then covered with
_cellophane, capped, and placed in a 65°C to 67°C water bath for 14 ‘
hours to allow for maximum annealing of RNA to DVNA, The vials weré o
then removed from the water bath and quiokly cooled to room temperature,
Mé'mbrane*s__were washed on eaoh. side in the filter holder with 5 to 10 ml
2 x SSC- to remove unbound RNA, and then each membrane was incobated
at 370C in 5 ml ribonuclease (predigested at 10 mg/mi 2 x SSC at 80°C
for 10 minutes) at 20 ug/ml 2 x SSC to digest nonspecifically bound RNA,
The membranes were then washed on each side with 10 ml 2 x SSC, air
dfied for 15 to 30 fninutes, and dried at SOOC for 4 hours in a vacuum
oven, The me‘mbranes were transferfed to scintillation vials, 10 mi of
toluene fluor (10 g PPO, 0.5 g POPOP, 2 liters toluéne) were added, and

counting was done in a Péckard 3320 Tri-carb scintillation counter,

‘Determination of Total Nucleic Acids

Total nucleio acids from eight cotyledons, extracted by the
method of Cherry (16), were estimated (_in. mg/ml) rby multiplying the ab'—
sorbanceb.diffe;ence at 260 nm and 290 nm by 0.057, DNA concentration
' Was,determi_ned by the diphenylamixw:e method as modified by K_ﬁp_ila,
Bryan, and Stern (33), and RNA conteot was determined by subtraction

of the DNA from the total nucleic acid content.



RESULTS AND DISCUSSION

As presented by Pegelow (43), dramatic changes in nucleic acid
metabolism occur during the early development of the pumpkin cotyledon
which suggest that there may be certain periods'when the demand for
rRNA is high, As an indication of the metabolic events occun_"ing within
..the time period forr the experiments studied here, four of the eight repre-
sentative cotyledons selected from the samples utllized for DNA extrac-
tions were analyzed for nucleic acid content, These results are shown 1n4
Figure 1.

The RNA content Was found to more than double between the
‘ second and fourth days and thereafter to decline in cotyledons exposed
to light, in good agreem_ent with Pegelow. Dark-grown cotyledons did
E not attain 'this-peak period of RNA contentf instead the RNA a}lmost

doubled and remained at a constant level through the sixth day. While_
 Pegelow noted a tripling in DNA content between the second and third
. days the light-grown cotyledons exammed here showed a doubling in |
DNA content by the fourth day. Although not doubling, ‘the DNA content
of dark-grown- cotyledons is not very dlfferent from the DNA content of
light—grown cotyledons., The fluctuations observed on day 3 may be due

‘to the use of only two replicate samples; other points are means of 4 to

6 replications,

Because the nucleic acid metabolism seems to be most active
between days 2 and 4, this period was chosen for a closer examination
of the rDNA content. Extractions of DNA from isolated nuclei, termed
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Figure 1. RNA and DNAContent of Etiolated and Light-grown
Pumpkin Cotyledons during Development

Extraction and quantitation of total nucleic acid and determi-
nation of DNA content by the diphenylamine method were as described
in Materials and Methods., Total RNA was determined by subtracting
DNA from the total nucleic acid. The points represent the mean of at
least two replications, Symbols: open circles: light-grown; closed
circles: etiolated.
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;iuclear DNA (N-DNA), and extraction.s of DNA from whole cotyled'ons, |
termed total DNA (T—DNA) , were designed to separate nuclear events
- from those in the cytoplasm, The total DNAwas expected to éontain
N-DNA and DNAs present outside the nucleus. The age of thé co-tyledon
- was measured in‘idays from the initial %&atering period early in the m‘orn—
ing on day 1. Each day began at 8:00 a.m., designated as zero hour,
wheh the lights came on, and all hburly divisions of a day were mea-

sured from this time,

Characterization of RNAs

In early stu.dies, RNAs Were ‘.e_xtracted directly from plant tis-
sues, but latér experiments utilized RNAs extracted from isolated ribo-
‘somes. The integrity and purity of-each RNA preparation was determined
- with agarose-polyacrylamide gel electrophoresis, and S values were as-
signed accordiﬁg to Loening and Ingle (34). The radioactivity tracings
and UV absorption profiles of these RNAS are found ih Figures 2, 3, and
4, Figures 2 and 3 represent the cotylédonary RNAs obtained by direct
exfcractioh- from cotyledons andr from isolated ribosomes, resﬁec_tively,
while Figure 4 pfofiles an RNA extracted directly from tobaccé roots .,v
- The slight amount of label in the DNA and in the 48 regions of Figures
2 and 4 Were removed by salt precipitation before use in hybf'idizafion,

