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Abstract — Maritime pine seed-lots from north-western Iberian regions (Portugal and Galicia) were introduced in the 1950s to the south-
west of France (Aquitaine region), and the stands they formed suffered considerable frost damage. In the mid 1980s, a biochemical test
was developed to test the putative origin of adult stands in Aquitaine, before seeds could be distributed for commercial purposes in
France. In this paper, we describe a new test employing chloroplast simple-sequence repeats (cpSSRs) to facilitate identification of stand
origin based on randomisation tests. The origin of five stands of unknown origin was determined with both the cpSSR and biochemical
(terpene profile analysis) tests. The results from the two tests were concordant, but the DNA-based test gave faster and more accurate re-
sults. Use of this test should help when determining the origin of maritime pine stands in the Aquitaine region of France.

cpSSR / microsatellites / terpene / origin identification Pinus pinaster

Résumé — Identification de I'origine géographique des peuplements de pin maritime en France al'aide de microsatellites chloro-
plastiques.Des lots de graines du nord ouest de la péninsule ibérique (Portugal et Galice) ont été introduits dans les années 1950 dans le
sud-ouest de la France (Aquitaine), et les peuplements issus de ces graines ont fortement souffert des gelées. Un test variétal basé sur les
marqueurs terpéniques fut développé dans les années 1980 afin d’identifier I'origine géographique des peuplements adultes en Aqui-
taine sur lesquels des graines étaient récoltées puis commercialisées. Dans cet article nous décrivons un nouveau test qui utilise des mar-
queurs microsatellites chloroplastiques (cpSSRs) et simulations pour identifier I'origine des peuplements. Une étude comparative des
tests biochimique (terpénes) et cpSSR a été menée sur cing peuplements adultes. Les résultats obtenus sont identiques, mais le test ADN
s’est avéré plus rapide et plus précis. L'utilisation de ce nouveau test devrait permettre de garantir I'origine géographique des peuple-
ments de pin maritime du sud-ouest de la France (Aquitaine).

cpSSR / microsatellited terpene / test variétal /Pinus pinaster
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1. INTRODUCTION that the material can be stored (eight days). In addition,
for financial reasons, the terpene test uses bulk samples

) ) ) ) o of tissues, instead of an individual analysis of each
Pinus pinasteis an important species in France occu- sample [3].

pying 1.4 M ha, representing 12% of the French forest
area. Seeds of this species from northwestern (NW) Ibe-
rian origins (Portugal and Galicia) were introduced in the
1950s to the southwest of France (the Aquitaine region)
for reforestation, since large areas of forest were burned
during and after the 2nd World War (in 1943 and 1949).
Unfortunately, the stands proved to be frost-sensitive, es-
pecially during the exceptionally cold winter of 1985 in
Aquitaine, when the temperature dropped to °@2

The use of DNA has several advantages over terpene
analysis, because it is relatively stable, ubiquitous and
convenient to analyze. DNA is present in nearly all tis-
sues and it can be extracted using any sample taken from
'the plant. Plant material can be easily stored for DNA
analysis under field and laboratory conditions, and only
few nanograms of DNA are needed [23]. Therefore, the
use of DNA markers for assessing the origin of maritime

Damage caused by frost affected about 30,000 ha Ofpine stands may provide an attractive alternative to other

P. pinasterstands, and financial losses were consider- markers.

able [6]. To overcome this problem and to avoid further The level at which the identification is to be done is a
damage, from 1986 onwards candidate stands for seed/ery important factor in the choice of the marker. In our
collection in the Aquitaine region had to be certified for case, the aim was to identify populations of a species
their French origin. A diagnostic test based on a (P.pinastej at the provenance level (NW Iberian vs.
discriminant analysis of terpenes was developed by Aquitaine). The use of an appropriate genetic marker is
Baradat and Marpeau-Bezard [4]. This test has been rou-also of great importance in order to maximize accuracy
tinely used to identify the origin of adult stands, by com- and to save time. For our study, a marker capable of

paring their terpene profile with the profiles given by clearly discriminating between provenances was re-
stands of known origin. quired. In plants, chloroplast microsatellite regions are

highly polymorphic, and they have already proved to be
useful for genetic fingerprinting in different pine species

(Lefort et al. [17] and references therein). Moreover, the
chloroplast genome is haploid, it does not undergo re-

