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Summary.  An interspecific backcross was obtained 
between the cultivated tomato, L. esculentum, and a 
high-altitude, cold-tolerant L. hirsutum, using the for- 
mer  as the recurrent pistillate parent.  An individual 
plant o f  L. hirsutum which possessed m a x i m u m  atlelic 
differences for enzyme loci, with respect to those of  
L. esculentum, was selected as the staminate parent. 
Allelic differences were found at seventeen enzyme loci, 
marking eight o f  the twelve chromosomes  o f  Lysopersi- 
corL  

Significant distortions in the monogenic segregations 
were detected at six enzyme loci. Four  loci skewed with 
an excess of  esculentum homozygotes  and two with an 
excess of  hirsutum heterozygotes. Significant hetero- 
geneity between the segregations of  subgroups was 
found at some loci, when the BC1 populat ion was 
divided into two subgroups according to their physio- 
logical age (plastochron index). This indicates selection 
at the germinat ion/seedl ing stage may  account for 
some of  the skewness. 

Differential growth at low temperatures,  measured  
by increments in the plastochron index, was used as the 
criterion for cold tolerance. Linkages between segregat- 
ing enzyme loci and genes responsible for cold tol- 
erance were tested via statistical comparisons of  
the means  of  plastochron index increments at low 
temperatures  for esculentum homozygotes  vs. those 
of  hirsutum heterozygotes at each locus. A min imum 
of  three quantitat ive trait loci (QT2) responsible for 
growth at low temperatures  were detected, two h a d  
positive effects, and the other, negative. One marker  
locus, Pgi-1, gave a significant and positive effect only 
at low temperatures.  

Key words: Low temperature  tolerance - Plastochron 
index - Isozymes - Interspecific backcross - Lycoper- 
sicon - Tomato  

Introduction 

Three species of  the genus Lycopersicon found in 
western South America - L. chilense, L. hirsutum, and 
L. peruvianum - include populat ions which extend into 
mounta inous  regions o f  elevations in excess o f  
3,000meters where adaptat ion to low temperatures  
might be expected (Vallejos 1979). All three species 
represent potentially valuable sources of  cold tolerance 
for tomato breeding, but L. hirsutum offers the distinct 
advantage of  greater interfertility with the cultivated 
tomato,  L. esculentum. Using the latter as the pistillate 
parent, interspecific hybrids and backcross progency 
can be obtained easily (Rick 1979). Previous studies 
have verified, and to a certain extent characterized, the 
cold-tolerant nature o f  high altitude ecotypes o f  L. hir- 
sutum via plastochron measurements  (Vallejos e ta l .  
1983). 

The use of genetically defined and mapped isozyme 
markers in interspecific breeding of higher plants has been 
described in earlier publications (Tanksley and Rick 1980; 
Tanksley etal. 1981, 1982). In these studies the enzyme loci 
serve several useful purposes. As makers of known chromo- 
some segments, they allow one to test for normality of gene 
flow in segregating generations. In this regard, it has been 
established that often in interspecific crosses, alleles do not 
segregate according to expected Mendelian ratios (Stephens 
1949; Rick 1963, 1969, 1971) and in some instances specific 
alleles are nearly excluded due to selective pressures at 
prezygotic stages (Khush and Rick 1963; Zamir et al. 1982). 
Isozymes can also be used as positive selection characters to 
efficiently- screen segregating generations (BC1 or F2) for 
progeny with a higher proportion of recurrent parent alleles 
(Tanksley and Rick 1980; Tanksley etal. 1981). Finally, as 
markers of segments of donor parent chromosomes, isozymes 
allow one to establish linkage between mapped isozyme 
markers and major genes controlling the character(s) to be 
introgressed (Tanksley et al. 1982). 

The objectives of  this study were: 1) to characterize 
the overall behavior  o f  gene flow from a high altitude 
ecotype o f  L. hirsutum into L. esculentum via the first 
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backcross  to e s c u l e n t u m ,  and  2) to p robe  the L.  hirsu-  

t u m  g e n o m e  via  i sozyme marker s  for m a j o r  gene(s)  

which  cond i t i on  low t e m p e r a t u r e  to lerance.  

