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Summary. In higher plants, within-species qualitative
polymorphism for heat shock proteins (HSPs) is ex-
tremely rare, even between genotypes showing different
heritable levels of thermotolerance. Here we have ex-
plored the amount of quantitative variability in HSP
synthesis in maize. We have analyzed the quantitative
expression of the typical HSPs in a set of recombinant
inbreds (RIs) derived from the F; hybrid between a ther-
motolerant (1232)- and a thermosensitive (CM37)-geno-
type, characterized for about 200 mapped RFLP loci.
Significant differences were detected in the level of ex-
pression of five HSPs, and their frequency distribution in
the RI population is that of a quantitative trait. Subse-
quent mapping of loci controlling the characters, based
on RFLP analysis, confirmed the multigenic control of
HSP expression: the regression analysis of the band in-
tensities of each variant HSP on RFLPs revealed, for the
different HSPs, a minimum number of three to eight
quantitative trait loci (QTLs) accounting for a high pro-
portion (0.35-0.60) of the genetic variability of these
bands. An analysis of the correlation between the vari-
ability of HSPs and that of cellular membrane stability,
a cellular component of thermotolerance, did not reveal
any significant association of the two parameters.

Key words: Heat shock proteins — Quantitative expres-
sion ~ Restriction fragment length polymorphism - Ther-
motolerance — Maize

Introduction

Significant deviations from optimal growth temperature,
and in particular high temperature stress, are among the

Correspondence to: C. Frova

main factors affecting plant development and growth in
nature and can be responsible for severe yield losses in
cultivated crops (Boyer 1982, Christiansen 1982).

The ability of plants to withstand high temperature is
due to a wide range of mechanisms acting at different
levels of plant organization (Levitt 1980). The cellular
component of thermotolerance is defined as the mecha-
nism(s) providing protection to metabolism and cell
structure when plants are exposed to temperature stress.
The molecular and physiological bases of the phe-
nomenon are not yet understood, but a large body of
evidence indicates that cell thermotolerance is a complex
character, the variability of which is controlled by a large
number of genes (Ottaviano and Sari Gorla 1988).

Among the molecular factors involved in the develop-
ment of thermotolerance, heat-shock proteins (HSPs) are
generally assumed to play a prominent role. Their in-
volvement in the short-term adaption of plants to high
temperature stress is supported by indirect evidence, such
as the correlation between heat hardening and HSP syn-
thesis and between the kinetics of HSP synthesis and of
thermotolerance induction (Lin et al. 1984; Nagao et al.
1990).

Genetic variability in thermotolerance is often found
both within and between species (Blum 1985). HSP ge-
netic variability, on the other hand, has been observed
between species (Mansfield and Key 1987; Vierling
1991), but is much less evident within species, even in the
case of genotypes differing in their heritable thermotoler-
ance (Fender and O’Connel 1989). However, the data in
the literature refer almost exclusively to qualitative vari-
ability, i.e., the presence/absence of specific HSPs or a
change in their molecular weight, while the quantitative
variations existing in genotypes or species have not been
precisely explored. There are, however, some reports of
quantitative HSP variability. For instance, in sorghum, a
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thermotolerant species well-adapted to tropical areas,
overall HSP synthesis appears to be more pronounced
than in maize, although qualitatively very similar, (Frova
et al. 1991). In corn, a screening of several genotypes has
revealed, to visual inspection, the existence of quantita-
tive differences with regard to several HSPs (Frova et al.
1988; Ristic et al. 1991). Moreover, quantitative HSP
variability is to be expected for the following reasons:

(1) Several HSPs are also expressed at normal tem-
peratures. Their synthesis is, however, dramatically in-
creased, upon heat-shock, suggesting that the amount,
and not the mere presence, of HSPs may be a critical
factor in cellular thermoprotection.

(2) Differences in regulatory sequences and/or genes
would result mostly in quantitative rather than qualita-
tive HSP variability.