.Certain characteristic ’feature';é of these RNA samples should be
noted. The cotyledonéry RNAS (cotyl-RNA) contain subﬁnits for both 708
énd 808 ribosomes; the large and smalleNA, mblecules. of eaéh are indi-
‘ céted on the abscissa as 258 and 183 (for the 80S or cytoplasmic ribo-
; som_é) »and as 23S and 168 (for thie 708;61’ chloroplastic ribosome), In

addition, the 70S ribosome is known to'Yiel_d a degradation product of
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Figure 2. Fractionation of Labelled Pumpkin Cotyledonary RNA
Extracted from Whole Cotyledons '

Fractionation was done on agarose-polyacrylamide gels, RNAs
were labelled with 3H—uridine, extracted directly from pumpkin cotyle-
dons, and purified as outlined in Materials and Methods. Approximately
15 to 20 pg RNA were run at 5 ma/gel for 75 minutes. The calculated
specific radioactivities of RNAs of 70S ribosomes (23S, 16S, 13S) and
80S ribosomes (258, 18S) were 4200 cpm/ug and 4000 cpm/ug, respec-
tively, '
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Figure 3. TFractionation of Labelled Pumpkin Cotyledonary RNA
Extracted from Isolated Ribosomes

Fractionation was done on agarose-polyacrylamide gels, Ex-
traction from isolated ribosomes labelled with 3H-uridine, purification,
and fractionation were as outlined in Methods and Materials and in
Figure 2. The calculated specific radioactivities are 7800 cpm/ng for
RNAs of 80S ribosomes and 6300 cpm/ug for RNAs of 70S ribosomes.,
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Figure 4. Fractionation of Labelled Tobacco Root RNAs

Fractionation was done on agarose-polyacrylamide gels, RNAs
were labelled with H332PO4 , extracted directly from tobacco roots,
purified, and fractionated as outlined in Materials and Methods and in
Figure 2. The AggQ ratio of 255:18S was 1.86:1; and the calculated
specific radioactivities were 3600 cpm/ng and 4100 cpm/ug for the 258
and 18S RNAs, respectively. :
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13S (34). The more dispersed RNA components- of v70AS ribosomes in
Figure 3 were takén to mean that some degradation occurred during the
pelletirig of ribosomes dﬁe to RNase -attack (34) . Roots have RNAs from
only the 80S ribosome in agreeinent with Matsuda _e_La_l.,v (39). If peaks
in the 23S and 16S region w’eré found or if the OD peaks did not éoincide
with the radioactivity peaks, fche root RNA was considered contamiﬁatéd
with bacterial ribosomes and was discarded. In all these figures, radio—
aéti&ity and OD peaks were coincident, -

The specific radioactivities of the RNAs of greeri -tissués were
détermined by lpooling the éreas of 258 and 18S RNAs for CYT-rRNA and
those of 238, 168, and 138 for CHL~rRNA, It should be noted that the
specific activities indicated in these’figureé, although similar, are not
: equéi, This may be due to the t_echn}iquepf ca_lcrulatring‘; specific,éctivié
ties, particularly when fhe high background produced in avgarose gels . .
made the placement of a base line arbitrary. As an example, when spé-
_b cific actiVitie‘s were calculated in Fig‘ure 3, using a blank gel as the |
base line, values of 7800 cpm/ug for RNAs of 80S ribosomes and 6300
cpm/pg‘ for RNAs 'of 708 ribosomes were obtained., If the base line was
shifted to the lowe_st.p'oint on that part»icular gel, the specific activ;'u_:iévs

were calculated to be 7600 and 8800 cpm/ug, respectively,

Determination of Saturating Amoﬁnts of RNA_
V-The amount of RNA required to saturate a gﬁveh DNA sample can
'7 be determined by réacting the DNA with increasing amounvts of RNA untilv
all sites on the DNA are full and the be_rcent of DNA hybridizéd does not