Table 1. List of enzyme loci analyzed 

Chromo- Locus Chromo- Locus 
some no. some no. 

Materials and methods 

Selection o f  the parents and production o f  the f irst  backcross 
generation 

A highly-inbred, breeding line (T3) 1, of the fresh market 
tomato, L. esculentum was chosen as the pistillate parent. 
Selection of the staminate parent was made as follows: 18 
plants of  L. hirsutum, derived from seeds collected by the 
senior author a, were grown in a greenhouse at U.C. Davis. 
Two cuttings from each plant were rooted. In order to verify 
the ability of L. hirsutum plants to tolerate low temperatures, 
one set of these cuttings was placed in a growth chamber 
under controlled temperature conditions of 25~ ~ with a 
12-h photoperiod. After three weeks the temperature regime 
was lowered to 12~ ~ for an additional three-week period. 
Following the cold treatment none of the L. hirsutum plants 
showed visual symptoms of injury in contrast to L. esculentum 
plants which were severely stunted. The second set of L. hirsu- 
turn cuttings was used to determine the individual genotypes 
for 32 enzyme loci using horizontal starch gel electrophoresis. 
Significant allozyme (allele) polymorphism was found among 
these plants, thus a single plant was chosen which possessed 
the maximum allelic differences with respect to the highly 
inbred L. esculentum parent. This plant was then used as the 
staminate parent to produce the interspecific hybrid. The first 
backcross (BC~) was produced using L. esculentum as the 
recurrent pistillate parent. 

Isozyme analysis 

All electrophoresis techniques and staining procedures have 
been described elsewhere (Rick et al. 1977; Tanksley 1979; 
Tanksley and Rick 1980). The parental genotypes were deter- 
mined at 32 enzyme loci 3 (Table 1) which belong to twelve 
enzyme systems listed as follows: Alcohol dehydrogenase 
(ADH), (E.C.I.I.I.1); Acid phosphatase (APS), (E.C.3.1.3.2); 
Esterase (EST), (E.C.3.1.1.2); Glutamate oxaloacetate trans- 
aminase (GOT), (E.C.2.6.1.1); Isocitric dehydrogenase (IDH), 
(E.C. 1.1,1.42); Malate dehydrogenase (MDH), (E.C. 1.1.1.37); 
Peroxidase (PRX), (E.C.I.II.I.7); 6-Phosphogluconate de- 
hydrogenase (6PGDH), (E.C. 1.1.1.44); Phosphoglucoisomer- 
ase (PGI), (E.C.5.3.1.9); Phosphoglucomutase (PGM), 
(E.C. 2.7.5.1); Shikimic dehydrogenase (SKDH), (E.C. 1.1.1.25), 
and Triose phosphate isomerase (TPI), (E.C. 5.3.1.1). 

Maximum allelic differences between the two parents were 
obtained at 17 enzyme loci indicated by the sign + in Table 1; 
only those marked with lower case letters a, b were monitored 
for segregation in the BC1 generation, These segregating en- 
zyme loci mark eight of the twelve chromosomes of  Lycopersicon. 
Three loci (Adh-2, 6Pgdh-1, and 6Pgdh-2) of the 17 included in 
this study were not used in the analysis because only limited data 

1 Seeds of  this breeding line were provided by Dr. R. A. 
Jones, Dept. of Vegetable Crops, U. C. Davis 
2 Seeds were collected at 3,100 m on the western slopes of the 
Andes during an expedition to Peru in 1976 
3 The enzyme loci nomenclature of Lycopersicon and their 
linkage groups have been treated by Tanksley and Rick (1980) 

