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Techniques are described for the growth and rapid purification of the avian
coronavirus infectious bronchitis virus (IBV). Purified IBV has a sedimentation
coefficient of 320S and a buoyant density of 1.22 g/ml in sucrose-deuterium oxide
equilibrium gradients. IBV RNA extracted by proteinase K in the presence of
sodium dodecyl sulfate and further purified by phenol extraction and gradient
centrifugation is single stranded and has a sedimentation coefficient of 64S, as
determined by isokinetic gradient centrifugation. Analysis on sucrose gradients
under both aqueous and denaturing conditions together with agarose gel electro-
phoresis in the presence of the chaotropic agent methylmercuric hydroxide gave
a value of 8 x 106 for the molecular weight of IBV RNA. This value was
confirmed by RNase T, fingerprinting, which also indicated that IBV RNA is
haploid. No evidence was found of subunit structure in IBV RNA. From these
results together with the recently reported observation that IBV RNA is infec-
tious and contains a tract of polyadenylic acid (Lomniczi, J. Gen. Virol., in
press), we conclude that the genome of the coronaviruses is a single continuous
chain of about 23,000 mononucleotides that is of messenger polarity.

Infectious bronchitis virus (IBV) is a member
of the coronavirus group of animal viruses (20).
Members of this group infect such disparate
hosts as pigs, mice, fowl, and humans. In adult
chickens, infection with IBV causes severe im-
pairment of egg laying and results in respira-
tory signs in young chicks (6).

Studies on the structure of IBV have shown
that the virus particle contains a lipoprotein
envelope surrounding an electron-dense nucleo-
capsid. The external proteins of this envelope
are arranged as a characteristic corona of spike
projections (20).
Although it is clear that the genetic material

of coronaviruses is single-stranded RNA, its
structure and ploidy are uncertain. On the one
hand, it has been reported that the genome is a
single continuous strand with a molecular
weight of about 9 x 106 (27); on the other hand,
dissociation studies have led to the conclusion
that the RNA consists of several fragments
with an organization analogous to that of the
oncoronaviral genome (9). The recent observa-
tions that IBV RNA is infectious and contains a
tract of polyadenylic acid [poly(A)] clearly es-
tablish that the genome is of positive polarity
(Lomnviczi, J. Gen. Virol., in press).
In the present paper we report on the size,

organization, and genetic content of IBV RNA.
t Present address: Veterinary Medical Research Insti-

tute, Hungarian Academy of Sciences, 1581-Budapest, P.f.
18, Hungary.

We show, by aqueous isokinetic gradient analy-
sis,-tat the genoii Rhas'`asedimenitation coeffi-
cient of 64S.By use of denaturing conditions in
both1 sucrose gr~adients, and agarose gels, we
estimate the molecular weight of IBV RNA to
be 8.1 ± 0.2 x 106. RNase T1 oligonucleotide
fingerprinting confirmed this molecular weight
value and also showed that the genome is
lardgelyif not entirely, haploid.

MATERIALS AND METHODS
Materials. Proteinase K was obtained from Boeh-

ringer gmbH, Mannheim, West Germany, and
formamide was obtained from Hopkin and Williams
Ltd., London, England. Sodium dodecyl sulfate
(SDS) was especially pure grade from British Drug
Houses, Poole, England, and sucrose was RNase-
free ultrapure from Schwarz/Mann, Orangeburg,
N.Y. [5-3H]uridine (28 Ci/mmol), [14C]uridine (55
Ci/mmol), and [32P]orthophosphate (94 Ci of phos-
phorus per mg) were supplied by the Radiochemical
Centre, Amersham, England. RNase T, (a Sankyo
product) was obtained from Calbiochem, London.

Viruses and cells. The Beaudette strain of IBV
was obtained from V. von Bulow, Liibingen, West
Germany, and used throughout. The origin of the
Sindbis virus and L strain of Newcastle disease vi-
rus (NDV) has been described (18). Poliovirus and
Sendai virus were obtained from the National Insti-
tute of Medical Research, London, and plaque puri-
fied twice before use. Semliki Forest virus was the
ts+ strain described by Kennedy and Burke (14). J4lY.
was grown in primary chicken embryo kidnys
prepared from 17-day-old embryos (10). The cells

99



100 LOMNICZI AND KENNEDY

were cultivated in medium 199 containing 20 mMN-
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
buffer, pH 7.2, and 8% calf serum (growth medium).
Chicken embryo fibroblast cultures were prepared
as described previously (22) and used for the growth
of Sindbis virus, Semliki Forest virus, Sendai virus,
and NDV. Poliovirus was grown in HeLa cells culti-
vated in Glasgow-modified minimal essential me-
dium containing 7.5% heat-inactivated fetal calf se-
rum.