_incréase., Ideally, saturfcition curves should be run for all DNA samples,
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but due to the large number of samples such satﬁration-curve's:were not
made; Instead, a sample fro_m-4—.day—oid cofyledons ,.éxpected to have
the greatest amount of rDNA coding from preliminary experiments, was .
utilized in all saturation hybridizatioﬁ experiments, |

‘The curves in Figure 5 éhow cléarly that cotyi-'—RNAs ‘hybridize
to a greater extent to DNA from 4-day-old éotyledons than to DNA from
Z—day—old'cotyledons , and in both ;:ases the cotyl-RNA has a higher
hybridizatidn value than root RNAs. In addition, it can be seen that
RNAs extracted directly from whole tissues do not approach saturation
even after the addition of 24 'pg of RNA, -Considering the labelling pro-

' fiie'of the RNAs usved (Figure 2, 1the pumpkin root is not shown), the
abéve results suggest that RNAs extracted by this method are not pure
rRNAs, One or more labelled RNAs are present in amo_ui’,l_té undetectable
by UV absorption which cpntinually add to the hybridization value upon
the ‘addition of incréasiﬁg amounts of RNA, This other RNA, of ﬁnknoW'n
specific a'ctiv‘it_y, may be a single RNA. species or a Vpopulat_ioniof RNAs
of which several possibilities exist, A population of messenger RNAs'“
r'niayrbe responsible for this continual rise in hyybridization., Alternatively,
a pppulation of poly. U sequencés, (since labelling was done with 3H-~ _
uridine), analogoﬁs to the poly A sequences chund in animal systems
(19) . may be present in_pumpkin cotyledons which would also produce
vthe‘se resAults . i} _

‘-B'endich and Bolton (3) and Goldberg, Bemis, and Siegel (26)
showed that DNAs of widely divergent piénts , as well as planfs within
the genus Cucurbita, wei“e d_ifferent,v sugée sting that messenger RNAs

were also different, But Matsuda et al, (39) showed that rRNAs were



Figure 5. Hybridization of Pumpkin Total DNA with Labelled
RNAs Extracted Directly from Pumpkin Cotyledons and Roots

_ Five ug total DNA (extracted directly from cotyledons) -of 2-day-
old (open circles) or 4-day-old (closed circles) pumpkin seedlings were
reacted with the indicated amounts of 3H=uridine-labelled RNAs for 14
hours at 66°9C as outlined in Materials and Methods., The indicated -
points are the means of three or four replications. The specific radio-
activities were 4000 cpm/ug and 3400 cpm/ug for cotyledonary and root
RNAs, respectively; and the net cpm bound were 600 and 430 cpm for
2-day and 4-day total DNAs reacted with 24 ug cotyledonary RNA, and
250 cpm for 4-day total DNA reacted with 12 ug root RNA,
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Fiéure 5. Hybridization of Pumpkin Total DNA with Labelled
RNAs Extracted Directly from Pumpkin Cotyledons and Roots
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sim'i"lavr in widely divergent plants; therefore, to redﬁce the effect of
thesé n‘on—ribosomail sequences or RNAs, attempts were made to attain
saturation with tobacco RNAs rafher than pumpkin RNAs. As shown in :
Figure 6, this strategem did not hé.ve the expected effect. The tobacco -
leaf RNA did not approach saturation and, in facf, had‘an almost iden-
tical curve to that obtained with homologous RNA-DNA hybridization.
The' root RNA (Figure 4), however, did approach saturation, This not
only suggests that some RNA sequences are conserved in diverse plants
'in addition to rRNA sequences but that theseuconserve& sequences may
be associated only with greening tissue,