(3) Many HSP bands detected by 1-D electrophoresis
are further resolved into several polypeptides when ana-
lyzed in 2-D gels. Furthermore, the characterization of
HS ¢cDNA and genomic clones has demonstrated, for
most HSPs, the existence of families of strictly related
genes. Therefore, even if some of the multiple spots de-
tected in 2-D gels could represent post-translational
modifications and/or degradation of a single gene prod-
uct, several are expected to be individual polypeptides
coded by related genes. In that case, the intensity of a
single HSP band would be determined both by the rate of
expression and by the number of the hs genes involved,
and so vary accordingly.

At the physiological level, cellular membrane stability
(CMS) is considered to be a major component of cell
thermotolerance: it is in fact one of the best physiological
indicators of heat and drought tolerance, and, as such, is
widely used to predict a plants performance under heat
stress. CMS variability has been detected in several plant
species. In maize, it has been shown (Ottaviano et al.
1991) that the character exhibits the typical features of a
quantitative trait and has a high heritability (h* = 0.73).
The genetic dissection of CMS, carried out by RFLP
analysis, has indicated that its genetic variability is con-
trolled by at least six quantitative trait loci (QTLs), the
chromosomal locations of which have been identified
(Ottaviano et al. 1991).

The recently reported chaperon-like function of some
HSPs (Pelham 1986, 1990; Vierling 1991), i.e., their role
in preventing protein misfolding, denaturation, or aggre-
gation during stress, suggests that this could be a factor
involved in maintaining CMS. An initial study in maize
(Ottaviano et al. 1991) failed to detect any correlation
between qualitative HSP polymorphism and CMS vari-
ability. However, the level of thermotolerance, evaluated
as CMS, may be largely due to quantitative, rather than
qualitative, expression of the genes controlling HSP syn-
thesis. Consequently, this aspect has to be taken into
account when considering the possibility of the existence

of causal relationships between HSP synthesis and ther-
motolerance.

In the present paper we have analyzed the quantita-
tive expression of the major HSPs in a set of 44 recombi-
nant inbred lines (RIs) of maize, for which a wide CMS
variability has already been demonstrated. Evidence is
presented of quantitative polymorphism for five HSPs.
Furthermore, by RFLP analysis, several QTLs account-
ing for a considerable proportion of the genetic variabil-
ity of these bands were identified and their chromosomal
location detected. A correlation analysis of HSP and
CMS variability was performed: the results do not point
to any major involvement of HSPs in the determination
of CMS.

Materials and methods

Experimental design, HSP induction and quantitative evaluation

A set of recombinant inbred lines (RIs) was used in this study.
These lines, derived from repeated selfing of the F, between two
highly diversified lines (T232 and CM37), were kindly provided
by Dr. B. Burr, who has characterized each RI for about 200
RFLP loci (see Burr et al. 1988). Quantitative evaluation of HSP
synthesis was carried out on 44 F4 Rls, the two parental lines,
and their F,. The experimental design included all the genotypes
in three complete replications. Seeds were surface sterilized in
7% NaOCl, rinsed with distilled water, and germinated in the
dark at 25°C in glass trays on moistened filter paper. For each
genotype, the primary root of 4-day-old intact seedlings was
soaked in wells containing 0.75 ml distilled water and incubated
in the dark at 41 °C for 3 h. Five roots were pooled in each well.
Ten microliters of **S-Methionine (specific activity >1.000 Ci/
mmol) was added after the first hour of incubation. A set of
parental and F, seedlings were labelled in the same way but
maintained at 25°C throughout the treatment and served as a
control to identify HSP bands on the gel. After labelling, 1-cm
long primary root tips were excised from five seedlings/geno-
type/treatment, rinsed in water, blotted dry and homogenized in
1 m!l 0.05 M Tris-HCI pH 7.5, 1 mM phenylmetylsulphonylfluo-
ride. All extraction steps were carried out at 4°C. Processing of
the homogenate and determination of label incorporation into
protein, gel electrophoresis and autoradiography were per-
formed as previously described (Frova etal. 1989), with the
following modifications: 100,000 cpm were loaded in each lane,
and the dried gels were exposed with an Amersham RPN 7 film
for 3—4 days at —80°C. Exposure time was critical since overex-
posed films yielded confusing results in reading the bands. In
each complete replication, three 20-lane gels were run. Each gel
included, besides a marker lane, one control (25 °C) F, and three
heat-shock (P,, P,, F,) lanes; extracts from the RIs were loaded
on one of the three gels in a randomized order. Thus, in the
whole experiment, P,, P, and F, were represented nine times
and the RIs three times each.

