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Stellingen 

1. Binding van door een virus gecodeerd eiwit aan het DNA van zijn gast­
heer vormt één van de strategieën die virussen in staat stelt zich in de 
gastheer te vermenigvuldigen en ziekten te verwekken. 
Dit proefschrift. 

2. De mogelijkheid dat het door tabaksmozaïekvirus gecodeerde 30 kDa ei­
wit geen nieuwe plasmodesmata induceert maar het verlies van bestaande 
plasmodesmata voorkomt, wordt door Leonard en Zaitlin al te lichtvaar­
dig terzijde geschoven. 
Leonard, D. and Zaitlin, M. (1982), Virology 117: 416-424. 

3. De door Reichman et al. gerapporteerde remming van de tabaksmozaïek­
virus vermenigvuldiging na behandeling van bladponsjes met humaan in­
terferon berust op toeval. 
Reichman, M., Devash, Y., Suhadolnik, R. J. and Sela, I. (1983), Virology 
128: 240-244. 
Antoniw, J., White, R. F. and Carr, J. P. (1984), Phytopath. Z. 109: 367-
371. 

4. De immuniteit van het embryo die Hosokawa en Mori voorstellen als 
verklaring voor het niet met zaad overdraagbaar zijn van tabaksmozaïek­
virus in Petunia hybrida, is niet uit de door hen gepresenteerde resultaten 
af te leiden. 
Hosokawa, D. and Mori, K. (1982), Ann. Phytopath. Soc. Japan 48: 534-
537. 

5. De conclusie van Palmiter et al. dat de toegenomen groei van muizen die 
het "metallothionein-human growth hormone fusion gene" in hun chro­
mosomen geïncorporeerd hebben, uitsluitend het gevolg is van het tot ex­
pressie komen van dit gen, is onvoldoende gefundeerd. 
Palmiter, R. D., Norstedt, G., Gelinas, R. E., Hammer, R. E. and 
Brinster, R. L. (1983), Science 222: 809-814. 

6. De bestudering van de "pathogenesis-related proteins" is van groter be­
lang voor de plantenfysiologie dan voor de planteziektenkunde. 

7. Planteziektenkundig onderzoek dient zich minder te richten op het pa-
thogeen en diens eigenschappen, doch meer de (eigen)aardigheden van de 
gastheer in het onderzoek te betrekken. 

8. De werkelijke "brain-drain" is niet het vertrek van academici van univer­
siteiten naar bedrijfsleven, maar de huidige, grote werkloosheid onder af­
gestudeerde academici. 

9. Er dienen betere mogelijkheden geschapen te worden om succesvolle on­
derzoeksprojecten sneller te kunnen continueren. 



10. Gezien de eerste plaats die Nederlandse computerenthousiasten innemen 
bij het doorbreken van de beveiligingscodes van software, lijken berich­
ten als zou Nederland een achterstand hebben op het gebied van informa­
tica, overdreven. 

Proefschrift H. J. van Telgen 

Changes in chromatin-associated proteins of virus-infected tobacco leaves 
Wageningen, 6 februari 1985. 
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Chapter 1 
General Introduction 

1.1 Viral pathogenesis in plants 

Plant virologists started their studies with the description of symptoms and the 
mode of virus transmission (Mayer, 1882). In the mid 1930s the first viruses were iso­
lated and characterized. After the second world war the study of virus structure and 
of its replication in vivo and in vitro emerged. Meanwhile, there has been a growing 
interest in the study of host responses, partly because of the economic losses caused 
by virus diseases, partly because many of the symptoms developing in virus-diseased 
plants resemble or actually are perturbations in normal growth and development and, 
therefore, of high interest to plant physiologists, too. 

The responses of plants to virus infection fall into two groups. On the one hand, a 
virus particle may succesfully invade a leaf parenchyma cell, but it may also be in­
jected directly into the sieve tubes of the phloem by a vector (e.g., aphids). After pen­
etration the virus may move through the whole plant causing a systemic infection and 
the plant may eventually develop symptoms. A selection of symptoms which may oc­
cur upon systemic infection is given in Table 1. 

TABLE 1 

Important Host Plant Responses to Systemic Virus Infection 

Plant Part 

Whole Plant 

Symptoms 

1. Reduction in size 

2. Wi l t ing 

3. Generalized necrosis 

Comments 

Probably most common response 

Dessication may lead to rapid 
death of plant 

Leads to rapid death 

Leaves 1. Vein clearing 

2. Mosaic patterns 

3. Blistering/distortion 
of lamina 

4. Enations 

5. Epinasty 

Translucent tissue near veins 

Very common response 

Often associated with mosaic 

Abno rma l l eaf l ike g rowths 
from veins and midribs 

Flowers 1. "Breaking" of petal 
pigmentation 

2. Malformation 

3. Necrosis 

Often associated with mosaic 
in the leaves 

After: Matthews, 1980. 
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On the other hand, the virus may also remain localized at the site of penetration in 
local lesions that, for example, may consist of cells that have lost some chlorophyll 
(chlorotic lesions) or of a patch of dead cells (necrotic lesions). The latter type of 
reaction is called a hypersensitive reaction and gives the plant an effective 'field resis­
tance' to a disease (Matthews, 1980). Which reaction occurs depends on the genetic 
constitution of both host and virus. Usually, infection of a given plant species with 
different viruses will cause different symptoms, but also one and the same virus may 
cause different symptoms on different plant species. A general feature of many plant 
viruses is that they spread systemically in one host but are localized in a different 
host. Conversely, plants allow systemic spread of one virus, while localizing another 
virus. Generally, virus localization is regulated by a small number of mendelian in-
hereting plant genes. This implies that each plant possesses the capacity both to local­
ize infecting viruses and to respond with the development of systemic symptoms, and 
that viruses possess genetic information which enables them to either spread systemi­
cally or remain localized. Symptoms are therefore characteristic of the specific com­
bination of a virus and its host. 