In earlier work, Matsuda et al. (39) showed that saturation
could be achieved with RNAs extracted from isolated ribosomes., This |
méfhod was 'used‘_to rid the RNA of the_sevcontamiriating Asequver:lces, and
saturatién was achieved-(l-‘igure 7). Root RNAs e‘xt‘rac‘:ted by this method
were too badly degraded to chafacterize on dgarosé gels, so the tobacco
root'ArRN'AAs of .Figures 4 and 6 were judged. to be pure enough for use in
hybridization, Becéuse the saturation curve is asymptotic, a judgment
:cl)f the saturating amount of RNA was made. In all experiments designe_d
to measure the percent df rﬁNA in the genome, thén, 5 Hg DNA were
hybridized with 4 ng tobéc‘co‘ro.ot RNA or 8 ng pumpkin cotyl-rRNA and‘
the‘Asame RNA samples of Figures 3 and 4 were used,

‘Determination of the Percent DNA Coding
for RNAs of 708 and.8_OS Ribosomes

The percént of DNA coding for CYT-rRNA can be determined in a
. straig_ht,forward manner using roots as a source of’CYT-rRNA.; But sinée

ithe isolation of chloroplastic ribosomes is difficult, some method other
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Figure 6. Hybridization of Pumpkin Total DNA with Labelled
RNAs Extracted Directly from Tobacco Leaves and Roots

Five pg total DNA were reacted with the indicated amounts of
RNAs labelled with H332PO, as outlined in Materials and Methods and
in Figure 5, Each point is the average of two replications. Specific
radioactivities of 7900 and 16,000 cpm/ug yielded 1100 and 960 cpm
bound at 24 ug RNA input for leaf and root RNAs, respectively.
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Figure 7. Hybridization of Pumpkin Total DNA with Labelled
RNAs Extracted from Isolated Ribosomes

Five ug DNA were reacted with the indicated amounts of 3H-
uridine-labelled rRNA as outlined in Materials and Methods and in Figure
5. Each point represents the average of three replications, The specific
radioactivity of 6300 cpm/ng yielded 580 cpm bound with the addition of
24 ng RNA,
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tha‘n.hybridiz_ation to purified CHL-rRNA must be fohnd, Matsuda gf_gl,
, ,(39) 'ciie'monstrated that‘ the RNAs of 70S and 80S ribosomes of leaves,
which hybridized to a greater extent than the RNAs of the roots, could
be used to determine CHL-rDNA content. If the RNAs of 70S and 80S
ribosb’mes oceupy separate sites on the DNA and if they are of equal
specific activity, the difference between the hybridization values ob-
tained with leaf or roét'R'NAs Would represent the contribution of the
CHL-rRNA, |
The data in Figure 8 suggest that the RNAs of 708 and 808 ribo—»
somes ocetlpy different sites on the DNA and that the subtraction method
of estimating CHL-rDNA content is a valid one. In Figure 8, 5 pg of
DNA were reacted with 4 nug of cotyl-rRNA (Figure 3) and additional in-
dicated emounts of unlabelled tobaeeo». root1 RNA, In;the absence of com‘-,-
'b~peting RNA,. e value of 1,5% of the DNA cofnplemen_jtary to rRNA (CHL—
‘rRNA and CYT-rRNA) was obtained. But upon the addltion of competing
}lunlabelled roet RNAs (CYT-rRNA), this value decreased and approached -
l' 0.6% in a manner not unlike that shown in Figure 7. This occurred be-
o ca‘userthe unlabelled CYT-rRNA could compete with only some of the
~ cotyledonary RNAs for the DNA sites, implying that the CYT-rRNAs and
. CHL-rRNAs occupy separate sites on the DNA,
- If the specific activities of the CHL-rRNA and CYT-rRNA of the'
e.otyle(lon are assumed to be identical, a direct subtraction of 1.5% -
' 0.6% = 0.9% should mean that 0.6% of the DNA codes for CHL-rRNA
.and, 0,9%'6’;’ the DNA codes for CYT-rRNA. It can be seen that a sub- -
traction of Figure 6 from Figure 7 (using the same DNA and RNA samples)

yields (1.7% - 009% = 0‘,8%)‘0'.,8% coding for CHL~rRNA and 0.9%



Figure 8, Hybridization of Pumpkin DNA with Labelled Cotyle-
donary RNA and Competing Amounts of Unlabelled Tobacco Root RNA