A quantitative estimate of HSP expression was made using
a CAMAG densitometric scanner. Each lane on the autoradio-
graphs was scanned by the instrument with a laser beam capable
of distinguishing bands differing by 2 kDa (for instance 84 and
82 kDa), and the intensity of each protein band was expressed
as a percentage of the total protein intensity on the lane. HSP
peaks were then identified and their relative value used as the
measure of quantitative band expression. At the beginning of



the analysis, two non heat-shock proteins present in every lane
(control and heat-shocked) were measured and considered as
internal controls. The value of each HSP in the lane was then
standardized with these two reference bands. However, since the
value of the two reference bands did not vary significantly be-
tween blocks, gels, or genotypes, this procedure was abandoned
and the absolute values (% total proteins) of each band was used
for the final analysis.

Statistical and RFLP analysis

Since the band intensities were measured as proportions of the
total protein on the lane, the data were submitted to angular
transformation.

For the analysis of band intensity variability, an analysis of
variance was performed, where block and gel effects were taken
into account. The same procedure was used for the comparison
of band intensities between the two parental lines and between
parentals and Fs.

The detection of the chromosomal regions where loci con-
trolling the HSPs are located was based on the association be-
tween a single band intensity and the allelic composition at each
restriction locus. The evaluation was made by regression analy-
sis of the mean value of each band intensity on the allelic com-
position of each locus. The regressors assumed the numerical
value of 1, 2 or 1.5, according to the presence of the two alleles
of the first parental line (T232), the two of the second (CM37),
or of one of each (heterozygous locus), respectively.

In order to avoid false assignments, the correlation matrices
between all the loci that were significant, both within and be-
tween chromosomes, were computed. For each band, only the
significant loci that proved to be non-correlated were included
in a multiple regression analysis, on the basis of which the
cumulative contribution of these loci to the trait expression was
evaluated.

All the statistical analysis was performed according to SAS
GLM procedure, adopting the most suitable model (ANOVA or
regression analysis).
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Results

Figure 1 shows an example of the pattern of newly syn-
thesized proteins at 41 °C and the relative densitometric
profile. The densitometric data were computed by an
Hitachi cromointegrator connected with the scanner, and
expressed as a percentage of the total protein area. These
figures were then used for the statistical analysis.

Of the nine typical maize HSPs (102, 84, 82, 72, 70,
27,24, 22,18 kDa), two, 72 and 70 kDa, were not clearly
distinguished by the scanner. This is probably due to the
fact that the 70 kDa HSP is very dense and tends to
overlap with the 72 kDa band. They were considered
therefore as a single band termed HSP 70. The mean
intensity of each band in the two parental lines and in the
F, is illustrated in Fig. 2. The analysis of variance, not
reported here for brevity, indicated significant differ-
ences between genotypes in the intensity of the 84, 27 and
22 kDa HSPs. The difference was significant also when
considering only the two parental lines. The ¥, does not
show a consistent pattern. In the case of HSP 84 the F,
value is slightly higher than that of either parent, while
for the low molecular weight 27 and 22 HSPs its value is
very similar to that of the weaker parent. For these two
last HSPs the highest band intensity was found in the
inbred T232. It is notable that, of the two parental lines,
T232 is characterized by the higher CMS (Ottaviano
etal. 1991).