One of the best studied host-virus combinations is tobacco (Nicotiana tabacum L.) 
infected with tobacco mosaic virus (TMV). All natural varieties of N. tabacum are 
sensitive to TMV (Holmes, 1960) and develop mosaic symptoms on the newly 
emerging leaves after infection of older leaves with the common (Ul) strain of TMV. 
In contrast, N. glutinosa localizes TMV Ul at the site of penetration of the virus into 
the leaf, forming necrotic local lesions (Holmes, 1929). This hypersensitive reaction 
is controlled by a single dominant nuclear gene, designated N. By chromosome sub­
stitution (Gerstel, 1943, 1945), the Hg chromosome from iV. glutinosa carrying the N 
gene has been incorporated into the N. tabacum cultivars Samsun, White Burley, and 
Xanthi, replacing the H chromosome and rendering the new cultivars Samsun N N 

TABLE 2 

Reaction of Tobacco Plants Posessing Different N-alleles 

upon Infection with Different TMV Strains 

Host Allele 

N 

N' 
s n 

n ( n ' ) 

Ul 

R 

S 

S 

s 

U2 

R 

R 

S 

S 

TMV strain 

U8 (RMV) 

R 

R 

R 

S* 

1952 D/Ni 2338 

R 

R 

R 

R 

RMV: Holmes' ribgrass strain of TMV; R: resistant (hypersentitive reaction); S: sensitive 

(systemic mosaic); S*: sensitive (semi-systemic ring lesions). 
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(Holmes, 1938), White Burley N N (Valleau, 1952) and Xanthi-nc (Takahashi, 1956), 
respectively. These new cultivars respond to TMV Ul infection with the hypersensi­
tive reaction of TV. glutinosa. 

However, there are several strains of TMV which do not spread systemically in 
host plants lacking the TV gene (Table 2). In tobacco, four phenotypic alleles have 
been distinguished which regulate the interaction with TMV. These alleles can be dis­
tinguished by their reaction towards four different types of strains or mutants of the 
virus (Van Loon, 1972), as shown in Table 2. 

From Table 2 it can be concluded that tobacco varieties lacking the TV-gene, are 
perfectly capable of reacting hypersensitively. In fact, all tobacco varieties given in 
Table 2, respond hypersensitively to infection with tobacco necrosis virus (TNV). In 
all these cases where tobacco plants respond with a hypersensitive reaction, the reac­
tion itself is characterized by essentially similar morphological, physiological and 
biochemical changes (Van Loon, 1982; Van Loon and Callow, 1983). Moreover, such 
changes can be induced not only by other viruses, but also by some fungi or bacteria 
and even certain chemicals provoke similar symptoms, so that the hypersensitive 
reaction is aspecific. Thus, the sensitivity of tobacco towards certain TMV strains is 
apparently not due to the absence of the resistance mechanism itself, but rather to the 
fact that under the influence of these strains the hypersensitive reaction is not elicited. 
Therefore, the host plant alleles involved in the specific interaction with the virus 
seem to have a regulatory function. 

Mundry and Gierer (1958) observed that mutation with nitrous acid of TMV strain 
vulgare (Ul type) led to the loss of the ability to induce systemic mosaic symptoms 
in Java tobacco (which possesses the TV' allele). Due to the fact that these mutants 
caused local lesions on Java tobacco, a mutation from the Ul to a U2-type strain may 
have occurred (cf. Table 2). Despite all attempts made, an artificial back mutation 
from U2 to Ul was never observed (Mundry, 1960). Kado and Knight (1966) isolated 
several mutants from wild type TMV strain Ul which produced local lesions in TV' 
hosts. They defined the mutation site to lie at approximately 25% from the 3'-end of 
the TMV RNA (in their paper they concluded that it was 25% from the 5'-end, but 
Wilson et al (1976) showed that the RNA ends had been misidentified). Kado and 
Knight (1966) named the RNA in this region the 'local lesion gene'. Whereas the hy­
persensitive reaction itself represents an aspecific reaction and a viral function may be 
necessary to suppress the expression of the hypersensitive reaction, it is difficult to 
envisage a virus carrying information for this type of effect. Rather, the virus might 
have lost the ability to cause systemic disease. On these grounds, the following hy­
pothesis can be proposed: Viruses capable of spreading systemically possess a func­
tion that enables them to evade localization by their host (Van Loon, 1980). 

The existence of different strains and isolates of a virus capable of systemically in­
fecting only host plant varieties with a specific genetic constitution, may then be ex­
plained by assuming that only in those specific combinations the viral function is ca-
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pable of suppressing the localizing mechanism of the host. This implies that besides 
the functions needed for successful replication and synthesis of coat protein, the viral 
genome should contain information for systemic spread leading to different types of 
symptoms in different hosts. Working with nitrous acid-induced mutants of TMV 
vulgare, Mundry and Gierer (1958) distinguished as much as 8-12 different types of 
systemic mosaic symptoms in the combination tobacco-TMV, which they interpreted 
as resulting from a similar number of different genes. However, as we now know 
from the nucleotide sequence data (Goelet et al, 1982), the TMV genome is com­
posed of three closely packed open reading frames in phase. These code for four 
polypeptides as shown in Fig. 1, the 183 kDa polypeptide being the readthrough 

cap* 
2.1X10° Da 

O 

126 

183 

I 
TMV RNA 

_0.28X10"Da CP-RNA 

17.5 

cap-
0.65X10 Da 

O 

coat protein 

I2-RNA 

30 
Fig. 1 : Translation strategy of TMV (adapted from Beachy et al, 1976; Davies and Hull, 1982). 
Viral RNAs are indicated by thin lines, the translational products by solid bars. Closed and 
open arrows indicate presumed derivation of subgenomic RNAs and translational products, 
respectively. Numbers under solid bars refer to the molecular masses of the polypeptides as 
calculated by Goelet et al, 1982 (in kDa). 

product of the 126 kDa gene. Out of phase with these three open reading frames are a 
number of potential start codons for genes coding for small proteins, but so far only 
the four translational products given in Fig. 1 have been detected in TMV-infected 
plants or protoplasts. These four polypeptides represent essentially all of the infor­
mation content. 