Labeling of viral RNA. Chicken embryo kidney
cultures in 140-mm plastic petri dishes were infected
with IBV at a multiplicity of about 1. After adsorp-
tion for 1 h at 370C, the inoculum was replaced with
medium 199 containing 1% calf serum and 30 kuCi of
[3H]uridine per ml or 50 /uCi of [32P]orthophosphate
per ml. In the latter case, phosphate-free medium
containing 1% dialyzed calf serum was used. Virus
was harvested at 16 h after infection. Radioactive
Sindbis virus, Semliki Forest virus, NDV, and Sen-
dai virus were prepared in an identical fashion but
with chicken embryo fibroblasts. Radioactive polio-
virus was prepared by growth in HeLa cells as de-
scribed previously (5).

Preparation of labeled rRNA's. Chicken fibro-
blasts were labeled with ['4C]uridine (2 ,uCi/petri
dish culture) for 18 h, and the rRNA's were ex-
tracted as previously described (21).

Virus purification. All procedures were carried
out at 0 to 40C. Tissue culture fluid containing 1P_-
beled IBV was clarified b-ycentrifuging at 10,000 x g
for 30 min and virus was nelleted from the SUnerna-
tant by centrifugation in a 3 x 70 ml rotor (MSE 65
ultracentrifu-ge) for 2 h at 65,000 x g through ajiim,

(100 mM NaCl-i0 mMTris-1 mM7EDTA, pH 7.0).
The pellet was gently ouzipg in NTE, and the
resulting on was clarifi-y centrifugation
at 0 for 15 mm. inbis virus and NDV were
purified y an identical procedure. Sendai virus,
Semliki Forest virus, and poliovirus were purified
as described previously (12).

Sedimentation analysis of IBV. Velocity sedi-
mentation was performed by using 12 ml of 10 to 40%
(wt/vyl) linear sucrose gradients centrifuges at
I110 0 I g fnrLL!-. h or 12 ml of isokinetic sucrose

gradients with __ ewt/vol

at 120.000 x g. using 12 ml of 10 to 55% (wt/vol)
linear sucrose gradient prepared in 98% deuterium
oiyid (7). Sedimentation analyses were performed in
a 6 x 14 ml titanium rotor.

Isolation of viral RNA. Suspensions of purified
IBV at a concentration of 1 to 2 mg of protein per ml
were treated with 1% SDS and in-rihated with 300

of proteinase K per (11, 17) at 50'C for 5 mi
an en at 2,5C foL.3f min. -ercat nl was
addd to 0.1%, and the RN w extracted three

with redistilled phenol saturated with 5 mM
ED=A A n afina1 aqueous phase was made
0.2 in sodium acetate H 5.0, andh s

ta at -20OC aft edition of 25 vol-
es ofristiledxtsnaL The RNA was recovered

by centrifugation at 5,000 x g for 10 min at 40C,
washed several times with 70% ethanol, dried in a
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stream of N2 small volume of LS
buffer m L -m A.25% pH 5.0),

nuriffley centrifugatio
for 4 h at 10'C on 12-in to wvo ear

suT~hfl~re laredin1Odiin uMmT-IThspH7.',
"ontaining i00 mM LiCI-1 mM EDTA-0.25% SDS.
Aft-er centrifugation, h gradient was unloaded to
give about 20 fractions, and the radioactivity in a 30-
,l sample of each fraction was determined. Frac-
tions from the bottom quarter of the tube containing
pearaioativty see Fig. 2a were cooled, and the

RNA was precipitated with 2.5 volumes of et anol at
-200CA.SincbisvuAsand NDV RNAs were prepared
in an identical fashion. Semliki Forest virus, Sendai
virus, and poliovirus RNAs were isolated by use of
the phenol-chloroform-2-mercaptoethanol-SDS pro-
cedure described previously (21).