I Prx-1 4= " VII Got-2 * ~ 
I Skdh-1 = VII  Got-3 + " 
II Est-1, 5, 6, 7 . a VIII Aps-2 4=" 
II Prx-2, 3 = VIII Got-4 + ~ 
II1 Pgm-1 = IX Est-2 = 
II1 Prx-6, 7 = X Prx-4 4= " 
IV Adh-1 * XII Est-4 4= " 
IV Got-1 = XII 6Pgdh-2 4= b 
IV 6Pgdh-1 4= b XII Pgi-1 4= a 
IV Pgm-2 4= " Unmapped Idh-1 = 
IV Tpi-2 4= Unmapped Mdh-1, 2 = 
VI Adh-2 4= b Unmapped Prx-5 4= 
VI Aps-1 * "  Unmapped Tpi-1 = 

" Indicates the loci for which segregation was followed in BCI 
b Limited information was obtained for these loci 
= ,  4= Indicates whether the same or different alleles were 
found in both L. esculentum and the 18 plants o fL .  hirsutum 
sampled 

were gathered. Expression of the Adh-2 locus in leaf and root tis- 
sue can only be obtained through anaerobic induction for a period 
of 12-15 h. This procedure was problematic when handling 
large samples and was deemed unnecessary since this locus is 
tightly linked to Aps-1; a locus with segregating alleles which 
are easily detected (Tanksley and Jones 1981). The technique 
for detecting the 6 P G D H  system was developed by S.D. 
Tanksley (unpublished) near the end of this survey. Because 
limited information indicated that the loci 6Pgdh-1 and 
6Pgdh-2 were linked to genes already included in the survey, 
they were not pursued further. In addition, when segregation 
occurred for more than one locus in a cluster of loci (e.g. Est-1, 
5, 6, 7 on chromosome II and Adh-1, Pgm-2, and Tpi-2 on 
chromosome IV) segregation of only one locus per duster was 
followed. The segregation of Prx-5 was not included in this 
analysis because the data were unreliable. 

Plant culture 

Plants of the BCI were grown from seed in small pots (2"•  
2 " •  in three different growth chambers, and designated 
Groups I, II and III. A few plants of L. esculentum and 
L. hirsutum were grwon with all groups and plants of the F1 
were included in Groups II and III only. Conditions in the 
growth chambers were as described elsewhere (Vallejos et al. 
1983); the optimum temperature regime (OTR) being 25~ 
18 ~ and the low temperature regime (LTR) 12~ ~ Plants 
were watered as needed and every 10days received half 
strength Johnson's modified Hoagland solution (Johnson et al. 
1958). During the LTR period, the water or nutrient solution 
was equilibrated to 12 ~ prior to application. 

Plants from all three groups were allowed to continue 
growing in the greenhouse after the LTR treatment and, at 
some point, the tips were pinched off to promote branching. 
After axillary shoots emerged, cuttings were taken and rooted 
in either sand or aeroponic culture (roots grown in a mist of 
nutrient solution). These rooted cuttings were used for enzyme 
analysis. 
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Evaluation of low temperature responses 

The plastochron index. A study of the effect of temperature on 
the plastochron of the two species, L. esculentum, L. hirsutum 
and their Ft hybrid are reported elsewhere (Vallejos et al. 
1983). Nevertheless a brief description of the plastochron and 
plastochron index is included here. In the shoots of certain 
higher plants, including tomato, leaves appear at a constant 
rate and the period between the initiation of two successive 
leaves has been termed the Plastochron (Erickson and Mi- 
chelini 1957). The initial rate of leaf elongation is exponential 
so when the In of leaf lengths are plotted against time they 
generate a family of lines that are straight, parallel and equally 
spaced. In order to calculate the Plastochron Index a reference 
length is chosen (15 mm in this study). The leaves are assigned 
a serial number corresponding to their order of appearance 
(L~, L2 .... Ln) so that the Plastochron Index of a plant is said 
to be n when leaf Ln has reached the reference length. This 
leaf has been named the Index Leaf (Lemoreaux et al. 1978). 
When this leaf is just larger than the reference length and the 
subsequent leaf is shorter than the reference length the Plasto- 
chron Index is calculated using the geometric formula of 
Erickson and Michelini (1957): 

In L n -  In REF 
P I = n +  In Ln-ln Ln+l (i) 

where n is the serial leaf number, In REF, In Ln, and In Ln+l 
are the natural logarithms of the lengths of the reference, the 
index leaf and the next smaller leaf, respectively. If the plasto- 
chron is constant a plot of PI vs time would yield a straight 
line and changes of PI vs time could be monitored, thus effect 
of temperature on these changes can also be monitored. 