Only the function of the coat protein has been established with certainty. The 
function of the other translational products is not known yet. However, it has been 
suggested that the 30 kDa protein synthesized from TMV RNA in vitro (Leonard 
and Zaitlin, 1982) and also present in TMV-infected protoplasts (Ooshika et al, 
1984), is involved in cell-to-cell transport (Leonard and Zaitlin, 1982); the high-mo-
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lecular weight proteins may be virus-specific subunits of a RNA-dependent RNA 
polymerase (Scalla et al, 1978). Since these viral products are apparently needed and 
sufficient for successful multiplication and spread of the virus, it is to be expected 
that other plant positive-strand RNA viruses (including multicomponent viruses) 
possess functionally similar genetic information, as indeed seems to be the case for 
bromoviruses (for a review, see Davies and Hull, 1982). Some viruses may use a more 
complicated strategy to produce essentially similar types of polypeptides (e.g. the 
comoviruses (Davies and Hull,1982)), or additionally code for one or more proteins 
needed for arthropod transmission (see Zaitlin, 1983). 

Since these products turn out to occupy essentially the entire coding capacity of 
the viral genome, there does not seem to be any information content left for specific 
symptom-inducing polypeptides. For instance, Fulton (1972, 1975) reported that in 
Nicotiana species infected with tobacco streak virus, certain strains of the virus in­
duced profound dwarfing of the host, whereas others induced regularly dented 
leaves. It is hardly conceivable that the viral genome possesses genetic information 
for proteins involved in leaf morphogenesis. So, unless there is a marked pleiotropic 
effect of viral genes, the plant viral genome is too small to code for such a wide range 
of viral symptoms, for instance, for as many as 8-12 types of mosaic as reported by 
Mundry and Gierer (1958) for their nitrous acid-induced TMV mutants. However, 
viral constituents or translational products must be involved in the induction of dis­
ease and expression of symptoms (Zaitlin, 1979; Matthews, 1980,1981). 

In the absence of any specific pre-existing nutritional stress, it is unlikely that the 
actual sequestration of amino acids and nucleotides into virus particles has any direct 
connection with the induction of symptoms. Support for this view can be derived 
from observations that closely related strains of the same virus may multiply in a par­
ticular host to give a similar final concentration of virus and, yet, have different ef­
fects on host cell constituents and induce symptoms of greatly differing severity 
(Matthews, 1980). For instance, both TMV and barley yellow dwarf virus induce se­
vere diseases but, nevertheless, yields of extractable virus are typically 5-10 mg and 
50-150 ng per gram of tissue, respectively (Zaitlin, 1979). Moreover, viroids consist 
only of RNA and do not code for any known protein(s) but still cause severe symp­
toms. Finally, the fact that viral symptoms can be easily mutated, indicates that a gen­
eral, non-specific sequestration mechanism is unlikely. 

A primary role of the coat protein in the induction of disease symptoms seems im­
probable, too. This follows from the occurrence of mutants which have identical coat 
proteins but, nevertheless, induce very different symptoms. Moreover, in experi­
ments with pseudo-recombinants of multi-partite viruses, it was found that generally 
symptom type does not segregate together with the coat protein gene (Habili and 
Francki, 1974). The role of non-structural viral proteins has likewise been suggested 
to be minimal. As yet no gene product responsible for initiating symptoms has been 
isolated or characterized. However, since plant viroids induce disease without being 
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translated, a possible involvement of the viral RNA itself in the induction of disease 
seems more likely. Matthews (1980) suggests that small segments of the viral genome 
might be replicated separately to act directly as repressors or derepressors of host 
functions. 

1.2 Role of host genes and proteins 

There are several indications that host genes are also involved in the initiation of 
disease symptoms. For instance, in non-infected plants certain chemicals can induce 
symptoms resembling the ones developing after certain virus infections (for a review, 
see Matthews, 1981). Toxins produced by arthropods as well as some insecticides 
may produce virus-like symptoms. Furthermore, treatments with plant growth regu­
lators often produce effects mimicking virus disease. Already in 1953, Audus report­
ed that the auxin 2,4-dichlorophenoxyacetic acid (2,4-D) can induce such growth ab­
normalities as shoestring appearance of leaves in tobacco, which bear resemblance to 
the effect of certain virus infections. Similar observations have been made in tomato 
and in grape (Matthews, 1981). Symptoms like stunting, epinasty, and malformations 
(Table 1) are similarly suggestive of disturbances of endogenous hormone metabo­
lism. Pricking leaves of 7V-gene-containing tobacco plants with needles moistened 
with ethephon, that in the plant decomposes to yield ethylene, induces a reaction al­
most indistinguishable from the hypersensitive reaction developing after TMV inocu­
lation (Van Loon, 1982). Furthermore, many of the changes occurring during this 
hypersensitive reaction are similar to those occurring in non-infected plants during 
artificial ageing due to detachment. Similarly, in plants developing mottling or mosaic 
symptoms, such as may be the case after infection of tobacco with cucumber mosaic 
virus (CMV), the loss of chlorophyll occurring in the light-green or yellow areas re­
sembles ethylene-induced senescence. However, the development of mosaic symp­
toms upon TMV infection occurs only in newly emerging leaves; in leaves over ap­
proximately 15 mm in length at the time of inoculation no symptoms develop (Nils-
son-Tillgren et al, 1969). Furthermore, Hirai and Wildman (1967) demonstrated that 
if actinomycin D, an inhibitor of DNA-dependent RNA synthesis, was introduced 
into small tobacco plants, the young leaves developed mosaic symptoms apparently 
similar to those induced by the common strain of TMV. These observations all indi­
cate that symptoms and disease must arise from an interference of the infecting virus 
with host genes regulating normal growth and development. 