edimentationanalysisof IBV RNA. The sedi-
mentation coeicien o v RNA was determined
on 12-ml isokinetic sucrose gradients with atop
.Pnetaion [= 171 sucrose containing
0.5%DS23) Cetgiugaionwas at 50 for 5.5 h
t!~~~B RNA wa _

condtioson12-l o 1%, dei/olielinea gradents repardi 0% _P~J,
formamidemin10 m Iris, p .0, contain
lim L m DT.M 0--r 5S. RA samples
were dissolved in 70% formiamide in LES buffer,
incubated at 250C for 30 min, and thKen centrifuges

se re o arose
slab gels 18 14 b 0.1 cm) ctiing 4 mM
meti e were cast as previous
describ)d-M.The el and reservoir buferwas

containinoTIRMEdTA(E-Ubutrer). 39P-abeled RNA
samples were recovered from alcohol by centrifuga-
tion, dried in a stream of N2, and dissolved in 0.1 E
buffer containing 10% glycerol and 4 mM methyl-
mercuric hydroxide. Electrophoresis was at an
fixedotential 16 h. After electrophoresis, ge s
were ixe in methanol, dried at 370C under vac-
uum, and autoradiographed on Kodirex X-ray film.

Oligonucleotide fingerprinting. Approximately
35 Ag of 32P-labeled IBV RNA (specific activity, 0.74
x 106 cpm/,ug) and 20 Ag of 32P-labeled Semliki
Forest virus RNA (specific activity, 1.1 x 106 cpm/
,jg), each containing 100 Ag of carrier tRNA, were
recovered from alcohol by centrifugation, dried in a
stream of N2, dissolved in 15 ,ul of 10 mM Tris, pH
7.6, containing 10 jig of RNase T,, and digested for
30 min at 370C. Fractionation of the T, oligonucleo-
tides was performed by two-dimensional polyacryl-
amide gel electrophoresis as described previously
(13). After autoradiography for 43 h, selected oligo-
nucleotides were recovered, counted by Cerenkov
radiation, and digested with pancreatic RNase (100
jig/ml for 30 min at 370C), and their products were
analyzed as previously described (3).

RESULTS
Sedimentation coefficient and buoyant den-

sity of IBV. Preparations of IBV, purified as
described above, were analyzed by velocity
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(Fig. lb) and equilibrium (Fig. la) centrifuga-
tion. W 0nd iusdimentation ofi-
cient,22 tenak&(6T hesdmna

Analysis on sucrose-D20 equilibrium gradients
gave a single coincident peak of infectivity and
radioactivity at a buoyant nsity of 1.22g~ml.
This value is similar to tat of other enveloped
viruses, such as NDV (7).
Strandedness of IBV RNA. During prelimi-

nary experiments it became clear that to pre-
pare IBV RNA with reproducible hydrodv-
Mriac and M-c-trophoretic properties, both the.
method of virus purification and the RNA ex-
traction procedureIfad-Tote considered. The
technique Finally adopted and detailed above
involved RNA extraction from partially but
rapidly purified virus by using proteinase K
followed by gradient centrifugation. IBV RNA
prepared in this way gave a single sharp peak

ar sucrosev( 2a).
Thes ran edness of jjW5WIA was determined
by RNase digestion and examination of the sed-
imentation properties of the RNA under vary-
ing salt conditions (8, 26). In the first of these
approaches, rations of each fraction fromthe
sucrosit gaientsh~ownin Fig. 2a were
digested with pancreatic RNase (20 Ag/ml for
20 mmint 2F0ctrihloroacetic acid precipi-
tated, and counted (21).iAs Fig. 2a shows, this
treament e e. In

the second approach, IBV RNA was analyzed
by sucros velocity centrifugation in buffer con-
taining either 100 or 1 mM LiCl (Fig. 2b). Rela-
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tive to rRNA's centrifuged in the same tubes,
the sedimentation coefficient of IBV RNA de-
creased from about 60Sin 100 mM LiCl to 50S
in1mML~l. ecovry__of the 50S material and

recenz-ifgatin on a gradient containing 100
mM LiCl gave an identical sedimentation pro-
file hat obtained with native IBV RNA,
confirming that the change in sedimentation
behavior was due to a reversible conforma-
tional alteration. Taken together, these results
confirm the observation of Watkins et al. (27),
that IBV RNA is single stranded.
Sedimentation coefficient and molecular

weight of IBV RNA determined under nonde-
naturing conditions. When isokinetic sucrose
gradient centrifugation (23) in the presence of
SDS was used. the sedimentation coefficient of
IBV NA was found to be 64S. Values of 51S
and 47S werefound for NDV and Sindbis virus
RNA. res ectivelv (Fig. 3. These values
closely compare not only with published esti-
mates (17, 24), but also with the values ob-
tained by band sedimentation in a model E
ultracentrifuge (Kennedy, unpublished data).
A plot of the-logarithm of the molecular weigh
of SiFndbs jfi RA 4. 10~' [24]), of NDV
RNA (5.6 x 10O' 14. 161). and of 28S and 18S
rRN (15) against the logarithm odt
sedimented from the meniscus gave an approxi-
mate straight line (Fig. 3b) with a molecular
weight of about 8 x 106 for IBV RNA.
Sedimentation properties and molecular