The plastochron index (PL) of each plant, including 
controls, was measured when plants of the BC~, grown under 
the OTR, reached (on the average) a plastochron index of 6, 
and data were recorded using the geometric formula of 
Erickson and Michelini (1957). The LTR was begun after this 
measurement was taken and was maintained for 20 days. The 
plastochron index (PI2) was measured again at the end of this 
period. The plastochron index increment, DPI, was calculated 
by subtraction: 

DPI = PI2-PI1 (ii) 

Although all three growth chambers were set to the same 
light and temperature conditions, some variation among the 
chambers was observed for these factors. To correct for these 
variations and in order to pool all growth data, standard 
normal deviates (deviations from the mean in units of SD; 
Steel and Torrie 1960) of PIa and DIP were calculated 
independently for each chamber according to the formula 

X i - x  z = - -  (iii) 
S 

where Xi is the variable, ~ the mean, s the variance, and z the 
standard normal deviate. Thus, the absolute values of the 
growth measurements, PI1 and DPI, were transformed to the 
standard normal deviates PI~Z and DPIZ. 

R e s u l t s  and d i s c u s s i o n  

Segregation analysis o f  enzyme locus genotypes 
in the backcross progeny 

Monogenic segregation. The backcross p rogeny  were 
analyzed for m o n o g e n i c  segregat ions at e leven  enzyme  
loci i nc lud ing  Prx-1, Est-7, Pgm-2, Aps-1, Got-2, Got-3, 
Aps-2, Got-4, Prx-4, Est-4, and  Pgi-1. Analys is  o f  the 
m o n o g e n i c  segregat ions revealed  that  s ignif icant  de-  
viat ions (P_-<0.05) f rom the expected 1 :1  rat io had  
occurred in  the total  backcross p o p u l a t i o n  for 6 out  o f  
11 loci (Table  2). Heterozygotes  for Est-7 a n d  Aps-1 
loci were in  s ignif icant  excess, whereas  the reverse was 
true for Got-3, Aps-2, Got-4, and  Prx-4. The backcross 
p o p u l a t i o n  was d iv ided  into two subgroups  accord ing  
to their  deve lopm en ta l  age (PI1) in  order  to ident i fy  the 
or igin of  these deviat ions.  O n e  group consis ted of  
p lants  be low the average age and  the o ther  o f  p lants  at 
or  above average age. Because n o r m a l  s t anda rd  devi-  
ates were used this t rans la ted  to PI1Z < 0 a n d  PI~Z 
> 0 ,  respectively. The m o n o g e n i c  segregat ion  for all 

Table 2. Evaluation ofmonogenic segregations of enzyme loci. Segregation analysis of the two subpopulations divided according to 
their developmental age and tests of heterogeneity, e/e esculentum homozygotes; e /h  hirsutum heterozygotes 

Chromosome Locus PI1Z < 0 PI1Z --> 0 Total Hetero- 
no. geneity 

e/e e /h  Z2 e/e e/h Z 2 Z 2 Z 2 

I Prx-1 78 60 
II Est-7 80 83 
IV Pgm-2 100 89 
VI Aps-1 69 131 
VII Got-2 118 67 
VII Got-3 97 43 
VIII Aps-2 102 77 
VIII Got-4 121 66 
X Prx-4 98 72 
XII Est-4 86 70 
XII Pgi-1 101 93 

NS 79 73 NS NS 
NS 62 94 6.52** 3.81"** 
NS 101 97 NS NS 
19.16' 95 112 NS 15.91" 
14.00" 88 105 NS NS 
20.82* 72 82 NS 6.55** 
NS 120 56 23.20* 22.26* 
16.12" 142 57 36.22* 50.70* 
3.94*** 103 85 NS 5.38*** 

NS 73 94 NS NS 
NS 85 120 5.94*** NS 

NS 
NS 
NS 

5.48*** 
12.60" 
15.23" 
4.75*** 

NS 
NS 

4.21 
4.50*** 

Significant at * P--< 0.001, ** P_-< 0.010, and *** P <  0.050, respectively 
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loci was analyzed in each group, and a test for 
heterogeneity between groups was carried out (Table2). 