The effect of unlabelled tobacco root RNA on the reactivity of
total DNA from 4-day-old pumpkin cotyledons with labelled rRNA from
isolated ribosomes of pumpkin cotyledons is shown (see Figure 3). The
tobacco root RNA was extracted directly from tobacco roots, purified,
and fractionated as outlined in Materials and Methods. Five ug DNA
and 4 ug 3H-rRNA from pumpkin cotyledons were reacted with the indi-
cated amounts of unlabelled tobacco root RNA as outlined in Materials
and Methods and Figure 5, Each point represents the average of two
replications; 490 cpm were bound with no unlabeled RNA added, while
190 ¢pm were bound upon the addition of 24 ug of unlabelled root RNA,
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Figure 8, Hybridization of Pumpkin DNA with Labelled Cotyle-
donary RNA and Competing Amounts of Unlabelled Tobacco Root RNA
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coding for CYT-rRNA. In both cases, the same value for CYT-rRNA was
obtained, and the difference of 0 .,2% for CHL-rRNA is believed to b_e due
to the CHL-rRNA not being at saturating levela, (Se.e Figure 7 and com-

pare. hybridization values, using 4 and 8 ug RNA,) .

It was recognized early in this study that there are many vari-
ables in the hybridization technique whicn are not understood, and
several. of. these inherent errors are discussed at length in a review by
Kennell 7(3 1). To reduce some of these errors, care was taken to treat
all sa‘mp_les alike throughou_t extraction and }iybridization., It should be
noted that filters‘, were air dried for 1 hour and then dried in a vacuum |
orzen for 4 more hours in contradiction to the directions of Gillespie and
Spiegelman (25), but this procedure was continued in order to keep all
hybridization conditions "identical,,' All filters were well dried beiore be-
ing placed in the oven, _and»every replicate hybridization ﬁrie'lded similar
ci;)m' bound. In addition to an identical hybridization technique, the same
RNA samplea (Figures 3 and 4) Were_ used to demonstrate more effectively
 relative changes in rDNA content.
| The purity of the DNA was also of';concern; therefore, each DNA
sample Was"'passed through a Sepharose 4B cI:olumnor DNA fractions which
elute first in the gel exclusion chromatography technique were pooled,
and the resultant DNA concentrations were determined with A.z g0 and di- -
phenylamine reagent methods. These vtwo methods yielded ve.ry similar
results which indicated that major 'amounts of RNA were no longer present |
in any DNA samplé '.,» "Hybridizations'were .carried out .within 'two Weeks of
the last chloroformroctanoi treatment to assrure'the, integrity of the DNA,

Pegelow (43) found that as DNA was 'stored, its hybridizatio_n value
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decreases over a period of 1 to 3 months, A s-econd method ef storage,
i?obhilization, was attempted on one sample of DNA, Before lyophiliz-a—‘
tion, the DNA sample had-a value of 1,98% coding for the cotyledonary
RNA of Figure 2, Two months .later, after lyophtlization and storage at
—ZOCCi 1,93% of the DNA coded for this same sample of co’cyl-—RNfl}.° This
strone;ly suggests that lyophilization may be a reiiable method of stering
DNAs for long periods of time,

Changes in rDNA Content during'Cotyledon
Development in the Light

As shown. in Figure 1, a gradual doubling of the DNA content
occurred between the second and fourth days. In- addition, fluctuations
in the DNA content were noted tn samplesharve-sted .early on the third
dayo The data suggested that the develqping cotyledon Was not asvsynv-
chronous a system as was indicated by Pegelow (43). The resnlts pre-
sented in Figure 9, however, were reassuring. These data were collected
from ,separate‘experiments involving twev groups o_f plants grown at sepa-?
rate times, Harvests were rnade»on the third day at 0, 3, and7'97 hours
and at 0, 3, and 6 hours after the lights came on. These data (Figure 9)
shew clearly that, -although the two grouns contained different propor-
ttonate' arnounts of CHL—tRDNA and CYT-rDNA, the relative changes in
»the-ir content followed a similar pattern, The CYT-rDNA first increased
by about 0,2% (petcent of the DNA eoding for rRNA) and then decreased
concomltantly with an accumulatlon of CHL—rDNA ‘This was taken to
mean that the system was synchronous and that an average of the data
collected from plants grown at separate times was indicative of general

trends in the rDNA content of the populatlon The data presented in



Figure 9. - Hybridization of DNAs from Two Groups of Cotyle-
dons Grown at Separate Times in the Light with Labelled RNAs