HSP analysis of the 44 RIs revealed variability of the
trait (band intensity) for five bands: 84, 82, 27, 22, and
18 kDa, two more than those showing significant differ-
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Fig. 1. Densitometric profile of newly
synthesized proteins in maize root tips
after heat shock (redrawn from the
original scanner output). Values of in-
tegrated areas not reported
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band intensities. Arrows indicate mean values of the two
parental lines: P, =T232, P,=CM37

Table 1. Mean squares and significance levels from the analysis
of variance of the 84, 82, 27, 22 and 18 kDa in HSPs recombi-
nant inbreds

Source daf HSP band (kDa)

84 82 27 22 18

Gentoype 43 2.59%% 1.26* 3.26* 0.31* 092*
Error 78 1.06 0.79 1.89 0.13 0.58

* P<0.05; **, P<0.01

ences in the parental genotypes (Table 1). This result can
be explained by postulating recombination and segrega-
tion of several genes affecting the character during the
inbreeding process (F,—>F;). In fact, the frequency dis-
tribution for these additional bands, shown in Fig. 3, is
that of a typical quantitative trait.

Analysis of the association between HSP intensity
and each RFLP locus revealed a significant regression
for several restriction loci in the case of the five variant

bands. The results are listed in Table 2. R? values esti-
mate the amount of phenotypic variation between geno-
types explained by the allelic substitution of that RFLP-
specific locus, while the sign of the coefficient of regres-
sion indicates to which of the parental alleles an increase
in the character is attributable. Since P; and P, are T232
and CM37 respectively, a positive sign indicates that the
allele increasing the character is that of the CM37 parent,
a negative sign that of the T232 parent. R? values ranged
from 0.09 to 0.30, indicating that a considerable propor-
tion of the variability of band intensity is explained by
variation at single RFLP loci. A graphical representation
of the data, which also indicates the chromosomal posi-
tion of the significant RFLP loci for each HSP band, is
given in Fig. 4. The genetic map thus obtained shows
that, in several cases, significant loci are clustered togeth-
er.

For a correct interpretation of these results, it must be
borne in mind that a cluster of significant correlations
does not necessarily mean that several QTLs map in the
same chromosomal region. In fact, it could also be the
result of physical linkage between adjacent RFLP loci,
only one of which associated with a QTL. Moreover,
statistical correlation between loci belonging to different
chromosomes (in theory expected to equal zero) may also
occur, because sampling variation during inbreeding can
produce apparent linkage between restriction loci. False
assignments can be avoided, however, by the analysis of
the correlation matrices including all the significant loci.
Following this procedure, loci whose significant associa-
tion with the quantitative trait could be due to their
association with another marker strictly linked to the
QTL, were discarded. Additional information for esti-
mating the minimum number of factors within a chromo-
somal region can be obtained by the sign of the regres-
sion coefficient (Table 2). When all the loci in a cluster
have the same sign, it is likely that they belong to a
linkage block (inherited from the same parent), in which
the presence of one or more QTLs cannot be distin-
guished. On the other hand, a different sign (see, for
instance, loci 7.21, 1.556 and YNH20, Phi on chromo-
some 1 for HSP 27), means that the loci increasing the
value of the character derive from different parents and
should therefore indicate the presence of different QTLs.

According to these criteria, for each character (single
band intensity), in each cluster of correlated loci with the
same sign, only the locus showing the highest R? value
was counted in the calculation of the minimum number
of QTLs determining each HSP. The same loci were in-
cluded as regressors in a multiple regression analysis
model: the coefficients of determination thus obtained
then measure the amount of variability of the trait mon-
itored by the RFLP loci included in the model. The high
values of the resulting R? (Table 3) indicate that a large
proportion of the phenotypic variation in HSP intensity



Table 2. RFLP loci showing a significant effect on HSP band
intensity. R2, proportion of between line variability; b, estimat-
ed effect
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Table 2 (continued)

