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Abstract The genome length, in units of Morgans or
centimorgans, is a fundamental feature of a species. It
can be calculated from a complete linkage map. How-
ever, the genome size can be estimated with partial
linkage data. Using linkage data obtained by the analy-
sis of a two-dimensional electrophoresis of the proteins
contained in an haploid organ, the megagametophyte,
we suggest an estimation and a confidence interval of the
genome length of a gymnosperm, the maritime pine
(Pinus pinaster Ait.). The results indicate an important
gap between the physical and the genetic maps.

Key words Genome * Linkage + Pine - Gymnosperm -
Two-dimensional electrophoresis

Introduction

Thanks to DNA markers, saturated linkage maps cover-
ing almost entire genomes are now available in different
plant species, including barley (Heun et al. 1991), Ara-
bidopsis (Reiter et al. 1992) and soybean (Diers et al.
1992). When the size of such maps is not modified by the
addition of new markers, the total length of the genome
under study can be considered as having been reached.
This length is then obtained as the sum of all mapped
intervals. However, even before the achievement of a
complete map, genome length can be estimated with
partial linkage data. Such an estimate can be used to
predict the number of markers necessary to cover the
genome and is useful for evaluating the overall relation-
ship between physical and genetic distance, as measured
by the number of kilobases of DNA per centimorgan.
Hulbert et al. (1988) gave an estimation method based
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on maximum likelihood techniques. We suggest a justifi-
cation for this method, which was not given by the
authors, and calculate a confidence interval for the
estimated value. We then propose an estimation of the
genome size of the maritime pine (Pinus pinaster Ait.)
using this method and a modification given by Chak-
ravarti et al. (1991). The linkage data of Bahrman and
Damerval (1989) and of Gerber et al. (1993), obtained
with two-dimensional electrophoresis of the proteins
contained in the haploid megagametophyte of the seeds
of this gymnosperm, are both used. Due to the limited
development of extensive mapping in gymnosperm spe-
cies, such an estimation was not previously available.

Materials and methods

The seed of pines contains a storage tissue surrounding the embryo,
the megagametophyte, which results from an important development
ofa cell produced from the female gamete and which remains haploid.
The tissue can be analysed by two-dimensional electrophoresis which
separates proteins according to their isoelectric point and their
molecular mass. The comparison of gels obtained by the individual
analysis of different megagametophytes from the same tree reveals
several kinds of protein variation, including presence/absence, posi-
tion or quantity modifications. The genetic determinism of these
variations can be inferred from the segregations observed among
megagametophytes. Using this approach, Bahrman and Damerval
(1989} compared 56 megagametophytes of a single maritime pine. The
polymorphism of 37 loci accounted for the variations detected. The
linkage relationships between these loci were investigated. A similar
study was conducted on a sample of 18 pines of the same species
{Gerber et al. 1993). An average of 12 megagametophytes per tree
were analysed by two-dimensional electrophoresis. Genetic interpre-
tations allowed 84 loci to be described. The 18 trees and each of their
megagametophyte progeny were converted into 18 fictitious human
families allowing human genetic techniques to be used for the linkage
analysis.

The estimation of genome length suggested by Hulbert et al.
(1988) can be justified as follows. Let M denote the number of
informative pairs of loci i.¢., both loci polymorphic in the segregating
population studied. The possible linkage of these loci is tested with
the lod score method. The lod score of a pair of loci is the decimal
logarithm of the ratio of the likelihood calculated under the hypoth-
esis that the loci are linked and the likelihood calculated with
independent loci. When the lod score exceeds a certain threshold Z,
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the loci are assumed to be linked. Let K denote the number of such
pairs. The ratio K/M is then the probability that a pair of loci chosen
at random will be declared linked. This probability can also be
expressed as a function of G, the genome length, and X, the map
distance between two loci for which a lod score of Z is expected. It is
equal to 2X/G (see Appendix 1). The genome length is then:

G 2MX .
=k 1)
The genetic distance X is related to the recombination rate ¢ (Hal-
dane’s formula):

1
X=~§In(1—26) 2)
and @ is the solution to the equation (Lander and Botstein 1986, cited
by Hulbert et al. 1988):

Z=n(Plog, 20 +(1 —-b)log, 2(1—0) (3)

where n is the number of gametes studied for the locus pair
considered.

An a% confidence interval I can be calculated for the G values
(Appendix 2):

L(G) =Gl +n, K~ 12)~!

where n, stands for the value of a centered unit Normal law at an o
probability.

The linkage data of Bahrman and Damerval (1989) were reana-
Iysed with the MAPMAKER computer package (Lander et al. 1987),
as a backeross, to calculate the lod scores. With this kind of data the
number n of gametes studied is constant for each pair of loci, and the
equations (1), (2) and (3) can be directly used. When the linkage data
are obtained from different progenies, the number n will vary accord-
ing to the pair of loci considered. In this case, Hulbert et al. (1988)
calculate the value of 8 and X for each informative pair of loci, with a
given Z. The sum of the X values replace (M X) in equation (1). This
technique was used with the data of Gerber et al. (1993).