Total DNAs from developing pumpkin cotyledons were reacted
with saturating amounts of 3H-uridine-labelled RNAS . Groups A and B
were planted at separate times; Group A was harvested at 0, 3, and 9
hours and Group B was harvested at 0, 3, and 6 hours after the lights
came on on the third day. Five ug DNA were reacted with 4 ug tobacco
root RNA (Figures 4 and 6) or 8 ug pumpkin cotyledonary rRNA (Figures

3 and 7) as outlined in Materials and Methods and in Figure 5. The de-
termination of the % DNA hybridized by RNA of 708 ribosomes. was as
descrlbed in Table 1,
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Figure 9, Hybridization of DNAs from Two Groups of Cotyle~
dons Grown at Separate Times in the Light with Labelled RNAs
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Table 1 and in Pigure's 10 and 11 were gat'heredr from vafious groups of
plants which vs'leren not grown simul_taneouslyo B '
;Since studies have reported conﬂicting results conc'erning fluc-
tuations in rDNA content dtiring'plant deve_lo,pmeht, the principal goal of
this study was to determine whethgr or not the rDNA content is stable
during the development of pumpkin cotyledons, It was concluded from
Figﬁres 10 and 11 that changes do occur. Early on the third mofning,
immvediately after the lights came on, the CYT~-rDNA céntent increased
from é'bout 1% to 1.2% and thendropped to 0,8%° This was accompanied
by a doﬁbling (0.5% to 1%) of the CHL-rDNA content followed by a return'
“to its iorigin'al value o Furthver,more, this occurrence was found in both the
N-DNA and the T-DNA, '
- If pOrtiOﬁs of the genome replicate early in S (b'efore.bulk DNA
- s_ynthesis) , an increase iﬁ the cistron content and a return to its original
levél would bg expected. Oﬁ the other hand, a drop in'the, DNA content
- followed by a return to the original level would indicate that other parts
of the rnucvleusr'replica't'ed 'prioi" to-its replication. Reasoning that a syri;
chronous population of cells in the cotyledon could relate a selective
accufnulation or loss of rDNA to events 1n the nu'cvleusv, several infereﬁces :
~ were drawn from these data. | |
7 In Figures 9, 10, and 11, a portion of the CYT-RDNA ;eplicated
~prior to the CHL-r.DNA.- 'T_he CYT—rDNA thén experienced a sudden de-
_ crease in proportion.to »'the- rest of the genbme as the CHL-rDNA content
,doubled», Both types: bf_rDl\fA rejﬁﬁfnéd, to their original levels as a sec';'on‘d

- group of CYT-rDNA Cistrons replicated,
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Table 1. Hybridization of Total and Nuclear DNAs from Light-grown
, Pumpkin Cotyledons with Labelled RNAs

The hybridization reactivity of total and nuclear DNAs from pumpkin -
cotyledons grown in the light with the RNAs are described in Figures 3
and 7 and in Figures 4 and 6, The conditions of hybridization were out-
lined in Materials  and Methods and in Figure 9., The percent hybridiza-
tion obtained with tobacco roots (808) were subtracted from those
obtained with the cotyledonary rRNA for an estimate of the CHL-rDNA
indicated here as 7085, . :

% DNA Hybridized by RNA

Age of  Total DNA | Nuclear DNA
. Cotyledon ; ‘ _
: : Nﬁmber of - Number of . ,

Days Hours . Samples 80S 708 Samples 80S 708 .
2 48 2 0.95 0.03 2 1.06  0.39
2,33 56 - R 1 1.1z 0.44
3 72 2 0.97 0.50 1 1.07 0.65
3.13 75 2. 1.20 0.50 1 . 1.16 0.63
3,25 78 1 0.76 1,03 - R —
3.33 80 1. 0.3 0.71 1 1.20 0.88
3.5 84 - - 21 o.88 1.1
4 e - 2 1,08 0.52 2 1.07 0.54
433 104 1 075 0.83 - - -
5 - 120 2 1.00 0.48 1 0.95 . 0.66

