
Arch Virol (1988) 100:231-244 Archives 

Vfrology 
© by Springer-Verlag 1988 

Difference in growth behavior of human, swine, equine, and avian 
influenza viruses at a high temperature 

Y. Murakami 1, K. Nerome 2, Y. Yoshioka z, S. Mizuno 1, and A. Oya 2 

Departments of 1 Antibiotics and of 2 Virology and Rickettsiotogy, 
National Institute of Health, Shinagawaku, Tokyo, Japan 

Accepted March 17, 1988 

Summary. Growth characteristics of a wide range of influenza A viruses from 
different mammals and bird species were examined in an established line of 
canine kidney (MDCK) cells at an ordinary (37 °C) and a high temperature 
(42 °C). Although all viruses employed in the present study possessed a capability 
of replicating at 37 °C, virus growth at 42 °C showed considerable variation and 
reflected differences in the natural hosts of the isolates. All reference strains 
and isolates from bird species grew well in the MDCK cells maintained at 42 °C, 
but human viruses did not, showing an asymmetrical growth behavior. 

In contrast to this, growth of swine and equine viruses showed growth 
characteristics intermediate between human and avian viruses. Of the two swine 
viruses examined, replication of one strain occured equally well at both tem- 
peratures and another failed to grow at 42 °C. Similarly, two of the three equine 
viruses tested belonging to H3N8 antigenic subtypes grew at 42 °C. However, 
the results obtained from comparison of plaque sizes and growth curves indi- 
cated that the replication of the above swine and equine viruses was restricted 
under a stringent temperature when compared to avian viruses. The detailed 
analysis of cloned viruses revealed that some of the swine and equine viruses 
contained two variants which are readily distinguished by growth behavior at 
42 °C. Genome analysis of parental and virus clones by oligonucleotide mapping 
and migration profiles of RNA segments did not detect any differences among 
the above variants exhibiting the asymmetrical growth characteristics at 42 °C. 

Introduction 

Influenza A viruses are divided into 13 hemagglutinin and 9 neuraminidase 
subtypes according to the revised nomenclature system recommended by an 
Expert Committee of the World Health Organization [32]. The detailed inves- 
tigation of antigenic and genome structures of the earliest Asian (H2N2) and 
Hong Kong (H3N2) viruses strongly suggest that new types of influenza A 
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viruses which suddenly appear in man may be associated with avian influenza 
reservoirs [8, 20, 22]. An intensive study on surveillance of  influenza viruses 
indicated that a great number of  the viruses possessing all hemagglutinin (HA) 
and neuraminidase (NA) subtypes with different combinations have been cir- 
culating in birds, especially feral and domestic ducks [6, 9, 22, 25, 26, 30]. 
Coupled with the evidence that HA and NA antigens of all mammalian viruses 
which have been isolated until now are related immunologically to avian viruses 
[22], the bird world is considered as a key to understand natural ecology of 
influenza virus. Since the genomic structure of  gene constellation controlling 
host specificity is not well understood, it is of fundamental importance to 
accumulate any evidence recognizing the host differences. For this reason, recent 
reports concerning tissue tropism would appear worthy of evaluation in con- 
ferring a clue for solving the mode of circulation of influenza virus in birds and 
different species of lower animals [1, 5, 24, 31]. In addition, the evidence that 
avian virus can grow at a high temperature [3, 11, 15, 21] led us to compare 
in details the replication of a total of 30 viruses from four natural hosts at 
42 °C. In the present communication we describe growth characteristics of avian, 
equine, swine and human influenza A viruses and one strain of influenza B 
virus at 37 °C and 42°C. 

Materials and methods 

Viruses 

The following influenza A viruses from birds, horses, pigs and humans were employed in 
the present study: A / turkey / England / 63(H7N7), A / chicken / Germany "N" / 
49(H 10N7), A / duck / England / 56(H11N6), A / duck / Czech / 56(H4N6), A / tern / 
S. Africa / 61(H5N3), A / turkey / Mass / 65(H6N2), A / duck / Ukraine / 1 / 63(H3N8), 
A / turkey / Ontario / 6118 / 68 (HSN4), A / turkey / Wisconsin / 66 (H9N2), eight exotic 
bird isolates from Japan shown in Table 1, A / USSR / 92 / 77(H1N1), A / PR / 8 / 
34(H1N1), A / NWS / 33(H 1N1), A / Jap / 307 / 57(HZN2), A / Aichi / 2 / 68(H3N2), 
B / Singapore / 222 / 79, and A / NJ / 8 / 76(H1N1), A / equine / Prague / 1 / 56(H7N7), 
A / equine / Miami / 1 / 63(H3N8), A / equine / Niigata / 1 / 71(H3N8), A / swine / Iowa / 
15 / 30(H 1N 1), and A/swine / Shimane / 1 / 78(H 1N 1). For reference, the former names 
of antigenic subtypes of reference strains and isolates are given in Table 1. All the viruses 
used in the tests were grown in the allantoic cavity of 11-day-old embryonated hens' eggs. 