Chakravarti et al. (1991) suggested a simple variation of this
method. For a given Z, they chose, among pairs of loci with lod scores
greater or equal to Z, the pair with the Jargest estimated 6 value. This
6 value is used instead of the one obtained from equation (3).

The method of Hulbert et al. (1988) (method 1) and the method of
Chakravarti et al. (1991) (method 2) were both used to estimate the
genome length with two values of Z, 2 and 3, for both sets of data.

[3

Results and discussion

In the data obtained from 56 megagametophytes of one
pine (Bahrman and Damerval 1989), all the possible
pairs associating the 37 loci are informative, that is 666
pairs (37%36/2). Among them, 42 pairs have a lod score
of 2 or greater with a maximal distance of 63.6 centimor-
gans, and 33 pairs have a lod score of 3 or greater with a
maximal distance of 51.1 centimorgans.

The data obtained on 18 pines, that is 18 different
progenies (Gerber et al. 1993), correspond to 84 loci.
Among the 3486 (84%83/2) possible pairs of loci only
2711 were found informative in the different progenies.
Of these, 89 pairs have a lod score equal or greater than
2, for a maximal distance of 34.7 centimorgans, while 69
pairs correspond to a lod score of 3 or greater with a
maximal distance of 29.0 centimorgans. The results of
the estimations of the genome length are given in Table 1.

Chakravartiet al. (1991), using computer simulations
and experimental data, compared their method (method
2) with that of Hulbert et al. (1988) (method 1). They
observed overestimates with method 1 and less inflated
values with method 2. We found the opposite: method 1
always provides the smallest estimates for both sets of
data. The genome length estimated with the linkage data
of a single pine is less affected by the threshold chosen for
the lod score than that obtained on 18 pines. In the experi-
ment of Chakravarti et al. (1991), method 1 appeared to
be affected by the sample size whereas method 2 was not.
In our case, the estimates obtained with the progeny of
one pine or of 18 pines are indeed closer with method 2
than with method 1. However, the estimations are al-
ways smaller with linkage data obtained on one
progeny. According to these results, the genome size of
maritime pine would be about 2 000 centimorgans.

Among plant species, pines possess one of the largest
amounts of DNA per diploid cell, about 40 picograms
(Ohri and Khoshoo 1986). As a comparison, angio-
sperm trees like ash have 3 pg of DNA per diploid cell,
elm and oak have about 2 pg, willow and birch about
1 pg (Bennet and Smith 1991). The DNA content of
pines is more than nine times that of maize, 12 times that
of tomato and a 100 times that of Arabidopsis [accord-
ing to the data given by Bennet and Smith (1976, 1991) ].
The genome of pines is composed of 10-20 x 10° kilo-
bases (Rake et al. 1980). According to our estimations,
one centimorgan would then represent between 5000
and 10000kilobases. In maize, one centimorgan is sup-
posed to represent between 2000 and 4 000kilobases
(Brown and Sundaresan 1991), 500 kilobases in tomato
(Messeguer etal. 1991), and about 140kilobases in
Arabidopsis (Chang et al. 1988). Comparing different
species, there is no linear relationship between recom-
bination and DNA quantity. However, when the DNA
amount increases, the chiasma frequency per length of
DNA decreases (Rees and Durrant 1986). This value,

Table 1 Estimations of the

genome length according to the Linkage data Genome length (5% confidence interval)
lod score threshold Z, with two 7 valu
methods and two sets of data vaiue
2 3
One progeny method 1 1453¢cM (1116-2083) 1455cM (1085-2208)
method 2 2019 cM (1'550-2894) 2061c¢M (1537-3128)
Eighteen progenies method 1 1930¢M (1 598-2436) 1787 cM (1446-2339)
method 2 2114 ¢M (1 750-2 668) 2279 cM (1844-2983)




which can be expressed in centimorgans per kilobase,
appears to be very low in pines.

The meaning of this observation is unclear. It could
be due to a difference of DNA organisation between
small and large genomes. Heterochromatin and zones of
repetitive DNA sequences are supposed to be associated
with a lower recombination rate (Flavell et al. 1985;
Chandley and Mitchel 1988). Thuriaux (1977) suggests
that recombination is concentrated on structural gene
zones. This hypothesis is supported by an observation
of Oliver et al. (1992) who found an approximate cor-
relation between the pattern of genetic recombination
and that of transcription in an yeast chromosome.
Brown and Sundaresan (1991) suggest a model where
structural genes and regions accessible to recombina-
tion would be interspersed with large, less-recom-
binogenic regions in the genome. The proportion and
the organisation of these regions would explain the
differences in rates of recombination per unit length
of DNA between species with contrasting genome sizes.
In conifers, two examples suggest an unusual organiz-
ation of DNA sequences in the genome. The ADH genes
seem to be larger or else more numerous in pines than
in angiosperms (Harry etal. 1989; Kinlaw et al.
1990). Similarly, the sequence of the repeated units
of the 185-25s genes of pines is more than two times
larger (27kb) than the largest found in angiosperms
(12kb in wheat) (Cullis et al. 1987). It is even larger in
spruce (35-43 kb, Bobola et al. 1992). Moreover, these
genes are Jocated in a larger number of sites than in
angiosperms (Cullis et al. 1987).