weight determination of IBV RNA under de-
naturing conditions. The sedimentation behav-
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FIG. 1. Equilibrium and velocity centrifugation ofIBV. (a) A 0.2-ml amount of virus was centrifuged on 12
ml of a 98% D20-10 to 55% sucrose (wtlvol) gradient at 120,000 x g for 15 h at 40C. The radioactivity (A) of
40- pi samples and the infectivity (0) were determined as described in the text. (b) IBV (A) and Sindbis virus
(0) were centrifuged on a 12-ml isokinetic sucrose gradient with a top concentration of15% (wtlvol), prepared
by the method ofNoll (23). Centrifugation was performed at 20C for 1.5 h at 110,000 x g. The radioactivity
was determined in 20-pJ samples.
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FIG. 2. Sedimentation of IBV RNA in aqueous
gradients. (a) RNA was extracted from IBV purified
by differential and velocity centrifugation and centri-
fuged on a 12-ml 15 to 30% linear sucrose-SDS gra-
dient for 3.5 h at 20'C and 200,000 x g. Samples (30
pi) were taken for the determination of radioactivity
(A). The remainder of the fractions were precipitated
in the presence of 100 pg of carrier RNA with 70%
ethanbl at -200C, dissolved in 1 x SSC (0.15 M
NaCl plus 0.015 M sodium citrate), and treated with
20 pg of RNase per ml for 20 min at 25'C. The
trichloroacetic acid-precipitable radioactivity was
then determined (A). (b) IBV RNA was centrifuged
on isokinetic sucrose-SDS gradients with a top con-
centration of 15% (wtlvol) for 5.5 h at 50C and
200,000 x g. Gradients contained 100 mM (a) or 1
mM (0) LiCl.

ior of IBV RNA under denaturing conditions
was studied using _ r

dients. Attempts to use as a
-1Hrpicaentrer- unsuccessfll eaulse

this age used aggregation of 1TRV RNA. A
similar elfrect odi-methyl sulfoxide on Sindbis
virus RNA has been reported (24). When 3H-
labeled IBV RNA was centrifuged in formam-
ide-sucrose gradients in parallel with Sindbis
virus RNA and 28S and 18S rRNA markers,
little, if any, dissociation of 1BV RNA occurred
(Fi. 4a). This suggests that IBV RNA consists
of a single continuous polynucleotide chain.
WheniBV randuSindisvir RNAs werer-
covered from the formamide-sucr dient
and recentrifuged on aqueous gradients. all of
theSindbis virus RNA sedimented at 47S (see
previous section), and most (80%) of the IBX
RNA sedimented at 643-t Howeyer, nha 20,0&Qf
the IB A sedimented at 5 to 60Sas a
rather broad should
When the logarithm of the molecular weight

ofeach of the marker RNAs was plotted against
the logarithm of the distance sedimented in the
formamide-sucrose gradient (24), a straight
line was obtained (Fig. 4b). From this calibra-

tion graph, the molecular weight of IBV RTA
was estimated to be'about 8.0 x 106. a ypl
aimito that obtained by isokinetic centrf-
gation under aqueous conditions (see previous
section).
As an alternative to gradient centrifugation,

the molecular weight of IBV RNA was deter-
mined by a4arose gel electrophoresis in the
presence of the d~enaturant methylmercuric hy-
doie(1). On these gels, IBV RNA electro-

as a single discrete peak (Fig. 5a). As
observed by Bailey and Davidson (1), a linear