Growth tests" 

Monolayers of MDCK cells prepared in 60 mm Falcon's petri dishes were infected with a 
MOI ranging from 0.2 to 0.02 plaque-forming units (PFU) of the seed virus per a cell, and 
the viruses were allowed to adsorb for 30 min at 35 °C. The unadsorbed virus was then 
removed by washing twice with phosphate buffered saline (PBS, pH 7.2) and the infected 
cells were incubated under 5 per cent CO2 at the indicated temperature after adding 
maintenance medium containing 5 ~tg/ml of trypsin. For examination of the virus growth, 
aliquots of culture fluids were removed daily, and their HA activity and plaque infectivity 
were measured as described in previous report [27]. Virus cloning was initiated by "picking" 
plaques produced in MDCK cells and subsequent plaque purification was undertaken by 
repeating the above procedures. 
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Biological assays 

HA titration and hemagglutination-inhibition (HI) tests were performed using 0.5% chicken 
red blood cells and microtiterplates under the room temperature. Antisera used in the HI 
tests were treated with recepter-destroying enzyme (RDE) and, before use, non-specific 
hemagglutinin was removed by adsorbing with chicken red blood cells. 

RNA analysis 

Migration profiles of RNA segments of equine and swine influenza viruses were examined 
as described [17]. Briefly, two confluent dishes (64 cm 2) of MDCK cells per a strain were 
prepared and infected with the viruses at a MOI of 0.03-0.7 PFU/cell, and approx. 225 ~tCi 
of 32p-phosphoric acid was added to each dish containing maintenance medium without 
phosphoric acid: Before and after infection, cells were washed well with Earle's balanced 
salt solution free from phosphoric acid and viruses were grown at 35 °C for 3 days. When 
infected cells showed CPE-values more than plus 3, the 32p-labelled viruses were harvested 
and purified by discontinuous sucrose gradient centrification according to the methods 
described by Ueda and Tobita [28], and RNA was extracted as described previously [17]. 
RNA segments were fractionated on 2.8% polyacrylamide gel electrophoresis containing 
6M Urea [17, 28]. For oligonucleotide mapping of whole viral RNA's, egg-grown viruses 
were purified by the method described by Nerome [13, 14]. 

Results 

Growth comparison of avian and mammalian viruses 

Although the previous study revealed that avian and human influenza A viruses 
show different characteristics of replication at high temperatures such as 42 °C, 
this was further investigated using a panel of reference strains and isolates of  
human, swine, equine and avian viruses. As shown in Table 1, virus growth 
was first screened under the condition ofmultisteps of growth cycle by examining 
HA activity produced in the culture fluids. The results indicated that, without 
exception, all reference strains and isolates from birds grew at 42 °C as well as 
at 37°C, but HA activity of human viruses was detected only at 37 °C. In 
contrast to the above viruses, equine and swine viruses showed more complicated 
growth characteristics at the higher temperature. Of four equine strains 2 be- 
longing to H 3N8 subtype were found to grow at 42 °C, reaching HA titer of 
32-64 on the 3rd day post infection. However, virus yields obtained at 37 °C 
were considerably higher than those at 42 °C, implying replication of the viruses 
was somewhat affected under the condition of stringent temperature. It was 
also of interest to observe that one swine virus was capable reproducing at the 
higher temperature and its titer was similar to that at 37 °C. The present study 
revealed that swine and equine virus possessed growth characteristics similar 
in part to both the human and avian viruses. Despite these results, it is not 
clear if progeny viruses produced at 42 °C possess the antigenic characteristic 
peculiar to swine or equine viruses. In order to determine this, antigenic analysis 
of the viruses yielded at 37 °C and 42 °C was performed by HI tests with post- 
infection ferret antisera against A / eq / Miami / 1 / 63(H3N8), A / eq / Tokyo 
/ 3 / 71(H3N8), and A / NJ / 8 / 76(H1N1) viruses. The results obtained in 
cross-HI tests indicated that two equine strains, A / eq / Miami / 1 / 63(H3N8) 
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Fig. l. Replication of swine and equine influenza viruses in MDCK cells maintained at 
37 °C ( ) and 42 °C ( -  - - ) .  Portion of the culture fluids was removed daily and 
titrated for plaque-infectivity. Closed symbols represent swine strains (O Iowa/ 15 / 30; 
• Shimane / 1 / 78) and a human strain, similar antigenically to swine strains (i, NJ / 8 / 
76) and open ones represent equine strains (O Miami / 1 / 63; V Tokyo / 3 / 71 ; [] Prague / 