If it is assumed that symptom induction requires the recognition of specific host 
functions involved in the regulation of plant growth and development, the molecular 
basis of sensitivity to viral infection may be sought at the level where genes regulating 
these processes are expressed, i.e. at the transcription of the DNA. Alterations in 
transcription will be reflected in (a) changes in mRNA populations (b) changes in the 
kind and quantity of the proteins having a regulatory role in specific gene expression, 
the chromatin-associated proteins. Since during the phase of exponential growth of a 
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tobacco plant approximately 27,000 different mRNAs are being transcribed in a de­
veloping leaf (Kamalay and Goldberg, 1980), looking for a small number of unknown 
mRNAs of a possibly rare class, is more or less looking for a needle in a haystack (cf. 
De Vries, 1983). Since the number of different chromatin-associated proteins is con­
siderably less (Peterson and McConkey, 1976), it is simpler to investigate first wheth­
er there are changes in the constitution of the proteins associated with the chromatin. 

Chromatin consists of a complex of DNA, RNA and protein. The chemical com­
position and structure of this complex is highly specific, and seems to be important 
both in packaging the large amounts of DNA found in eukaryotic nuclei and in the 
regulation of transcriptional activity (Thompson and Murray, 1981). The average 
chemical composition of tobacco chromatin is 1.0 DNA: 2.7 protein: 0.2 RNA (Gi­
got et al, 1976). The function of the RNA present in chromatin is not clear (Van Ven-
rooij and Jansen, 1978). It has been postulated, but not proven, that this RNA has a 
function in gene regulation (Holmes et al, 1972). There are indications that RNA and 
proteins form a complex in the nucleus, which can regulate gene activity (LeStour-
geon et al, \977). RNA also functions as a primer in DNA replication. 

The proteins present in the chromatin can be classified as histones and non-his-
tones. The histones are small, very basic proteins characterized by high lysine and 
arginine contents. The function of the histones is mainly structural and lies primarily 
in their packaging of the DNA into nucleosomes (Thompson and Murray, 1981). 
Template accessibility may be modified by acetylation or phosphorylation, which 
loosen the histon-DNA interaction. However, so far regulatory functions for his­
tones in specific gene expression have never been demonstrated. The histone compo­
sition does not change when pea seedlings elongate in response to treatment with gib-
berellic acid (Spiker and Chalkley, 1971), when RNA synthesis was inhibited in 
maize coleoptiles after treatment with abscisic acid (Bex, 1972), upon vernalization in 
wheat (Spiker and Krishnaswamy, 1973), or during the course of germination (Yoshi-
da and Sasaki, 1977). Moreover, the histones of any given plant species are electro-
phoretically identical in different tissues (Pitel and Durzan, 1978a). Only histone HI 
may vary and show quantitative differences in phosphorylation during the cell cycle 
(Stratton and Trewavas, 1981). 

Non-histone chromatin proteins may also have a function in the maintenance of 
chromatin structure (Adolph et al, 1977; Paulson and Laemmli, 1977), but there are 
many indications that these proteins are responsible for regulating gene activity (Car-
twright et al, 1982). The non-histones display at least three attributes required for 
specific gene regulatory elements. First, they are heterogeneous: HeLa cell non-his­
tone proteins were resolved into at least 450 polypeptides (Peterson and McConkey, 
1976). Second, in contrast to histones, the non-histones show an appreciable turnover 
during the cell cycle, and this rate may increase during cell proliferation (Garrard and 
Bonner, 1974). Third, non-histone proteins show tissue specificity. Tissue-specific 
differences in non-histone protein composition have been reported for various animal 
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tissues (Bekhor et al, 1974; Chiu et al, 1975; Kleinsmith, 1975) as well as for pea and 
pine seedlings (Lin et al, 1973; Mischke and Ward, 1975; Pitel and Durzan, 1978b). 
However, Towill and Noodén (1975) found the non-histone protein composition to 
be virtually identical in different tissues of maize seedlings. Changes in non-histone 
proteins were reported to be associated with pollen tube development (Pipkin and 
Larson, 1973), wheat embryo germination (Yoshida and Sasaki, 1977) and differ­
entiation and dedifferentiation of tobacco callus tissue (Guerri et al, 1982). 

An interesting feature of non-histone proteins is that they are subject to extensive 
phosphorylation (Kleinsmith, 1975; Trewavas, 1979). Phosphorylation of non-his-
tones, like acetylation of histones, may weaken the interaction between the proteins 
and the DNA and, thereby, render the DNA accessible for transcription. As in ani­
mal systems, in plants phosphorylation of non-histone proteins is stimulated when 
transcriptional activity is enhanced (Trewavas, 1976; Murray and Key, 1978). During 
barley germination and upon abscisic acid treatment of Lemna, the patterns of non­
histone protein phosphorylation change dramatically (Chapman et al, 1975). Nuclear 
protein phosphorylation in vitro is enhanced in nuclei isolated from 2,4-D-treated 
soybean hypocotyls compared to nuclei from untreated tissue. This change parallels 
2,4-D-enhanced RNA polymerase activity of these nuclei and the in vivo levels of 
RNA synthesis (Murray and Key, 1978). Dunham and Yunghans (1977) reported 
that soybean chromatin reconstituted with phosphorylated non-histone proteins was 
a more efficient template for DNA replication than DNA reconstituted with unphos-
phorylated non-histone proteins. 

However, it cannot be excluded that many of the alterations in non-histone phos-
phoproteins thought to be associated with gene regulation, are actually involved in 
post-transcriptional processing and/or packaging of RNA (Van Venrooij and Jansen, 
1978). A major non-histone nuclear protein, known to decrease as Pbysarum polyce-
phalum goes into a resting state, has been shown to be involved in RNA packaging 
(LeStourgeon et al, 1977). Changes in non-histone protein composition would then 
be the result of specific gene activity rather than its cause. 