b
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FIG. 3. Determination of the sedimentation coeffi-
cient ofIBV RNA. (a) IBV (A), NDV (A), and Sind-
bis virus (0) RNAs were centrifuged in the presence
of "4C-labeled rRNA's on 12-ml isokinetic sucrose-
SDS gradients as described in the legend to Fig. 2.
Samples (50 pi) were analyzed for radioactivity. (b)
Estimation of the molecular weight of IBV RNA by
plotting S values obtained in an aqueous gradient
against the logarithm of the distance RNAs sedi-
mented in the centrifuge tubes. Symbols: IBV RNA
(A), NDV RNA (0), Sindbis virus RNA (0), 28S
RNA (A), and 18S rRNA (0).
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FIG. 4. Sedimentaion ofIBV RNA in formamide-
sucrose gradient. (a) RNA samples were taken up in
70% formamide containing RNA buffer, kept for 30
min at 250C, and then spun for 5 h at 200,000 x g
and 120C. Symbols: IBV RNA (A), Sindbis virus
RNA (0). (b) Estimation of the molecular weight of
IBVRNA by plotting S values obtained in a formam-
ide gradient against the logarithm of the distance
RNAs migrated and sedimented in the centrifuge
tubes. Symbols: IBV RNA (A), Sindbis virus RNA
(0), 28S rRNA (-), and 18S rRNA (E).
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relationship was obtained between the loga-
rithm of the molecular weight of the marker
RNAs and their electrophoretic mobility (Fig.
5b). From this relationship, the molecular
weight of IBV RNfwasestimated to be 8.1±

0.2 x 106.
Oligonucleotide fingerprinting of IBV

RNA. Although sedimentation analysis and gel
electrophoresis gave similar values for the mo-

lecular weight of IBV RNA, these valueswere
obtained by extrapolation-of calibration curves.
apolationwas unavoidable since no suita-

ble marker RNA of an established molecular
weight greater than that of IBV RNA is pres-

ently available. To overcome this limitation,
we considered it important to determine the
molecular weight of IBV RNA by a technique
that does not depend on properties of the intact
molecule. Su iue is based on the
relative (to total applied) radioactivity in char-

acteristic oligonucleotides derived from single-

st~r~gndpd RN s after complete RNase T, dig~ec-
tion (2). The appliestion ofthis technique to 32p_
labledIBVJJA and marker SeAimliki Fo

vh-iia is shown in Fig. 6 I t finger-

pits the patrn of oligonucleotide-Nspots
dashed line-is reJ] tivel haacteris-

tic (13'). Since the number of characteristic

spots is proportional to the molecular weighbt
te RNA) itis clear by ins eo ht the

ce~eds that -of Semliki Forest virus RNA (sti-

ftinLaJ-e4A l0b). To determine the

molecularw KIVKs-everal charac-_
te-ri-stic oligonucleotide pots ere ecoyee

cUI% gT1 with pancreatic RNase,
d their products were dcharfacterizedaby igh-

D.~4tagelectrophoresis with markers of known
struct When the criteria detailed by Bil-

were used, seven pureTE oonu-

BetNA were identified. Prop-
erties oftnese seven oligonucleotides are shown
in~hbI~together with data on six pure oli go-

nuctides i eiki Forest virus RNA.
rom~i eh'composition of these ohigonuleoide
arrows inTFig. 6), their nucleotide chain length
wa elated, and knowing the radioactivity
in each oligonuckeoTideand the total recovered

ractoa itV in the entire gel (obtained by
iin theel and counting), estimates were
mae of the nuc ie comp eiyoeahRNA

(19). Eor IBV RNA the complexity was calcu-

lated to h. gi.2 -1 70L ncleotides, andfo

SemlikiForest virus RNA it was calculated to

be 12,570 ±+ 480 nucleotides (Table 1). These

Comp 1exitie C1ej~dto molecular weighso

$8.11 -YW032 for IBV RNA and 4.40 ±+ 0.17 x 106

for .Tis latter value'
is in close agreement with previous estimates of
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FIG. 5. Electrophoresis of IBV RNA on denatur-
ing agarose gels. IBV RNA (A) together with marker
Sendai virus RNA (V), Semliki Forest virus RNA
(a), poliovirus RNA (V), 28S (U), and 18S rRNA's
(0), all labeled with [32P]orthophosphate and pre-
pared as described in the text, was electrophoresed on
a 1% agarose slab gel containing 4 mM methylmer-
curic hydroxide. After electrophoresis, which was at
80 V for 16 h, the gel was dried and autoradi-
ographed for 43 h. (a) Densitometer tracing of the
lane containing IBV RNA. (b) Plot ofthe electropho-
retic mobility ofeach RNA species against its molec-
ular weight.