No significant overall distortions were found for the 
two loci, Got-2 and Pgi-1. However, when the data was 
split according to developmental  age, a differential type 
of  segregation was found. The slow growing group 
(PI1Z < 0) had an excess of  esculentum homozygotes 
whereas the fast growing group (PI1Z--> 0) had an 
excess o f  hirsutum heterozygotes; however, the skewing 
was significant only for the slow group at the Got-2 
locus and for the fast group at the Pgi-1 locus. In both 
cases the groups with no significant deviations had 
skewings that were strong enough to give an overall 
ratio not significantly different from the expected 1 : 1. 
Five other loci, Est-7, Aps-1, Got-3, Aps-2 and Prx-4 
showed significant distortions in only one group re- 
sulting in a significant overall distortion. Finally, the 
Got-4 locus showed a significant excess of  esculentum 
homozygotes for both groups, producing a strong sig- 
nificant overall distortion. 

These results suggest there might be some selection 
at the germination and seedling stages directly related 
to te rate o f  development. Based on the data obtained 
for the Got-4 locus (chromosome VIII), which signifi- 
cantly deviated from a 1 : 1 ratio for both groups with 
an excess of  esculentum homozygotes, it could be 
speculated that directional selection might have oc- 
curred during presyngamic stages. This area has been 
extensively studied by Zamir  et al. (1982) utilizing the 
same interspecific hybrid described in this study. 

The fact that deviations from expected segregations 
have occurred in this interspecific cross is in keeping 
with other tests of  interspecific segregations (Stephens 
1949; Rick 1963, 1969, 1971). It is interesting, however, 

to compare these results with another interspecific cross 
between tomato species where isozyme segregations 
have been monitored (Tanksley etal. 1982). In this 
case, the cross was between L. esculentum and Solanum 
pennellii, a closely related, green-fruited Solanum 
species. Although there were numerous exceptions to 
Mendelian ratios in the first backcross to L. esculentum, 
the specific loci which skewed and the direction of  their 
skewness was generally different from the results of  
this study. It is noteworthy that in both crosses, there 
was strong skewing for esculentum homozygotes at the 
Aps-2 locus on chromosome VIII. Likewise, in both 
cases, heterogeneity was found between more vigorous 
and weaker subpopulations. Although the correlated 
behavior of Aps-2 could be due to chance, one cannot 
dismiss the possibility that these two green-fruited 
species (L. hirsutum and S. pennellii) share a common 
genetic factor near Aps-2 on chromosome VIII. This 
genetic factor is deleterious when introduced into an 
L. esculentum genetic background. An additional 
support for the existence of  this factor is the finding 
that Aps-2 also skews in a similar fashion in the inter- 
specific cross between L. esculentum and L. parviflorum, 
another green-fruited tomato species (Tanksley, un- 
published data). 

Two-locus analyses. Tests of  independence were per- 
formed for all possible two-locus combinations. These 
tests confirmed known linkages (Tanksley and Rick 
1980) and revealed some new linkage relationships. 
Locus 6Pgdh-2 was found to reside between Est-4 and 
Pgi-1. These loci have been assigned to chromosome 
XII. Linkage was also detected between 6Pgdh-1 and 
Pgm-2 on chromosome 1V (Table 3). 