Particularly in animal systems, however, indications that specific regulatory el­
ements of gene activity are present in the non-histone protein fraction are convinc­
ing. Many of these data have been obtained by chromatin reconstitution and tran­
scription in vitro. Stein et al (1975) showed that the in vitro transcription of histone 
genes from HeLa cells was enhanced after addition of non-histone chromatin pro­
teins from S-phase HeLa cells but not of non-histone proteins from Gl-phase cells. 
Similarly, Gilmour and Paul (1975) demonstrated that the non-histone fraction of 
foetal liver chromatin but not of brain chromatin, specifically stimulated the express­
ion of the globin genes in reconstituted chromatin from reticulocytes of mice. Fi­
nally, from chicken liver nuclei two DNA-binding proteins were isolated which in­
hibited the initiation of DNA transcription in vitro (Kiliansky et al, 1981). Yoshida et 
al. (1979) showed that the transcriptional activity of wheat chromatin was enhanced 



upon addition of non-histone proteins isolated from seedlings, but was reduced with 
non-histone proteins from endosperm. Similarly, non-histone proteins from maize or 
pea plants that had been treated with gibberellic acid, stimulated the transcriptional 
activity of chromatin-associated RNA polymerase (Wielgat and Kleczkowski, 1981). 
Specific proteins regulating the expression of specific genes have not yet been identi­
fied in plants. However, it is to be expected that selective gene expression in plants is 
regulated in a similar fashion as in animal systems. 

Although these observations indicate that non-histone proteins are involved in 
specific gene regulation, DNA-binding proteins that specifically regulate the tran­
scription of defined genes have not yet been isolated. It is quite possible that these 
proteins constitute only a very small portion of the total non-histone protein frac­
tion, making their detection and isolation extremely difficult. For instance, Lin and 
Riggs (1977) calculated that an eukaryotic equivalent to the bacterial /^c-repressor 
would need to be present in no more than 15,000 copies per nucleus, even if all of the 
genome were accessible to repressor binding. If one postulates that much of the gen­
ome is masked, and therefore not available for binding, the amount of regulatory 
proteins needed will be proportionally lower. 

This shows that detection of these proteins and their possible changes upon treat­
ments altering specific gene expression will be difficult to assess using conventional 
separation and staining methods. 

1.3 Approach 

To overcome these difficulties, Thompson and Murray (1981) suggested two possi­
ble approaches. The first one is to identify non-histone proteins by virtue of their 
ability to interact with hormones or hormone-receptor complexes, thought to be in­
volved in the activation of specific genes. The second one is to identify non-histone 
proteins that bind to specific DNA sequences, for instance by DNA-affinity chroma­
tography. None of these approaches has as yet been applicable to our investigation 
whether alterations occur in the chromatin-associated protein composition upon in­
fection with a virus. However, using two-dimensional gel electrophoresis, Peterson 
and McConkey (1976) were able to resolve at least 450 different polypeptides from 
HeLa cells. Because of their radioactive labeling during three days and the relatively 
fast turnover of proteins in dividing HeLa cells, the polypeptides synthesized de no­
vo will be fairly representative of the non-histone chromatin proteins present. How­
ever, this situation does not apply to leaves. 

To be able to not only detect newly synthesized polypeptides but also changes oc­
curring in the existing ones, we aimed at isolating relatively high amounts of chroma­
tin-associated proteins and using sensitive staining procedures. Furthermore, the 
chromatin isolation procedure of necessity resulted into a population of chromatin-
associated proteins representating both the dark-green and the light-green areas from 
the mosaic-diseased leaves of TMV-infected plants, virus accumulating in the lighter 
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parts only. The methods developed to overcome these problems are described in 

Chapter 2. Experiments to investigate whether different viruses induce different 

changes, and whether these changes are specific to the virus or to the plant, are de­

scribed in Chapter 3. In Chapter 4 the characteristics of a new 116 kDa protein, oc­

curring specifically in TMV-infected tobacco plants, are described. Its close associa­

tion with chromatin suggests that it might have a regulatory role. Proteolytic peptide 

mapping to compare this 116 kDa protein with a TMV-coded protein of similar mo ­

lecular mass is described in Chapter 5. Finally, in Chapter 6 a modification of our 

method to prepare chromatin-associated proteins is presented which enables the 

study of protein changes by two-dimensional gel electrophoresis and silver staining, 

without the necessity of prior radioactive labeling of the plants. 
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Summary 

Nuclei from young tobacco leaves were isolated by tissue homogenization in an Omnimixer 
and repeated grinding in a Potter homogenizer. With this method up to 45 % of total leaf DNA 
was released. Examination of the nuclei by interference-contrast microscopy showed them to 
be intact. Chromatin prepared from these nuclei contained DNA, RNA, and protein in a ratio 
of 1:0.05:2.8. A slightly lower yield of nuclei was obtained from young, mosaic-diseased leaves 
from plants infected with tobacco mosaic virus (TMV), but infection did not affect the overall 
compositional characteristics of the chromatin. 

Analysis of the chromatin proteins in Polyacrylamide gels containing SDS showed that the 
only consistent alteration upon TMV infection was the induction of an apparently new protein 
of c. 116,000 D. This change was not observed upon electrophoresis in an acidic urea system. 
Thus, whereas TMV multiplies in the cytoplasm, upon infection a discrete alteration in the 
nuclear chromatin-associated proteins is induced which may be related to the expression of the 
characteristic mosaic symptoms. 

Key words: Nicotiana tabacum, tobacco mosaic virus, chromatin proteins. 

Introduction 

Mosaic symptoms are a characteristic feature of many virus diseases. In tobacco, 
tobacco mosaic virus (TMV) induces a characteristic light green-dark green pattern 
on the young developing leaves. The light green areas abound with virus particles and 
physiologically and biochemically resemble senescent leaves. On the contrary, the 
dark green areas are almost devoid of virus and remain physiologically young (Mat­
thews, 1981). 

The accelerated ageing of light green areas does not result from exhaustion of the 
host due to its being forced to synthesize additional nucleic acid and protein for viral 
replication. The «masked» strain of TMV replicates almost to the same extent as the 
common strain without provoking symptoms. Furthermore, after infection with the 
common strain, host protein synthesis is only transiently inhibited (Fraser and Ger-
witz, 1980). Symptoms are therefore likely to result from interference with the 

Abbreviations: EDTA = ethylene diamino tetra acetic acid; SDS = sodium dodecyl sulphate; 
TMV = tobacco mosaic virus. 
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regulation of development, the c ommon strain blocking chlorophyll synthesis and 

inducing premature ageing in some of the cells of the young developing leaves result­

ing in local chlorosis (Zaitlin, 1979). 