the molecular weight of Semliki Froest virus
RNA and, as such, substantiates the estimate
ofthe molecular weight of IBV RNA. Two other
points emerge from these fingerprints. First,
both fingerprints have a streak in the top left-
1and corner. Since the streak in the Semliki
Forest virus RNA print is known tobe

the 3'-terminal iolv(A) tract and since many
other polyadenylated RNAs give similar
stresAkrq it. is; lieyt -testreak in -th-eIBV
RNA fingerprints is poly(A). This would con-
firm the observation based on binding to oligo-
deoxythymidylic acid-cellulose that IBV RNA
contains a poly(A) tract (Lomniczi, in press).
Second. in addition to the characteristic OUi2-
nucleotides of IBV RNA whose composition is
given in Table 1. the partial or almost complete
composition of an additional 37 oligonucleotides'
hasbeendetermined (data not shown). Aboit

a;( 2 )~~~~~2, brin
total of unique charac oligonucleotidea
to about 40. In other wor eat majority
of characteristic oligonucleotides of IBV RNA

a

18S rRNA

t
4'.2
C

w

Mobility -
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FIG. 6. Oligonucleotide fingerprint ofIBV RNA 32P-labeled (a) IBV RNA (25 X 106 cpm) and (b) Semliki
Forest virus RNA (20 x 106 cpm), prepared as described in the text, were digested to completion with RNase
T1, and the resultant nucleotides were fractionated by two-dimensional polyacrylamide gel electrophoresis.
The first dimension (left to right) was a 10% gel containing 6M urea atpH 3.5, and the second dimension (top
to bottom) was a 20% gel at pH 8.3. After electrophoresis, the gels were autoradiographed for 17 h, and the
arrowed oligonucleotides were recovered for further characterization. The patterns of oligonucleotides above
the dashed lines are considered to be characteristic (7).
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TABLE 1. Calculation ofthe nucleotide sequence complexity ofIBV and Semliki Forest virus RNAs from the
yield ofpure oligonucleotides

Oligonu- Chain
RNA cleotide Compositiona length Radioactiv- CompleXityb

no. (nucleo- ity (cpm) (nucleotides)tides)

IBV 1 1.0 A3C, 2.1 A2U, 2.0 A2C, 1.1 AC, 1 41 30,981 21,174
G, 10.0 U, 12.2 C

2 1.1 A3C, 1.0 A2U, 3.0 A2C, 2.1 AC, 1 39 25,692 24,287
G, 9.9 U, 8.0 C

3 1 A2G, 0.9 A3C, 3.0 A2C, 3.1 AC, 3.1 27 20,695 20,874
U, 2.1 C

4 1.1 A3C, 2.1 A2C, 1 G, 2.1 U, 3.1 C 16 13,170 19,438
5 1 AG, 3.1 AU, 3.1 U, 4.2 C 15 9,298 25,810
6 1.0 A3C, 2.1 A2C, 1 G, 1.1 AC, 1.1 U 13 8,988 23,141
7 1.0 A3C,2.2 A2U, 2.0 A2C, 1 G, 1.1 U, 19 11,068 27,466

1.2 C

Avg + SEMW 23,170 + 920

Semliki For- 1 1.1 A3C, 3.0 A2U, 2.2 AC, 1 G, 3.1 U, 28 25,502 13,175
est virus 7.1 C

2 1.2 A4C, 2.9 A2U, 1 A2G, 0.9 U 18 14,720 14,674
3 1 AG, 2.1 A2U, 1.9 AC, 1.1 U, 1.9 C 16 17,279 11,112
4 1.2 A2C, 3.1 A2U, 2.1 AC, 1.8 AU, 1 26 26,575 11,740

G, 3.1 U, 2.2 C
5 1 AG, 6.3 AU, 2.0 AC, 1.1 U, 2.1 C 21 19,883 12,674
6 2.9 A2U, 1.2 AC, 1 G, 2.1 U 14 13,948 12,045

Avg ± SEM 12,570 ± 480

a Average of two determinations.
b Calculated from the equation: complexity = [chain length of nucleotide x total recovered counts per

minute (16 x 106 for IBV RNA; 12 x 10" for Semliki Forest virus)]/radioactivity in the nucleotide.
c SEM, Standard error of the mean.

,are Dresent only once per molecule, suggesting
that litte ifayeuence reiteration isprs
ent in the1 n e.