1 / 56; A Niigata / 1 / 71) 

and A / eq / Tokyo / 3 / 7 I(H 3N8), and one swine strain, A / sw / Shimane 
/ 1 / 78 possessed undoubtedly antigenic properties identical to those of original 
viruses, indicating no contamination with avian-like viruses (data not shown). 
Since some of the swine and equine viruses appeared to grow at the higher 
temperature, virus replication was monitored in detail by titrating the infectious 
virus in culture fluids taken daily. Figure 1 shows growth curves of swine and 
equine viruses obtained in multicycles of growth experiments. Of  two strains 
examined A / sw / Shimane / 1 / 78 grew well at 42 °C and the levels of plaque- 
infectivity increased markedly during the first 2 days, with plaque-titers of 107'° 
at days 2 post infection, and tended to decline thereafter. Similarety, of 4 equine 
strains tested A / eq / Miami / 1 / 63 and A / eq / Tokyo / 3 / 71 strains have 
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the ability to replicate at 42 °C, although the viruses were produced at slightly 
lower titers, with the peak at day 2 after infection. 

Plating efficiency of parental and cloned viruses 

The findings on the growth behavior of swine and equine viruses similar to the 
avian virus led to further investigation to determine whether these viruses can 
grow at a high temperature through the mechanism by which adaptation oc- 
curred during incubation or if the co-presence of two kinds of phenotypic 
variants in a virus population results in selection of the variants which are able 
to grow at a high temperature. In order to determine this, two equine and one 
swine viruses were plaque-titrated in parallel at 37 °C and 42 °C. Table 2 shows 
the virus infectivity yielded by the three viruses. Of two equine viruses examined, 
Miami / 1 / 63 strain produced plaques with high efficiency at both temperatures, 
and the mean titers at 42 °C w e r e  10 7.6 PFU/ml, as compared to 108.3 PFU/ml 
at 37 °C. In contrast, another equine strain, Tokyo / 3 / 71 showed significant 
reduction in plaque infectivity at 42°C in comparison with its yield at 37 °C 
and the ratio of plating efficiency decreased to 0.009. In addition, this tendency 
was observed in the swine virus; plaque titers at 37 °C and 42 °C w e r e  10 7.2 and 
l 0  6"1 PFU/ml, respectively. The differences in plating efficiency reflected on the 
plaque sizes formed at both temperatures (data not shown), indicating the 
suppression of replication of these mammalian viruses by the elevated temper- 
ature. It was of interest to know that Miami / 1 / 63 strain formed somewhat 
larger plaques even at 42 °C when compared to the other viruses, which is in 
agreement with higher plating efficiency of this virus. It is noticeable that plaques 
produced by an avian isolate, similar antigenically to human H2N2 viruses, 
were almost equal in size at both temperatures (data not shown). 

Table 2. Parallel plaque titration of equine and swine influenza viruses in MDCK cells 
maintained at 37 °C and 42 °C 

Strain PFU/ml ratio 
(42 °C/37 °C) 

37 °C 42 °C 

A/eq/Miami/1/63 3.95 × 108 6.25 × 10 7 0.158 
A/eq/Tokyo/3/71 2.10 × 10 s 1.91 × 10 6 0.009 
A/sw/Shimane/l/78 2.02 × 10 7 1.62 × 10 6 0.080 

Plaque titration was done in MDCK cells with trypsin [27] 

Growth characteristics of parental and cloned viruses 
at different temperatures 

The parallel plaque titration tests suggest that the above 3 viruses derived from 
two different mammals may contain two kinds of virus variants of which one 
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Table 3. Efficiency of plaque formation of equine and swine influenza viruses in MDCK 
cells under the conditions of elevated temperatures 

Viruses Plaque titer (loglo PFU) Shut-off 
temperature 

35 *C 37 °C 39 °C 41 *C 42 °C 

A/eq/Miami/1/63 8.65 8.86 8.60 8.01 7.15 >42°C 
M37-2 a 8.85 8.62 6.70 < 3.40 < 3.40 41 °C 
M42-3 a 8.65 8.61 8.46 8.27 7.79 >42 °C 