Differential gene expression regulating plant g rowth and development occurs in the 

nucleus, whereas viral R N A and protein synthesis take place in the cytoplasm. If host 

metabolism is perturbed at the level of the genome, virus-induced alterations must be 

passed on to the nucleus and influence the transcription of D N A into R N A . 

Particularly the non-histone chromatin proteins are considered to be the regulators 

of specific gene expression (Trewavas, 1979). Therefore we looked for changes in the 

chromatin-associated proteins t o determine as to h o w far the induction of mosaic 

symptoms in tobacco leaves may be related to alterations in genetically-determined 

leaf development. 

Materials and Methods 

Plants and virus. Tobacco plants (Nicotiana tabacum L. cv. Samsun) were grown in a 
greenhouse at a minimum temperature of 20 °C and 50-80 % relative humidity. From October 
till March additional illumination was provided by Philips HPI/T 400 W lamps, ensuring a 
minimum light intensity of 10,000 Lux for 16 h • day -1 . 

When 7 to 8 weeks old, plants were inoculated on the youngest fully-grown leaf with 
purified TMV W U l (10 /tg ml -1). Control plants were similarly inoculated with distilled water. 

Young, expanding leaves, 4-8 cm in length, were harvested 8-10 days later, when systemic 
mosaic symptoms became evident. 

Isolation of nuclei. To ensure recovery of a representative sample of nuclei, high yields were 
desired. To this end several methods were compared and a modification of the methods of 
Hamilton et al. (1972) and Van Loon et al. (1975) was finally adopted. 

Leaves were harvested around 8.45 a.m. and stored on ice. Midribs were removed and nuclei 
were isolated as outlined in Figure 1. All steps were carried out at 0°-4 °C. 

Alternatively, nuclei were obtained by lysis of protoplasts. Protoplasts were prepared and 
nuclei isolated as described by Gigot et al. (1976). 

Intactness of the nuclei was checked by interference contrast microscopy. The washed nucle­
ar pellet still contained starch grains and crystals. Attempts to remove these contaminants by 
centrifugation through a sucrose cushion (Hamilton et al., 1972) or colloidal silica gradients 
(Luthe and Quatrano, 1980) were unsuccessful and resulted in substantial losses of nuclei. 
Therefore, the white-greyish nuclear pellet obtained after the second low-speed centrifugation 
was used immediately for chromatin isolation. 

Preparation of chromatin from nuclei. Nuclei were lysed by resuspending the washed nuclear 
pellet in 25 ml 50 mM Tris-HCl, 1 mM EDTA, 10 mM /3-mercaptoethanol, 1 mM NaHS0 3 , pH 
8.0, in an all-glass Potter homogenizer. The homogenate was centrifuged for 10 min at 10,000 g. 
The crude chromatin pellet was washed at least three times with 50 mM Tris-HCl, 10 mM ß-
mercaptoethanol, 1 mM NaHSCb, pH 8.0. Finally the chromatin, after resuspension in 4-5 ml 
of washing buffer, was layered over 19 ml 10 mM Tris-HCl, 1.7 M sucrose, 10 mM /3-mercap­
toethanol, 1 mM NaHS03, pH 8.0. The upper one-third of the tube was stirred to form a crude 
gradient and the contents were spun at 50,000 g for 3 h. The resulting pellet, still containing 
some starch grains, was used as the purified chromatin. 
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Isolation of chromatin-associated proteins. Chromatin-associated proteins were dissociated 
from the DNA by resuspending the purified chromatin in 1.0 ml 10 mM Tris-HCl, 3 M NaCl, 
6 M urea, 1 mM NaHS03> 1 % |3-mercaptoethanol, pH 8.0, after Shaw and Huang (1970). DNA 

Immerse leaf halves in diethylether (25 ml/g tissue) for 30 s 
I 

Wash with buffer A (25 ml/g tissue) 

. . I 
Homogenize in buffer A (30-35 ml/g tissue) in 

Sorvall Omnimixer at full speed for 2 x 30 seconds 
I . 

Filter homogenate through Miracloth with shaking 

Filtrate I Residue 
Regrind residue 3 times with 35 ml buffer A in a 

motor-driven Teflon Potter-homogenizer at 200 rpm 

Filter through Miracloth 

Filtrate II ' Residue discarded 

Add Triton X-100 to combined filtrate to a final concentration of 2 % (w/v) 
Centrifuge 10 min at 360 g 

Crude nuclear pellet — Supernatant discarded 
Resuspend in 25 ml buffer B with 
one stroke in a Potter homogenizer 
Centrifuge 10 min at 360g 

Washed nuclear pellet used 
for chromatin isolation Supernatant discarded 

Fig. 1: Scheme for the isolation of nuclei from tobacco leaves. 
Buffer A: 50 mM Tris-HCl, 0.3 M sucrose, 5mM MgCl2, 70 mM /3-mercaptoethanol, pH 7.6; 
Buffer B: 50 mM Tris-HCl, 0.3 M sucrose, 5 mM MgCk, 5 mM /3-mercaptoethanol, pH 7.6. 

was removed by centrifugation at 100,000g for 18 h. The protein-containing supernatant was 
used for the electrophoretic analysis. To distinguish between acid-soluble and acid-insoluble 
proteins, chromatin samples were extracted with 0.4 N H2SO4 according to Towill and 
Noodén (1973). Acid-soluble histones were separated from the acid-insoluble non-histone pro­
teins by low-speed centrifugation. 