HSP band Chromo- Locus R? b HSP band Chromo- Locus R? b
(kDa) some (kDa) some
84 1 5.59 0.11 —0.70 22 3 6.06 0.09 0.23
NPI225 0.09 —~0.58 6.16 0.10 —~0.27
Adht 0.08 —0.59 5.33 0.11 —8.23
4 ZPLIB 0.17 -0.79 1.297 0.09 —02
ZPLID 0.16 —0.78 4 Adh2 0.13 0.26
5 10.06 0.11 0.72 7.65 0.17 0.31
3 10 0.65 10.05 0.20 0.32
74 0. : 17.05 0.10 0.23
6 Idh2 0.12 0.69 Cc2 0.09 0.22
Mdh2 0.10 —0.65 5.67 0.10 0.22
8 Mdht 0.10 —0.67 7 13.24 0.13 0.27
10.39 0.11 —0.69
8 NPI220 0.10 —0.24
9.44L 0.09 —0.61 13.05 0.15 —0.31
9 NPI253 0.16 0.78 9.11 0.26 —0.38
¢l 0.11 0.64 9 14.28 0.09 ~0.22
Shi 0.17 0.82
5.09 0.09 —-0.21
Bzl 0.15 0.77
3.06 017 0.84 7.57 0.10 —-0.27
Wl 0.21 0.94 NPI209A 0.14 —0.27
10 NPI264 0.12 0.73 18 1 Pf 0.11 0.47
YNH21 0.14 0.54
82 1 YNH20 0.15 0.57 NPI271 0.16 0.62
3 15.20 0.14 0.57 7.65 0.13 0.52
6.16 0.16 0.67 10.05 0.11 0.48
4 7.65 0.18 —0.64 4.24 0.12 0.51
10.05 0.19 —0.64 8 13.05 0.12 ~0.54
7 02 0.09 0.46 10.24B 0.18 —0.62
1521 0.12 0.52 NPI268 0.16 —0.59
8 13.05 0.19 0.70 10.12U 0.1 —0.48
9.11 0.30 0.83
Mdhi 0.10 0.51
7.08 0.13 054 L .
17.01 0.12 0.50 is due to association with the QTLs linked to the molec-
10.24B 0.15 0.57 ular markers (RFLPs).
NPI268 0.10 0.48 The effect of the quantitative expression of heat-
shock proteins on cellular membrane stability was inves-
27 1 7.2 0.16 0.87 tigated by means of an analysis of the correlation be-
1.556 0.10 0.74 . ..
YNH20 0.12 —073 tween HSP band intensities and the level of membrane
Phi 0.09 —0.62 injury produced by high temperature in the 44 RIs. This
5 NPY239 0.10 0.70 last parameter, measured as ion leakage, had been previ-
DIA1 0.12 0.68 ously determined (Ottaviano et al. 1991).
3 537 0.10 0.74 No significant correlations were detected for any
i ' ’ HSP considered either individually or in two groups ac-
4 PI4 . . . . L
NPI451 0.14 083 cording to their high (84 and 82 kDa) or low (27, 22 and
> 7.56 0.10 —0.66 18 kDa) molecular weight. However, in this last group,
7 15.40 0.18 —0.09 the r value and sign (—0.116, —0.228, —0.1 for HSP 27,
%11:']5303 6 8} ; ‘ggi 22 and 18, respectively) indicate the existence of a weak
6.27 011 073 correlation. These data suggest that HSP quantitative
13.24 0.11 0.73 expression is not a major factor in determining the vari-
16.06 0.10 0.69 ability of heat-shock injury in the membrane, although a
8 10.24B 0.18 —0.90 minor role of the low molecular weight HSPs can be
NPI268 0.12 —0.77 hypothesized.
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Table 3. Non correlated RFLP loci showing significant effect
on HSP band intensity. R%=coefficient of determination

HSP band (kDa) Chromosonie Locus R?