A/eq/Tokyo/3/71 8.29 8.30 8.06 7.40 5.35 >42 °C 
A/eq/Prague/1/56 6.78 6.39 3.40 < 1.40 < 1.40 39 °C 
A/eq/Niigata/1/71 7.74 7.44 5.92 <2.40 <2.40 41 °C 

A/sw/Shimane/1/78 7.83 7.94 7.91 7.45 6.61 >42 °C 
$37-4 a 7.57 7.46 7.06 < 2.40 < 2.40 41 °C 
$42-3 a 7.60 7.56 7.48 7.10 6.67 > 42 °C 

A/sw/Iowa/15 8.59 8.57 8.08 <2.40 <2.40 41 °C 

A second agar overlay was done on the 3 days after infection and plaques were counted 
on the following day 
a Cloned viruses from parental equine (Miami/I/63) and swine (Shimane/1/78), respectively 

replicates at 42 °C but the other does not. In order to elucidate this hypothesis, 
eq / Miami / 1 / 63 and sw / Shimane / 1 / 78 viruses were plaqued on M D C K  
cells and the plaques picked were purified through subsequent plaque formation. 
cloned viruses derived from eq / Miami / 1 / 63 were tested for growing ability 
at both temperatures, 2 of the 24 were found to replicate at 42 °C and the 
remaining 22 failed to produce plaques under the stringent condition of tem- 
perature. The results obtained here revealed that the equine virus variant pos- 
sessing ability of replicating at high temperature accounted for about a tenth 
of the total population, in accord with the high plating efficiency shown in 
Table 2. 

We could also select two types of swine virus variants which exhibited 
asymmetrical growth behavior at 42 °C. As shown in Table 3, plaquing effi- 
ciencies of wild and cloned viruses were again examined in M D C K  cells main- 
tained at different temperatures ranging from 35 to 42 °C. Two equine (Prague 
/ 1 / 56, Niigata / 1 / 71) and one swine (Iowa / 15 / 30) strains failed to induce 
plaques even at 41 °C and the shut-off temperature appeared to be 39 °C based 
on the lowest temperature at which there was I04 or greater decrease in plaque 
titers. 

It can also be seen that two clones (M42-3, $42-3) produced plaques with 
high efficiency at 42°C, whereas the remaining two (M37-2, $37-4) did not 
produce plaques at a temperature higher than 41 °C. Although the former viruses 
tended to reduce virus yield with increment of  temperature, their plaquing 
efficiency was still higher compared to their parental virus. 
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Genome analysis of the parental and cloned viruses 

Finding of co-existence and cloning of two variants which show different growth 
behavior at 42 °C suggest the need for further characterization of swine and 
equine viruses if the difference in growth ability of these viruses was due to the 
introduction of RNA segments from avian virus or to a very limited change 
of genome structure such as point mutation. For this purpose, RNAs were 
extracted from six egg-grown viruses and electrophoresed through a 2.8% 
polyacrylamide gel containing 6M urea. Figure2 shows migration profiles of 

Fig. 2. Comparison of migration profile of  RNA segments 1 to 8 of swine and equine 
influenza viruses. RNAs were in vivo-labelled with 32p-orthophosphate in 90 mm dishes 
and extracted RNA segments were separated by electrophoresis on a 28 cm polyacrylamide 
slab gel. M Miami / 1 / 63, 37 cloned virus from Miami / t / 63, 42 cloned virus from 
Miami / 1 / 63; S Shimane / 1 / 78, 37 cloned virus from Shimane / 1 / 78, 42 cloned virus 

from Shimane / 1 / 78 
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whole RNA segments of each of the viruses examined. Only 7 of the eight 
segments were detected, probably due to co-migration of two kinds of the slowest 
moving polymerase genes. The RNA patterns of sw / Shimane / 1 / 78 and its 
cloned viruses (S 37-4, $42-3) were indistinguishable, while they were definitely 
different from those of equine viruses. Similarly, it can be seen that 7 RNA 
segments of eq / Miami / 1 / 63 migrated in the same position as two cloned 
viruses (M 37-2, M42-3) derived from the former. These results suggest that the 
two kinds of virus variant present in the swine or equine virus populations 
possess RNA genomes similar to each other. 