Table 3. Backcross segregation data for two linkage groups: Pgi-1-6Pgdh-2-Est-4 and 
Pgm-2-6Pgdh-1 

6Pgdh -2 

Pgi-1 Est-4 e/e e/h Pgi-1XEst-4 Z2=46.44 * 
e/e e/e 34 0 Pgi-1 • 6Pgdh-2 Z2=59.88 * 
e/e e/h 2 2 Est-4• 6Pgdh-2 Z2=59.88 * 
e/h e/e 2 2 
e/h e/h 0 33 

Deduced gene order: Pgi-1 - 5 cM - 6Pgdh-2 - 5 cM - Est-4 

p=0.1l 
p = 0.05 
p = 0.05 

Pgm-2 

e / e  e/h 

6Pgdh-1 e/e 23 10 Z2=6.33 ** 
e/h 10 19 p=0.32 

Significant at the * 0.01%, and at the ** 1% level, respectively 
p = estimated recombination 
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Table 4. t-test for the difference in growth at two temperature regimes (OTR-PI1Z and LTR-DPIZ) between homozygotes (e/e) and 
heterozygotes (e/h) 

Chromo- Locus PI1Z DPIZ 
some no. 

21 (e/e) Yr (e/h) 22 - x l  nl/n2 Xl (e/e) s (e/h) ~ -21 

I Prx-1 0.0493 0.0494 0.0001 144/115 0.0682 0.0277 
II Est-7 - 0.0764 0.0341 0.1105 132/160 - 0.0042 0.0445 
IV Pgm-2 - 0.0055 0.0478 0.0533 185/167 0.1336 - 0.0029 
VI Aps-1 0.2281 -0.1379 -0.3660* 153/216 0.1800 0.0196 
VII Got-2 - 0.1028 0.1510 0.2538** 190/150 - 0.0721 0.2521 
VII Got-3 - 0.1048 0.2169 0.3217"* 153/109 - 0.0432 0.3290 
VIII Aps-2 0.0974 -0.1553 -0.2527** 202/125 0.0015 0.1908 
VIII Got-4 0.0898 - 0.1329 - 0.2227*** 239/110 0.0682 0.0742 
X Prx-4 - 0.0026 0.0561 0.0587 180/143 0.0278 0.0144 
XII Est-4 - 0.0721 0.0780 0.1501 149/140 0.0669 0.1526 
XII Pgi-1 - 0.0421 0.0772 0.1193 171/190 - 0.0348 0.1574 

-0.0405 
0.0487 

- 0.1365 
_ 0.1996~.*** 

0.3242".** 
0.3722".** 
0.1893 a 
0.0060 

- 0.0134 
0.0857 a 
0.1922"** 

T3 - 0.9700 - 0.5500 
BC1 0.0000 0.000 
F1 0.4700 0.730 

Significantly different at the * 0.001, the ** 0.01, and the *** 0.05 levels 
a Groups with significantly different variances 

Analysis of the segregation of isozyme markers 
and cold tolerance in BC1 

It has been repor ted  previously that a change in 
tempera ture  regime from 2 5 ~ 1 7 6  to 12~176  in- 
creases the plas tochron o f  L. esculentum by 151% and 
those of  the high al t i tude L. hirsutum and the inter- 
specific hybr id  by 70% and 74%, respectively (Vallejos 
et al. 1983). These results suggest a significant degree of  
dominance  for L. hirsutum-derived low tempera ture  
tolerance. Accordingly,  this trait should be segregating 
in the first backcross to L. esculentum. 

In order  to detect  l inkage between the segregating 
enzyme locus genotypes and genetic factors that  affect 
growth (plastochron) at two tempera ture  regimes, the 
data were divided into two groups for each locus, 
L. esculentum homozygotes  (e /e)  and L. hirsutum 
heterozygotes (e/h) .  A one-tai led t-test was used to 
compare  the means  of  the growth measurements  of  the 
two groups. When  a significant difference was ob- 
served, it was in terpreted as l inkage between the enzyme 
locus and a factor(s) that affects growth, PI1 or DPI. 