Analysis of chromatin-associated proteins. Chromatin-associated proteins were analyzed by 
electrophoresis either on the basis of size, in 7.5 % and 10 % Polyacrylamide gels containing 
0 .1% SDS (Laemmli, 1970), or on the basis of both charge and size in 15% acidic urea gels 
(Panyim and Chalkley, 1969). For the SDS system protein samples were dialyzed first against 
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10 mM Tris-HCl, 6 M urea, 1 mM NaHSOj, 1 % SDS, 1 % /3-mercaptoethanol, pH 8.0 for 4 h at 
room temperature, then against 10 mM Tris-HCl, 1 mM NaHSOa, 0.1 % SDS, 0.1 % /3-mercap-
toethanol, pH 8.0 for 18 h at 4 °C. No differences were observed when samples were heated for 
1 min in a boiling waterbath or not. For the acidic urea system, samples were dialyzed against 
0.9 N acetic acid, 6 M urea, 1 mM NaHSOa, 1 % /3-mercaptoethanol. 

Electrophoresis in discontinuous SDS-gels was conducted at 12°-15°C; 60 V was applied 
until the bromophenol blue marker reached the separation gel and then electrophoresis was 
continued at 150 V until the marker had migrated within a few mm from the bottom of the gel. 

Acidic urea gels were pre-electrophoresed for 1 h at 80 V. After sample application the gels 
were run for 22 h at 110 V at 2°-4 °C. 

Initially gels were stained with 0.25 % Coomassie Brilliant Blue in methanol : acetic acid : 
water (5:1:4, v/v) and destained in methanol : acetic acid : water (5:7:88, v/v) at room tem­
perature. Because of the rather low sensitivity of this stain, the silver stain of Morissey (1981) 
was also used. 

Determination of DNA, RNA, and protein. Total leaf DNA was isolated according to 
Hamilton et al. (1972). DNA was determined with the diphenylamine method of Burton (1956) 
with calf thymus DNA as a standard. 

Nucleic acids present during chromatin isolation and purification were determined using the 
method described by Hutchinson and Munro (1961). Samples taken at different steps during the 
isolation procedure were mixed with 5 vol. of ethanol at -20 °C. The precipitate was collected 
by centrifugation for 10 min. at 10,000g and washed successively with ethanol and 0.25 M 
HC104 . 

RNA was hydrolyzed after resuspension of the pellet in 2.5 ml 0.3 N KOH at 37 °C for 18 h. 
After acidification, chilling and centrifugation of the sample, the supernatant was used for RNA 
determination, with the orcinol method of Ceriotti (1955), using yeast RNA as a standard. 

The DNA-containing precipitate was resuspended in 2.0 ml 0.5 N HCIO4 and DNA was 
solubilized by incubation at 70 °C for 20 min. 

Protein was determined by the method of Lowry et al. (1951) using bovine serum albumin as 
a standard. 

Analysis of nucleic acids. Total leaf nucleic acid was extracted by the method of Laulhere and 
Rozier (1976). Nucleic acids at the different steps of chromatin isolation were extracted with 
the SDS-phenol method of Kirby (1965). After precipitation with 2.5 Vol. of 96% ethanol at 
-20 °C for 24—48 h, nucleic acids were taken up in 100 mM Tris-acetate, 50 mM sodium acetate, 
5mM EDTA, 0 .1% SDS, pH 7.8, and analyzed in 2.7% Polyacrylamide gels according to 
Loening (1967). Gels were stained for 30 min with ethidiumbromide (1 mg • l -1) and examined 
under UV light. 

Results 

Isolation of nuclei. After TMV infection, mosaic symptoms become apparent only 
in young, developing tobacco leaves. Therefore, leaves were harvested when 4-8 cm 
long. At this stage, cell division has been completed and rapid elongation ensues. 

The average amount of DNA present in these leaves was 1.05+0.31 mg • g_1 fresh 
wt, variations being related to the season. This value is slightly lower than that 
reported by Hamilton et al. (1972) for similarly young leaves from the tobacco cul-
tivar White Burley. 
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Upon homogenization of the tissue in an Omnimixer according to Hamilton et al. 
(1972) the average amount of DNA released was 17-19%, most of the nuclei 
remaining trapped in the sheared cell wall network. 

Further purification through sucrose solutions resulted in final yields of pure nuclei 
of 4-5 % of the total leaf DNA. Purification on colloidal silica gradients gave equally 
poor yields. Moreover, observation of these nuclei under the microscope showed 
them to be mostly disrupted. 

To circumvent the loss of nuclei in the cell wall fraction, isolation from protoplasts 
was attempted. However, removal of the epidermis from the young fragile leaves was 

Fig. 2: Interference-contrast micrograph of once-washed tobacco leaf nuclei. Magnification 
440 x. Bar represents 10 jtm. Impurities consist of starch grains (s), crystals (c), and some cell 
wall fragments (wf). 

virtually impossible and protoplast yields were correspondingly low. Since only 
about 6 % of the nuclei were recovered by first isolating protoplasts, this procedure 
was inferior to the direct isolation method of Hamilton et al. (1972). This latter pro­
cedure was then further improved by adapting the method of Van Loon et al. (1975). 

By homogenizing in a large volume of buffer and repeated grinding of the residue 
in a Potter homogenizer, many nuclei were freed from the cell debris. With this 
method up to 45 % of the total leaf DNA was released during homogenization. The 
nuclei present in the washed nuclear pellet were intact when examined by inter­
ference-contrast microscopy (Fig. 2). 

Since extensive purification resulted in loss of 60-75 % of the nuclei, while most of 
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the visible contamination such as starch grains and crystals was still detectable, nuclei 
washed one time were lysed and the resulting chromatin was further purified as 
outlined in Materials and Methods. 