84 ZPLE
Idh2

Wxi1*® 0.35

YNH20

10.05

15.21

9.11 0.52

7.21*%

YNH20

DIA1

5.37

15.40

13.24

16.06

8 10.24B 0.60

22 3 6.06
5.33
4 Adh2
10.05
13.24
9.11 0.55
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7.65
10.24B 0.50
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2 Loci associated with QTLs affecting CMS

Discussion

The first point established by this work is the existence of
an appreciable amount of within-species quantitative
variability in HSP expression. The result is important,
given the general lack of qualitative HSP polymorphism
in plants, which has so far been a serious obstacle to the

Fig. 4. RFLP analysis of the quantitative ex-
pression of five HSPs in recombinant inbreds
from T232 x CM37 F, hybrid. Horizontal bars in-

R dicate degree (R?) of correlation between RFLP
loci and HSP band intensity. Only significant loci
are reported. Symbols: A=HSP84kDa, o=
HSP82kDa, o=HSP27kDa, *=HSP22kDa,
#=HSP18 kDa

discovery of a direct relationship between these proteins
and cellular thermotolerance. In fact, the two parental
lines here considered, although well differentiated for
CMS, a major component of cellular thermotolerance,
both synthesize the same typical set of HSPs. However,
they reveal significant differences in the intensity of three
HSPs, 84, 27 and 22 kDa. As can be seen in Fig. 2, the
highest values of band intensity for these HSPs are not
clustered all in one parent: CM37 is characterized by a
more intense 84 kDa HSP, while T232 shows a higher
value for the 27 and 22 kDa HSPs. Since inbred T232 is
the more thermotolerant of the two lines, these data
support the view that, in plants, low molecular weight
HSPs play a particular role in the determination of ther-
motolerance. Plants differ from most eucaryotes in that
they synthesize an unusually large number of low molec-
ular weight HSPs, whose expression is not constitutive
but is strongly induced only under high temperature
stress (Mansfield and Key 1987, Vierling 1991). A differ-
ent situation is found in the case of high molecular weight
HSPS, in particular the 70 kDa HSP, for which cognate
genes actively expressed also at normal growth tempera-
tures have been identified in several plant species
(Rochester et al. 1986, Winter et al. 1988; Wu et al. 1988,
Chen et al. 1990). This indicates that while high-molecu-
lar-weight HSPs may have a more general function in the
cell metabolism, the group of low-molecular-weight
HSPs may serve more specifically for the protection of
cell structure and cell metabolism in stress conditions.
From this point of view, it is of interest that HSP 70 does
not show significant differences in intensity between the
thermotolerant and the thermosensitive parental lines.
The analysis of HSP band intensity in the 44 Rls
disclosed a significant difference for two further proteins,
the 82 and 18 kDa HSPs. This result, together with the
frequency distribution of the band values between lines
(Fig. 3), suggests a multigenic control of HSP expression.



Comparable indications come also from the complexity
of the HSP electophoretic pattern often detected in 2-D
analysis.

The results of the RFLP analysis presented in this
paper provide unequivocal proof of the involvement of
several genes in determining band intensity variability.
For each of the five HSP bands analyzed, three to eight
QTLs have been identified. Moreover, the procedure
adopted to avoid false assignments (see Materials and
methods) gives a very conservative estimate since, in all
cases in which the presence of one or more QTLs in the
same chromosomal region could not be distinguished,
only one was considered. The real number of single QTLs
controlling the traits is likely to be larger, as can be seen
by careful inspection of the genetic map. For instance,
for HSP 22, a cluster of four significant loci all mapping
in a small region (approximately 10 ¢cM) on the long arm
of chromosome 9, showed a statistical correlation with
another cluster on chromosome 4. For this reason they
were considered as a single region, but it is reasonable to
hypothesize that they represent more than one distinct
QTL effect. The same reasoning applies in those cases,
such as the RFLP loci on chromosome 8 for HSP §2, 22
and 18, on chromosome 2 for HSP 27, and on chromo-
some 7 for HSP 82, where the significant molecular
markers map to quite different regions of the same chro-
mosome.

The R? values obtained taking into account the low-
est possible number of QTLs are nonetheless quite high
(from 0.35 to 0.60), indicating that a large proportion of
the variability of each band intensity is explained by the
association with the identified QTLs.