6 144 2 1,15. 0,82 1 - 0.86 0.68
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Figure 10. The rDNA Content of Total DNAs Extracted from
Developing Light-grown Pumpkin Cotyledons

Hybridization of total DNAs extracted from light-grown pump-
kin cotyledons was done as described in Figure 9, Method of calcula-
tion of 70S values is given in Table 1; data are from Table 1.
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Figure 11, The rDNA Content of Nuclear DNAs Extracted from
Developing Light-grown Pumpkin Cotyledons

Hybridization of nuclear DNAs extracted from isolated nﬁclei
of light~grown developing cotyledons was done as described in Figure 9,
Method of calculation of 708 values is given in Table 1; data are from
Table 1.
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The changes occurring only in the total DNA 4(Pigure 10) during
the fourth déy are represeﬁted by only one sample, and speculations tﬁat
this represents anothe‘r series of replications are difficult to justify, |
Two replicates.of the values at day 6 (Figure 10), hoWever, indicate a
rather significant increase (0 °2%) in CHL-rDNA content that was not ob-
served in the N-DNA (Figure 11) . Although suggestive of a contribution
by chloroplast DNA to the rDNA content, this does not seem likely. The
above-noted increase would invol_ve a few thousand cistrons, yét only
1 or 2 CHL-rDNA cistrons have been reported for chloroplast DNA (5).
| Except for the sharp fluctuations discussed above, the CYT—
rDNA and CHL-rDNA sbeem to represent r'eiatively constant proportions of -
“the genome, about 1% and 0.6%, respectively, Massive amplifica"cion of
rDNA, as:found in Xenopus, was'nOt_ _found,du’r,ing the _deyelmeent of
pumpkin cotyledons; but changes in rDNA content of short duration,
probably due to synchronous DNA replication, did occur. In concurrence
with Ingle and Sinclair (30), it was concluded that the rDNA content is
étable dur’i’nrg pumpkin cotyledon development, It is pdssible that the‘ 30%
- decrease in rDNA reported sz Chen.and Osborne (15) was. a case of s;yn—'r
~chrono'us cell division‘ (as seen in‘Figures 10 and 11) and not a selective
| degradation as (Nés proposed.

| Changes in rDNA Content in Developing
Cotyledons Grown in the Dark.

Several workers (9, 21, 53) have pointed to an apparently light-
: induced,p‘henomeno_'n of increased RNA synthesis but have not yet defined -
any specific RNA species that is affected. Poulson and Beevers (45)

have élso noted a higher polysome content in light-grown tissues which



is indicatiye of protein synthesisc The above work suggested thét tis=~
sues exoosed to light may, then, have a greater need for ribosomes and,
oonseq‘uently, rRNA. A comparison of pumpkin cotyledons gfown in the
"~ dark and in the light was made to see if the rDNA content was stable,
As an indication of the rDNA content, the percent of the DNA
ooding for CYT-rRNA (Figures 10, 11, 12, and 13) on déys 2, 3>, 4, 5,
and 6 were averaged together, and the resultant means (one for each
figure) were: ;ised to calculate the number of CYT-rDNA cistrons. The
DNA content was taken to be 4.7 x 10-12 g/cell in a 3—day—old pumpkin
. c.otyledonl_ (Sherry Keener, Department of Microbiology, The University of
Arizona, pérsonal oommunicatioh) . The avera‘ge percent of DNA coding |
for CYT-rRNA in Figure 10, for example, is 1,02%. Assuming that the
~ DNA is one molecule, this means that the mole_oular weight of the CYT—_
_rDNA is 2.88 x 1010(4,7 x 10~12 x 6 x 1023 x 0.0102 = 2,88 x 1010y,
If the molecular weight of ribosomal RNA is taken to be 2 xv 106, the
| “number of CYT-rRNA cistrons is calculaj:edito be 14,400 per cell (2,88
x '1010/2 x 106 = 1.4 x 104) . Similar caloulationé using averagfes from
. the other figufes yvielded values rahging from 14,40-(})‘ to 15,600 cistrons
_per'ce'll,. indicating that the CYT—rDNA content is é£ab1e during the Ade—
velopment of the pumpkin cotyledon under either light or dark gfowth
conditions., | | |
It”can be seeo in Figure 12 that the CHL-rDNA content of etio-
lated cotyi_edons was similaf to fhe value s‘ reported for light-grown coty-
,'-ledoriis ‘up' to and including th_é third day.,‘ The calculated cistron content