The apparent limitation of genome length (in cen-
timorgans) when DNA amount increases could have
another explanation. Chromosome size could directly
affect recombination. In yeast the DNA sequences of the
smallest chromosome undergo recombination at a two-
fold higher average than DNA sequences on the largest
chromosome (Kaback et al. 1992). Kaback et al. (1992)
suggest that this observation could be due to an in-
creased amount of chiasma interference with chromo-
some size. This physical limitation would be responsible
for an upper limit of genetic map sizes when the amount
of DNA increases.

The gap between the physical and the genetic maps
must be particularly important in pine species. The great
DNA amount per cell seems to correspond to a limited
genetic map size. This size will be better approached
with the development of mapping in these species. How-
ever, the meaning of the large number of kilobases per
centimorgan will still have to be solved. Since gymno-
sperm species appeared 140 millions years before the
first angiosperms the peculiarities of their genome could
be interesting from an evolutionary point of view.

Appendix 1

It is assumed that the loci are randomly distributed on the genome.
On a chromosome of length L,, the position of a locus has a uniform
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density equal to 1/L,. If x stands for the distance between two loci, its
density can be written as:

21

= j" —dx—}—j _M_

.2

The probability that a pair of loci on the same chromosome are
declared linked is:

L;
P(z,L;)= | P(lod —score > Z) f(x)dx
0
O (1 — )V "+ (1—p)AV (1 —0)"
lod—scorezloglop ( ) +’E‘N P) ( )

where p and 8 stand for the maximum likelihood estimators of p and 8
respectively.

Pllod —score > Z]<>P{n>z,0orn<z]

for some values z, and z, functions of Z and N,.
The integral P(Z,L;) could be calculated, but we use here the
following rough approximation:

if 0 is close to 1/2 (xlarge): P[lod —score > Z] ~ 0
if 0 is very small (x very small): P[lod —score>Z]~ 1

in-between P[lod — score > Z] can be approximated by a symmetri-
cal function in x, hence:

(Li-x)_2X X*

L, LY

X x 2
L)~ [ f(x)ydx=]

0 0 i

. . 2X

If X is substantially smaller than L: P(Z,L,) ~ I

Considering m different chromosomes, the lprobability that a
locus is present on the ith chromosomeis L;/G, where G =3[~ L, is
the genome length. The probability P(Z, G) for two loci to be linked is

then:

m LN\? m L 2X
e § (8o § e
Appendix 2

Let S stand for the set of all informative pairs of loci.
X, = 2 X,
heS

The value of X, depends on the number of meioses (or gametes)
observed for the informative pair h. If these numbers are equal,
X,=MX.

. ¢
G=2-L
K

We define the stochastic variables ¥,:

Y, = 1 if the loci of the informative pair & are declared linked.
Y, = 01if the loci are declared independant

PTG =1]=pn 0t

E[Y]=py

VLY = (1 — 1)

and also:

K=} %
heS

E[K]=) E[Y]

heS
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VIK]=E[K*]-E[K]*

{3 o)

=hZSE[Yf] *hZS(E[Yn])2 +hZ (ELYy Y1 - ELYJE[ Y ]).
i

The two first terms are D, V[Y,]. The third term is
Yiwes CLY, Y, 1 =0, since h and k' can belong to two different types:
h#h'

h={i,j} W ={k1} then Y, and Y, are obviously independent and
their covariance is zero.

h={i,j} W ={ik} then

E[Yij Ykl] =P[Yij= 1]P[Yik= 1/Yij= 1]
~P[Y;=1]P[Y;,=1] (neglecting side effects)
=E[Y;]E[Ya].

K is the sum of the approximately independent Bernouilli vari-
ables Y,. We can build an approximate confidence interval for K
based on the Gaussian approximation:

K . |
= Gt Gl __—
2X, _’N< ’2GX,>

since:
2X 2X
V[K]=Zuh(1—uh>zz—"(1——f)
heS heS G G
4y X+
2X, hZS "X,

An o confidence interval is:

1 \2 a2
G =G1+nl-———] =G 1tn|—
LG =G _na<2X,G> G < ﬁn[,(th) >

=G (1+n K '
I(G)=G(1 £ n, K121,
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