Linkages were detected between growth factors and 
five enzyme loci using the data  from the OTR (Table 4). 
Because there are two pairs of  l inked loci among  the 
five (Got-2 and Got-3 on chromosome VII, and Aps-2 
and Got-4 on chromosome VIII), it can be assumed 
that a m in imum of  three genetic factors have been 
detected that  affect the rate o f  deve lopment  under  
op t imum temperatures.  Two of  these factors have a 
retarding and negative effect. One factor is l inked to 

locus Aps-1 and the other factor is l inked to locus Aps-2 
and locus Got-4. The third locus whose apparen t  effect 
is to accelerate deve lopment  and growth is located on 
chromosome VII near,  or perhaps  between the locus 
pair  Got-3-Got-2. The greater  difference betweeen 
treatments with respect to Got-3 suggests that  the 
genetic factor(s) responsible  for this effect is closer to 
this locus. 

Linkage was detected at low temperatures ,  be tween 
four enzyme loci and genetic factors that  affect growth 
rates (Table 4). The loci include Aps-1, Got-2, Got-3 
and Pgi-1. Thus, because Got-3 and Got-2 are l inked, a 
min imum of  three factors that  de te rmine  gro th ' ra tes  at 
low temperature  were revealed.  Only the locus l inked 
to Aps-1 had a negative effect. 

It should be noted that Aps-1 and Got-2 - Got-3 also 
demonst ra ted  similar  effects at normal  and low tem- 
peratures. Locus Pgi-1 was the only locus found to 
have an exclusive effect at low temperature .  

Test for epistatic interactions 

Detect ion o f  epistatic interact ions was achieved by 
means of  two-way analysis o f  var iance for all possible 
combinat ions of  segregating enzyme loci where homo- 
zygosity and heterozygosi ty were considered as levels 
for each treatment.  When  significant interactions were 
observed, they were in terpre ted  as epistatic interactions 
between genetic growth factors l inked to the enzyme 
loci considered as treatments. Five epistatic interactions 
were found between enzyme loci and  loci that  affect the 
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Table 5. Results of a series of 2-way analysis of variance used to determine epistatic interactions, The class means and the mean 
effects of those "treatment" combinations with significant interactions are shown only. ee and eh indicate homozygous for L. es- 
culentum and heterozygous for L. hirsutum respectively 

Factors a Genotypes Mean effects 

A B ee-ee ee-eh eh-ee eh-eh A B AB 

PIIZ Prx-1 Est-7 0.1149 -0.0879 -0.2183 0.1586 -0.0434 0 .0871 0.2989*** 
Prx-1 Aps-1 0.3924 - 0.1627 0.0581 0.0378 - 0.0669 - 0.2877** 0.2674*** 
Est-7 Pgi-1 -0.2913 0.0927 0.1096 0.0035 0.1558 0.1389 -0.2293*** 
Pgm-2 Got-4 0.0561 -0.0166 0.1754 -0.3803 -0.1222 -0.3142"* -0.2400*** 
Got-4 Est-4 -0.0399 0.2247 0.0567 -0.3238 - 0.2259*** -0.0579 -0.3225"** 

DPIZ Aps-1 Got-3 0.0070 0.7037 - 0.0342 0.03 I0 - 0.3569** 0.3809* - 0.3157"** 
Got-2 Est-4 0.0236 - 0.1062 0.1233 0.5638 0.3848* 0.1533 0.2851"** 

Significant at the * 0.005, ** 0.01, and *** 0.05 levels, respectively 
a The enzyme loci should not be considered as a factor itself, but rather the segment of the chromosome they mark 

rate of  growth and deve lopment  at op t imum tempera-  
tures (Table 5). The main  effects o f  Got-4 and Aps-1 
were negative and significant as detected previously 
(Tables 4 and 5). The two mean effects o f  the inter- 
actions with Got-4 were negative; the presence of  the 
Pgm-2 or Est-4 L. hirsutum alleles enhanced the negative 
effect o f  the locus (or loci) associated with Got-4. On the 
other hand,  a positive interact ion was detected between 
Aps-1 and Prx-1, where the lat ter  appeared  to suppress 
the negative effect o f  the former. The two other 
epistatic interactions observed were between Prx-1 and 
Est-7 and between Est-7 and Pgi-1, the former was a 
positive interact ion and the lat ter  a negative interac- 
tion. No association had been establ ished previously, 
between these enzyme loci and  OTR growth factors. 