DISCUSSION
The determination of the size of single-

stranded RNAs larger than about 3 x 106 dal-
tons may lead to conflicting results if examina-
tions are based exclusively on hydrodynamic or
electrophoretic properties. This can be illus-
trated by reference to the RNAs of the para-
myxoviruses, notably NDV and Sendai virus,
for which figures of 2.3 x 106 to 7.5 x 106 have
been reported for the molecular weight and 48S
to 57S for the sedimentation coefficient (7, 17).
Recently RNA length measurements deter-
mined by electron microscopy have partially
overcome many of the problems associated with
the aforementioned parameters. By this tech-
nique the molecular weight of paramyxovirus
RNA has been established as 5.2 x 106 to 5.8 x
106 (4, 16). However, electron microscopy, al-
though providing useful information on the or-
ganization of viral genomes, does not afford
data on genetic complexity. This aspect of viral

nucleic acids can be investigated by a variety of
techniques, including molecular hybridization
and oligonucleotide fingerprinting.

In the present paper we have examined the
size and genetic content of IBV RNA after
gentle extraction with proteinase K in the pres-
ence of SDS (11) followed by phenol extraction
and gradient centrifugation. We adopted this
procedure, first, because it consistently gave
RNA that sedimented at 64S with no evidence
of fragmentation and, second, because we
wished to exclude the possibility of covalent
protein cross-linking either within or between
RNA strands. Our attempts to use phenol and
SDS without proinuse 2requentry resulted
I=degnation 01 Me 64S RNA. This may
explain t e oniin of t
neous RNA species Previously isolatedtrom_

2W "WeNFIY-1n nondenaturingisokin-T=_
gradients (Fig. 3) and denaturing standard gra-
dients (Fig. 4) were used, a linear relationship
was observed between the logarithm of the mo-
lecular weight and the logarithm of the sedi-
mentation distance. This relationship covered
the molecular weight range from 0.6 x 106 to

VOL. 24, 1977
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5.6 x 106. Both of these approaches together
with analysis on methylmercuric hydroxide-
containing gels (1) gave a value of about 8 x 106
for the molecular weight of IBV RNA. Support
for a value ofabout 8 x 106 daltons was convinc-
ingly provided by the oligonucleotide finger-
printing data, and taking this value together
with the established single strandedness and
poly(A) content of IBV RNA (Lomniczi, in
press) leads us to the conclusion that the ge-
nome consists of a single continuous polynucle-
otide chain of positive polarity consisting of
about 23,000 mononucleotides. This would es-
tablish IBV RNA as the largest viral RNA
&enome described to date.

- Analysis under denaturing conditions on

both gradients and gels showed no evidence ofa
subunit structure for IBV RNA. However, al-
though methylmercuric hydroxide is an ex-
tremely powerful chaotropic agent, we cannot
rigorously exclude the possibility that the IBV
genome is segmented. In any event, the results
reported here are not consistent with the obser-
vations of Garwes et al. (9) that purport to show
that the genome of hemagglutinating encepha-
lomyelitis virus and transmissible gastroenter-
itis virus, two other coronaviruses, can be dis-

Sjociated to give 35S and 4S RNA.
If one assumes that most of the IBV genetic

information is expressed in infected cells, then
RNA would code for about 800,000 daltoils

btween 12 ana io5 average-sized

polypepts.o7Preliminary experiments indi-
cate that liiV-contains up to nine structural-
proteins that together account bor about 4()% of

ing potential. Presumably the remain-
D _ 0 _~~~~~Fins,

the enzymeT)required for IBV RNA SVnte
Although not impossible, it would seem un-

likely that the entire IBV genome is translated
to a giant poly of f.uIar

approximately 800,000, which then undergoes
cleagn'~e. Whathseemsmore likely, particularly
in view of the strategy of expression of the
en 6 other eusstraded RNA vi-

ruses (14,Isthe transpt
sub enomic, possibly polycistronic mRNA's,

cencong proteins wi relate unctions.

Experiments with cell-free systems pro-
grammed with IBV RNA and an analysis of
IBV-specified proteins and RNAs in infected
cells should illuminate this question.

ACKNOWLEDGMENT
B. L. was supported by a research grant from the Well-

come Trust, London.

LITERATURE CITED
1. Bailey, J. M., and N. Davidson. 1976. Methylmercury

as a reversible agent for agarose gel electrophoresis.
Anal. Biochem. 70:75-85.

2. Billeter, M. A., J. T. Parsons, and J. M. Coffin. 1974.
The nucleotide sequence complexity of avian tumor
virus RNA. Proc. Natl. Acad. Sci. U.S.A. 71:3560-
3564.

3. Bruton, C. J., A. Porter, and S. I. T. Kennedy. 1976.
Defective-interfering particles of Semliki Forest vi-
rus: intracellular events during interference. J. Gen.
Virol. 31:397-416.