' vfor Figures 10, 11, and 12 ranged from 8,300 to 9,110 cistrons per cell,
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Figure 12, The rDNA Content of Total DNAs Extracted from
Developing Etiolated Pumpkin Cotyledons

Hybridization conditions are outlined in Figure 9. Method of
calculation of 70S values is given in Table 1; data are from Table 2,
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Figure 13, The rDNAContent of Nuclear DNAs Extracted from
Developing Etiolated Pumpkin Cotyledons

Hybridization conditions are outlined in Figure 9, Method of
calculation of 70S values is given in Table 1; data are from Table 2,
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After the third day, however, vast diff.erences were seen in CHL—rDNA
content. .

The results in Figure 13 show that the CI—IL—tDNA content in the
nuclear DNA extracts nearly doubled (from 0.6% to l%) by the fourth day.
_This high proportion of CHL~ rDNA pers1sted through day 5 and 1noreased
to 1.35% of the DNA by the sixth day. The CHL-rDNA cistron number,
then, more .than doubled in contrast to the light-grown tissues (Figures
© 10 and 11). The total DNA extraction procedure (Figure 12, Table 2),
h0wever, indicates .a very low proportion of CHL-rDNA' during this time
. period. Since the CYT-rDNA content was constant in both Figures 12 and '
13,7‘ a seleotive loss of CHL-rDNA seems to have occurred during the
total DNA extraction procedure, |

Several p0531ble reasons for a low CHL-rDNA yield were con-
81dered Smce thls phenomenon occurred only in the etiolated cotyle-
donary DNA, the lack of exposure to light may have ha_d an effect on the
processmg or propert1es of CHL~-rDNA .such that it was washed out along
with the pigments while preparing the acetone powders or that it was now
more susceptible to DNase attack. It is alsovposs1ble that CHL-rDNA is
replicated in small units of 1-or 2 c‘is'trons .in length and that such s‘hort
pieces within the nucleus may be more easily lost unless the nuclei are
first isolated. If the CHL-rDNA sedimentation properties had changed,
then altered recovery efficiencies in the total or the nuclear preparations
, could explai-n the.se‘ re sults, The reason for:the disc‘repancy between -
| total and nuclear DNA extractioniresults has not been resolved. .

It does seem cleat, from Figure 13, that the CHL-rDNA oontent

 is twice the valuevfound in light-grown cotyledons, .This apparent



48

Table 2, Hybridization of Total and Nuclear DNAs from Dark- grown
: Pumpkin Cotyledons w1th Labelled RNAs

The hybridization reactivity of total and nuclear DNAs from pumpkin -
cotyledons grown in the dark with the RNAs are described in Figures 3
and 7 and in Figures 4 and 6. Hybridization conditions were as outlined
in Materials and Methods-and in Figure 9. Determination of 70S (CHL—
rDNA) is as described in Table 1

. % DNA Hybridized by RNA

Age of Total DNA = Nuclear DNA
Cotyledon :
Number of ‘ Number of : .

Days Hours Samples 80S - 708 Samples 7 80S o 708

2 48 2 0.95 0.63 2 '1.06 0.39

3 72 2 0.94 0.62 - — -

4. 9% 2 1.20 0.04 1 0.87 1.0l

5 120 1 1.11 0.67 1 0.91 1.05

6 144 2 1.2 0.36 1 0.79 1.37
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increase co_uid_be the result of asynchronous CHL~rDNA replication or an
altered abilif-y' tb recéver CHL-rDNA, If the increase is an actual on‘e,. |
then these ciata suggest the possibility of a response in the CHL-rDNA

content to the dark growing conditions.
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