Only two epistatic interactions were detected for loci 
that control  growth rates at low temperatures  (Table 5). 
The first interact ion was between Aps-1 and Got-3; 
each had significant mean  effects o f  opposi te  directions 
and their interact ion was negative. The other interac- 
tion occurs between loci l inked to Got-2 and Est-4. 
Linkage has been establ ished between Got-2 and a 
positive low tempera ture  growth factor; this interaction 
was positive. 

In general,  the detect ion o f  epistatic interactions 
reveals that some loci of  growth rate factors, l inked to 
enzyme loci, are subjected to epistatic interactions. This 
result strengthens our  in terpre ta t ion o f  linkage. In 
addi t ion there are other loci for growth factors, whose 
individual  effect are not significant, yet they can be 
detected through epistatic interactions. 

Conclusions 

Deviations from expected 1:1 Mendel ian  ratios, de- 
tected in six o f  the eleven segregating enzyme loci, did 
not appear  to follow a general  direct ional  pattern. 

When monogenic  segregations were analyzed in two 
subgroups divided according to developmenta l  age, 
heterogeneity between subgroups was found at some 
loci suggesting that selection at the germina t ion /  
seedling stage of  deve lopment  may  account for some of  
the overall  skewness. 

Linkage was detected between four enzyme loci and 
growth factors operat ing at low temperatures  (DPIZ 
measurements) .  The min imum number  of  genetic 
factors was three. Two of  the factors have a positive 
effect and are l inked to locus pair  Got-2- Got-3 (chro- 
mosome VII) and Pgi-1 (chromosome XII). The other 
factor which is l inked with Ap-1  (chromosome VI), has a 
negative effect. Two epistatic interactions were detected 
under low temperatures  - a negative interact ion be- 
tween loci l inked to locus Aps-1 and locus Got-3 and a 
positive interaction between loci l inked to Got-2 and to 
Est-4. 

As ment ioned previously, Pgi-1 was the only 
marker  locus to demonstra te  a significant effect only at 
low temperature.  It is interesting to note that in a 
previous study using the same cross, locus Pgi-1 was 
one of  two markers  found l inked to loci that condit ion 
low-temperature tolerance in the haploid  male-gameto-  
phytes (pollen) (Zamir  e ta l .  1982). This raises the 
possibility that the same genetic factor(s), l inked to Pgi-1, 
confer low-temperature  tolerance to both the sporo- 
phyte and haploid  gametophytes.  

In the research described, eleven enzyme loci were 
used to survey the tomato genome for genes that confer 
cold tolerance. These loci mark  eight o f  the twelve 
chromosomes of  Lycopersicon. These markers  have 
allowed a significant port ion of  the genome to be 
surveyed. However, it is a foregone conclusion that 
some other major  genes involved in cold tolerance 
might have gone undetected.  The l imitat ion to this 
work was the lack o f  enzyme markers  on certain 
chromosomes and, in some instances, the lack of  
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detectable var ia t ion at some o f  the presently m a p p e d  
enzyme loci. To circumvent  this problem,  efforts are 
underway to map  new enzyme loci as well as to 
synthesize rare allele enzyme locus marker  stocks which 
would differ at all detectable  loci. 

The informat ion from this study, in addi t ion  to 
addressing the topics of  interspecific gene flow and 
inheri tance of  low tempera ture  tolerance, provides a 
basis for expedi t ing the introgression of  cold- tolerant  
alleles into L. esculentum via isozyme selection. In- 
dividual  p lant  selections can now be based on low- 
tempera ture  response, morphologica l  characters,  and 
genotypes at enzyme loci. The p roposed  selection 
scheme is out l ined in Tanksley et al. (1981). 
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