4. Chi, Y. A., and A. R. Bassel. 1974. Electron microscopy
of viral RNA: molecular weight determination of bac-
terial and animal virus RNAs. J. Virol. 13:1194-1199.

5. Cole, C. N., D. Smoler, E. Wimmer, and D. Baltimore.
1971. Defective-interfering particles of poliovirus. J.
Virol. 7:478-485.

6. Cunningham, C. H. 1970. Avian infectious bronchitis.
Adv. Vet. Sci. Comp. Med. 14:105-148.

7. Duesberg, P. H., and W. S. Robinson. 1965. Isolation of
the nucleic acid of Newcastle disease virus (NDV).
Proc. Natl. Acad. Sci. U.S.A. 54:794-800.

8. Franklin, R. M. 1967. Replication of bacteriophage ri-
bonucleic acid: some physical properties of single-
stranded, double-stranded, and branched viral ribo-
nucleic acid. J. Virol. 1:64-75.

9. Garwes, D. J., D. H. Pocock, and T. M. Wiljaszka.
1975. Identification of heat-dissociable RNA com-
plexes in two porcine coronaviruses. Nature (London)
257:508-510.

10. Gillette, K. G. 1973. Plaque formation by infectious
bronchitis virus in chicken embryo kidney cell cul-
ture. Avian Dis. 17:369-378.

11. Hilz, H., U. Wiegers, and P. Adamietz. 1975. Stimula-
tion of proteinase K action by denaturing agents:
application to the isolation of nucleic acids and the
degradation of 'masked' proteins. Eur. J. Biochem.
56:103-108.

12. Kennedy, S. I. T. 1974. The effect of enzymes on struc-
tural and biological properties of Semliki Forest vi-
rus. J. Gen. Virol. 23:129-143.

13. Kennedy, S. I. T. 1976. Sequence relationships between
the genome and the intracellular RNA species of
standard and defective-interfering Semliki Forest vi-
rus. J. Mol. Biol. 108:491-511.

14. Kennedy, S. I. T., and D. C. Burke. 1972. Studies on the
structural proteins of Semliki Forest virus. J. Gen.
Virol. 14:87-98.

15. Kolakofsky, D. 1972. Transfer ribonucleic acid nucleoti-
dyltransferase and transfer ribonucleic acid in Sendai
virions. J. Virol. 10:555-559.

16. Kolakofsky, D., E. Boy de la Tour, and H. Delius. 1974.
Molecular weight determination of Sendai and New-
castle disease virus RNA. J. Virol. 13:261-268.

17. Kolakofsky, D., and A.. Bruschi. 1973. Molecular
weight determination of Sendai RNA by dimethyl
sulfoxide gradient sedimentation. J. Virol. 11:615-
620.

18. Lomniczi, B. 1973. Studies on interferon production
and interferon sensitivity of different strains of New-
castle disease virus. J. Gen. Virol. 21:305-313.

19. McGeoch, D., P. Fellner, and C. Newton. 1976. Influ-
enza virus genome consists of eight distinct RNA
species. Proc. Natl. Acad. Sci. U.S.A. 73:3045-3049.

20. McIntosh, K. 1974. Coronaviruses: a comparative re-
view. Curr. Top. Microbiol. Immunol. 63:85-129.

21. Martin, B. A. B., and D. C. Burke. 1974. The replica-
tion of Semliki Forest virus. J. Gen. Virol. 24:45-66.

22. Morser, M. J., S. I. T. Kennedy, and D. C. Burke. 1973.
Virus-specified polypeptides in cells infected with
Semliki Forest virus. J. Gen Virol. 21:19-29.

23. Noll, H. 1967. Characterization of macromolecules by
constant velocity sedimentation. Nature (London)
215:360-363.

J. VIROL.



INFECTIOUS BRONCHITIS VIRUS RNA 107

24. Simmons, D. T., and J. H. Strauss. 1972. Replication of
Sindbis virus. I. Relative size and genetic content of
26s and 49s RNA. J. Mol. Biol. 71:599-613.

25. Tannock, G. A. 1973. The nucleic acid of infectious
bronchitis virus. Arch. Gesamte Virusforsch. 43:259-
271.

26. Van der Zebst, B. A. M., M. C. Horzinek, and V.
Moennig. 1975. The genome of equine arteritis virus.
Virology 68:418-425.

27. Watkins, H., P. Reeve, and D. J. Alexander. 1975. The
ribonucleic acid of infectious bronchitis virus. Arch.
Virol. 47:279-286.

VOL. 24, 1977