In order to determine this, three equine viruses were selected and their RNAs 
were further compared by the oligonucleotide mapping method. The results 
presented in Fig. 3 show the oligonucleotide maps of whole RNAs of parental 
Miami / 1 / 63, M 37-4 and cloned M42-3 viruses. The latter two cloned viruses 
were quite identical to each other in their migration patterns of oligonucleotides, 
while they were different only at one spot indicated (Fig. 3b, c) by arrow from 
the parental virus (Fig. 3a). This finding increased the possibility that asym- 
metrical difference in growth behavior of M37-4 and M42-3 viruses at 42 °C 
may be due to very restricted changes of the genome structure. 

Discussion 

All influenza A viruses circulating in different mammals from human beings 
to whales appear to share a high degree of antigenic relatedness with avian 
influenza virus isolates [5, 8, 25]. The above evidence revealed by WHO sur- 
veillance programs of influenza suggests difficulty in distinguishing mammalian 
from avian viruses on the basis of antigenic subtypes. The majority of epide- 
miological or epizootiological studies have been aimed chiefly at promotion of 
understanding of a mode of prevalence of human influenza. Despite numerous 
attempts, the mechanisms by which a new influenza viruses suddenly appear 
in man or break through the barrier between natural hosts are not well under- 
stood, indicating the importance of constant accumulation of knowledge rel- 
evant to host specificity. In view of what had preceded, the evidence that growth 
characteristics of a human virus in bovine kidney (MDBK) cells is controlled 
by the neuraminidase gene [24] appears to be of considerable importance. Recent 
studies have also revealed that loss or appearance of pathogenicity of an in- 

Fig. 3. Oligonucleotide mapping analysis of the RNAs of equine parental and cloned viruses. 
Egg-grown viruses were concentrated by centrifugation at 44,000 g for 90 min in Beckman 
21 rotor and purified in linear sucrose gradients, 10 to 50% (w/w), at 64,000 g for 120min 
using a sw27 rotor. Extracted RNAs were digested with ribonuclease T 1 and 5'-end-labelled 
with [32p] ATP in the presence of polynucleotide kinase according to the method described 
previously [14, 15]. Two dimensional separation of labelled nucleotides was done as de- 
scribed [2, t5]. An arrow indicates the spot present in parental virus (a), butabsent in two 
cloned viruses (b, c). X B Positions of the dye markers xylene cyanol FF and bromophenol 

blue 
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Fig. 3 
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fluenza virus for mice or chickens are closely related to occurrence of replace- 
ment of a few RNA segments [7, 12, 16, 23]. 

Our study dealing with a large number of avian and mammalian viruses 
confirmed an earlier report that avian influenza viruses grew at 42 °C but human 
viruses did not [11]. One conclusion from the two studies is that human influenza 
virus may be easily distinguishable from avian by determination of growth at 
the high temperature. In contrast, some strains of swine and equine viruses 
were found to possess the ability to replicate at 42 °C, showing intermediate 
characteristics between avian and human influenza viruses. Coupled with this 
evidence, it is of interest that avian influenza viruses have been reported to 
replicate to high titers in pigs and that the progeny virus could be transmitted 
to other contact pigs [4, 18]. These results strongly suggest that an avian virus, 
or its genes, can be conserved in a pig population. According to this evidence, 
the presence of two knds of variants in swine and equine viruses, which show 
difference in growth behavior at 42 °C, are of interest in considering the back- 
ground in which new viruses may appear in man after genetic reassortment 
between human and animal viruses. The results obtained in the present study 
further increase the possibility that pigs, or other mammals such as horses, may 
serve as a potential reservoir for the appearance of pandemic virus in man 
acting as a bridging host between birds and man. Our recent study on two 
H 1 N2 recombinant viruses isolated from pigs indicates the possible occurence 
of recombination in swine infected dually with human and swine viruses [12, 
13]. In any case genome analysis of cloned viruses suggests that the differences 
in growth characteristics of swine and equine viruses at high temperature may 
not be due to a great change of genome structure, which is consistent with 
previous reports that substitution of a few amino acids leads to conversion of 
different functions shown by the virus [7, 19, 20]. In addition, although an 
influenza A virus which caused a severe outbreak of acute hemorrhagic pneu- 
monia of seals on Cape Cod Penninsula was antigenically and genetically related 
to avian virus [29], the evidence indicating biological relatedness of this virus 
to human isolates suggests the existence of potential "bridging" mammals be- 
tween avian species and humans [4, 10]. It would appear that a full understanding 
of host specificity may be an important step in the appreciation of the ecology 
and emergence of human and animal influenza viruses. 
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