Chromatin purification. Purification was checked by following the nucleic acid 
composition in the different fractions during isolation and purification (Fig. 3). Upon 
Polyacrylamide gel electrophoresis of total nucleic acids from either healthy or TMV-
infected leaves, a major slow-moving band was seen as well as bands of cytoplasmic 
and chloroplast ribosomal RNAs. The latter bands were absent if samples were 
treated with ribonuclease prior to electrophoresis, confirming their identity as plant-
ribosomal RNAs. Chloroplast 23S RNA was essentially lacking in preparations from 
TMV-infected leaves, a phenomenon typical of senescing leaves (Leaver and Ingle, 
1971). The RNA bands were only faint in the nuclear pellet (lane 4) and absent from 
the purified chromatin fraction (lane 6), indicating adequate removal of cytoplasmic 

1 2 3 4 5 6 

DNA-
25 S RNA-H 
23 S RNA 

18 S RNA-Q 
16 S RNA 

Fig. 3: Electrophoretic patterns in 2.7% Polyacrylamide gels of nucleic acids from (A) non-
infected and (B) TMV-infected tobacco leaves at the different isolation steps. Lane 1: Cowpea 
chlorotic mottle virus RNAs used as markers; 2: Total leaf nucleic acid; 3: Combined 
homogenate before addition of Triton X100; 4: Washed nuclei; 5: Crude chromatin from lysed 
nuclei; 6: Purified chromatin. Each lane contains the equivalent of 1 /tg of total leaf nucleic acid. 

contaminants. Viral RNA was not resolved on the gel. However, whereas fractions 
up to the purified nuclei proved infectious to Nicotiana glutinosa, no infectivity was 
found in the undiluted chromatin fraction. 

The major, slow-moving band present in all samples was resistant to ribonuclease 
and sensitive to desoxyribonuclease, stained strongly with methyl green, and thus 
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Fig. 4: UV absorbance spectrum of chromatin in 0.15 M NaCl, 0.015 M Na-citrate, pH 7.5. 

constitutes DNA. The decrease in intensity of this band reflects the gradual loss of 
some of the DNA during chromatin purification. 

After purification the chromatin showed a characteristic UV spectrum with a maxi­
mum at 260 nm and a spectral ratio A260 : A280 of 1:0.59 (Fig. 4). The purified chro­
matin contained DNA, RNA and protein in a mean ratio of 1:0.05:2.8, while the 
mean ratio of DNA : acid-soluble : acid-insoluble protein was 1:0.9:1.7. This is well 
in accordance with the properties of tobacco leaf chromatin prepared from proto­
plasts by Gigot et al. (1976). 

The yield of nuclei from TMV-infected leaves was always around 40%, slightly 
lower than that from non-infected leaves. However, TMV infection had no 
influence on the overall compositional characteristics of the chromatin. 

Analysis of chromatin-associated proteins. Chromatin-associated proteins were sep­
arated in up to 50 components when subjected to electrophoresis in either Polyacryl­
amide acidic urea gels, or in 7.5% or 10% Polyacrylamide gels containing 0.1 % SDS 
(Figs. 5-7). 

In both electrophoretic systems the major, rapidly migrating protein bands con­
stituted the acid-soluble histones, whereas the acid-insoluble non-histone proteins 
were present as bands of lower intensity throughout the entire gel. Infection with 
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Fig. 5: Electrophoretic patterns in acidic urea 15 % Polyacrylamide gels of chromatin proteins, 
stained with Coomassie Blue. Lane 1: 16 /tg total chromatin proteins from non-infected leaves; 
2:18 /tg from TMV-infected leaves. 

Fig. 6: Electrophoretic patterns in 7.5% Polyacrylamide gels, containing SDS, of chromatin 
proteins, stained with (A) Coomassie Blue, and (B) silver. (A) Lane 1: Marker proteins: Phos­
phorylase b (94,000 D), bovine serum albumin (67,000 D), ovalbumin (43,000 D) and carbonic 
anhydrase (30,000 D); 2: 18/tg total chromatin proteins from non-infected leaves; 3: 18/tg from 
TMV-infected leaves. (B) Lane 1: 1.8 /tg total chromatin proteins from non-infrected leaves; 2: 
1.8 /tg from TMV-infected leaves; 3: Marker proteins. 

Fig. 7: Electrophoretic patterns in 10 % Polyacrylamide gels containing SDS of chromatin pro­
teins, stained with (A) Coomassie Blue, and (B) silver. Samples as in Fig. 6, except that the mar­
ker proteins also contained trypsin inhibitor (20,000 D). 

TMV did not significantly alter the pattern obtained with the acidic urea system 
(Fig. 5). In contrast, upon SDS electrophoresis one major difference between non-
infected and TMV-infected leaves could be discerned (Figs. 6, 7). Upon TMV infec­
tion, an apparently new, relatively strong band became evident, corresponding to a 
MW of 116,000 D. This band was best resolved in gels containing 7.5% Polyacryl­
amide (Fig. 6). No further consistent alterations were evident in either 7.5 % or 10 % 
gels and upon either Coomassie Blue or silver staining. Thus, infection with TMV 
caused a single discrete alteration in the pattern of non-histone chromatin-associated 
proteins in tobacco leaves. 
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Discussion 

By improving existing techniques, notably by homogenization in large volumes of 
buffer, it was possible to isolate up to 45 % of the nuclei present in young tobacco 
leaves. Such large yields are required to ensure recovery of a representative sample of 
nuclei. This is all the more required, because the mosaic pattern is composed of 
alternating light green and dark green spots. So far, we cannot say whether the nuclei 
isolated from infected plants were a representative sample from both areas or were 
predominantly derived from either the light green or the dark green tissue. However, 
since the yield of nuclei from TMV-infected leaves was only slightly lower than that 
from healthy leaves, a selective extraction seems rather unlikely. 

Although the overall compositional characteristics were similar for chromatin pre­
pared from non-infected and from TMV-infected leaves, one major alteration in the 
chromatin-associated proteins was evident upon SDS gel electrophoresis. This change 
was not revealed in the highly acidic urea system, underlining the importance of the 
use of more than one electrophoresis system to study alterations in complex mixtures 
of proteins. It can be anticipated that two-dimensional electrophoresis will reveal fur­
ther differences and this technique will be adopted in future experiments. 

Since TMV multiplies in the cytoplasm, the observed change in the pattern of chro­
matin-associated proteins is likely to be the result of reactions of the host plant to 
infection. This change may be related to altered gene expression regulating either pre­
mature leaf ageing in light green areas or virus exclusion from dark green areas, or 
both. Comparison of chromatin protein profiles in leaves of different developmental 
stages, and infected with viruses causing different types of symptoms, may shed fur­
ther light on the significance of the observed alteration. 
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