A closer look at the significant RFLP loci reveals that
some of them are common to several HSPs (see, for
instance, locus 13.05 on chromosome 8), suggesting a
possibly regulatory function of the associated QTLs. The
fact that no RFLP locus is significant for all HSPs may
reflect differences in the mechanisms of regulation. How-
ever, it could also be that the regulation of HSP expres-
sion is associated with QTLs having a minor effect,
whose contribution is not always statistically detectable.
This could be the case, for instance, for the QTL located
in the region of chromosome 7 identified by a cluster of
loci which are significant for HSPs 82, 27, 22 and 18, and
fall short of significance for HSP 84 (data not shown).

In plants, the role of HSPs in thermotolerance is still
an open question. This is mainly due to the lack of evi-
dence pointing to a contribution of HSPs to the docu-
mented heritable differences in resistance to high temper-
ature (see Vierling 1991 for review). An alternative ap-
proach to the problem is to determine whether HSPs map
in the same position as QTLs for heat tolerance. Howev-
er, map information about HSPs and these QTLs is, at
least in maize, very scant. To our knowledge, only Hsp!
(coding for HSP 70) has been tentatively located on chro-
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mosome 8L (Wright et al. 1987), and the only mapped
QTLs controlling heat tolerance components are those
affecting CMS variability. A comparison between the
chromosomal location of these and that of the QTLs
affecting HSP quantitative expression reveals the exis-
tence of two common regions on chromosomes 1 and 9
(Table 3), identified by the RFLP loci 7.21 and Wx{
respectively (for the loci affecting membrane injury see
Ottaviano et al. 1991).

The analysis of correlation between membrane injury
and HSP variability in the RIs did not reveal any major
effect of the qualitative expression of single HSPs on
cellular membrane stability. The same result was ob-
tained by Ottaviano et al. (1991) in a study of the effect
of quantitative HSP polymorphism (presence/absence of
the 17 kDa band in a segregating F, population) on
CMS. However, the data presented here still support the
involvement of low molecular weight HSPs in thermotol-
erance determination; for HSP 27, 22 and 18 the coeffi-
cient of regression, although not significant, had the ex-
pected negative value (electrolyte leakage, the parameter
adopted as a measure of membrane injury, is inversely
related to CMS). Furthermore, as explained above, CMS
and a few HSPs could be, at least in part, controlled by
the same QTLs. The complex genetical basis of both
CMS and HSP quantitative expression could explain the
failure to detect a clear association between the variabil-
ity of the characters: if the variation in one trait (HSP)
influences only a component of the second (CMS), then
the effect on its overall expression would be too small to
be statistically detected.

A final consideration regards the power of RFLP
analysis of RIs for the mapping of QTLs. Theoretically,
the larger the number of RI families and of RFLP loci,
the more accurate the analysis will be. The progeny size
(here the number of Rls) required to obtain accurate
estimates of the genetic location and phenotypic effects
of QTLs depends on a number of parameters, including
the difference, measured as standard deviation (SD), be-
tween the parental genotypes and the degree of satura-
tion of the RFLP map (Lander and Botstein 1989). In the
present study, 180 polymorphic RFLP loci were used,
which means, on average, one molecular marker for ev-
ery 8—10cM. This can be considered a well-saturated
map. With regard to the progeny size, the 44 Rls that
were available fall somewhat short of the optimal num-
ber. In general, a reduction in the RI families is not
expected to greatly impair the accuracy of the informa-
tion obtained if the parental lines are widely different for
the character considered (as was the case for CMS).
When, however, the mean values of the parental lines are
closer (as in the case of HSPs), then the size of the RI
population may be critical, and it is therefore possible
that differences between the RIs with regard to some
HSPs may have passed undetected.
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However, despite this limitation, the quantitative ap-
proach, in conjunction with RFLP analysis, to the map-
ping of HSP genes has proved to be successful, To our
knowledge, this is the first study in which QTLs for sev-
eral HSPs have been identified and localized. Moreover,
the data demonstrate very clearly that HSP expression is
under the control of several genes, as indicated also by
other, more indirect, evidence. Further investigation is
needed to establish the precise number and nature (struc-
tural or regulatory) of this class of genes.
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