The human impact on forest species may have a nega
tive effect in the long run, especially in the case of intro-
duced seed material. Stands from non-indigenous origin
mgyrre)rpor\cl)zL%E\?ep%?a:%aniggﬁglt?; r}ﬁt?cr)?:ii’c%%rt;;::rlr? rlr)élf combination and itis usually paternally inherited in coni-
gions with very different environmental conditions, and fers (e.g. [8, 22, 31, 32, 36)).
they may also influence adjacent native stands by pollen  In the present study we have used six chloroplast
and seed dissemination. The establishment of forestmicrosatellites to investigate the haplotypic composition
plantations throughout the world demands increasing of two populations from Spain (Galicia) and 15 popula-
amounts of seed annually. Seeds are often transferred betions from France. In addition, data from P2 pinaster
tween countries, or between areas within countries, ac-populations from Portugal for the same cpSSR loci were
companied by inadequate information about their sourceincluded [28]. The aims of this study were to construct
and history. Therefore, reproductive material identifica- and optimize a cpSSR-based test in order to determine

tion and certification has been an important issue in re- the putative origin of maritime pine forest stands in
cent decades [16, 21]. Aquitaine, and to compare the cpSSR-based test with the

Morphological data and biochemical markers test based on terpene profile analysis [4].

(terpenes, isozymes and denatured proteins) have all

been used for provenance identification and seed certifi-

cationinforesttrees (e.g.[2, 6,11, 12]). Molecularmark- 2. MATERIALS AND METHODS
ers based on nuclear and organelle DNA analysis have

also been used recently for this purpose (e.g. [1, 7, 30,

33)). 2.1. Plant material

The terpene method used for plant material certifica-
tion has several constraints, such as the restricted type 2.1.1. Reference populations
of plant material that can be used (cortex of completely
lignified young shoots), the age of the tree for material ~ The plant material presented table | was used as
collection (7—10 years minimum), and the limited time NW Iberian and French reference populations. The NW
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Iberian reference material included 303 samples: The bulk-sample analysis was performed using gas chro-
235 trees from 12 Portuguese populations (coded A-N), matography according to the method described by
and 68 individuals obtained from a bulk seed-lot col- Baradat and Marpeau-Bezard [4]. Whenever the results
lected in two localities in the Galicia region of Spain obtained were inconclusive, the test was repeated up to
(CARB and PUEN). The French reference material in- four times, using further bulk-samples of the same size.
cluded 450 samples from Aquitaine: 371 trees collected

from 13 natural populations (coded 1-13) along the At- ) o o

lantic coast, 45 individuals obtained from a bulk seed-lot ~ 2.3. Differentiation statistics

from four different populations (CEMA), and 34 “plus

trees” representing the breeding population (VEC) in  Inthis study, for ease of presentation, the term “locus”

France. will refer to a cpSSR site and “allele” will refer to a size
variant at a given cpSSR site. Since the chloroplast ge-
2.1.2. Tested stands nome is haploid and does not undergo recombination, the

detected alleles at each locus were combined in order to
Five adult stands of unknown origin were sampled in derive the chloroplast haplotype of each individual.

the Aquitaine region. Completely lignified young shoots
were collected from 120 randomly chosen trees in eachha
stand to perform the terpene analysis, but a different set
of 30 was used for each repeated analysis. For the cpSS
analysis, needles from 30 trees per stand among the pre
viously collected material were used.

The total among-population differentiation based on
plotype frequencies at the six cpSSR loci (usinm

able I, except CEMA and VEC) were computed for the

2 French and 12 Portuguese populations grouped to-
gether. The population differentiation among the French
and Portuguese groups of populations, taken separately,
was also determinedh{ in table |, except CEMA and
2.2. CpSSR and terpene analysis VEC). The genetic differentiation among populations
was assessed by calculatify following Weir and
Cockerham [37]. The infinite allele mutation model was
preferred to the stepwise-mutation model because, in
general, thé-based estimates perform better when sam-
ples sizes are moderate or small and the number of scored

Total DNA was extracted according to the Doyle and
Doyle [10] protocol with modifications described by
Lerceteau and Szmidt [18] and Plomion et al. [25]. The

number of individuals used per population and the type loci is low [13]. The pairwise population differentiation,

of material used for DNA extraction are showrtale |. French against Portuguese (populations confounded)
In this study, a maximum of six primers flanking pine  was also tested. FSTAT, a program for estimating and

chloroplast microsatellites were used; Pt1254, Pt15169,testing gene diversities (Goudet 2000, version 2.9.1), up-

Pt30204, Pt36480, Pt71936 and Pt87268, designed acdated from Goudet [14] was used to obtain the genetic

cording to sequences in tie thunbergiichloroplast ge-  differentiation estimates and its variances, and to test the

nome [35]. These primers were chosen since they pairwise population differentiation.

detected a relatively high level of polymorphism in an

analysis of a sub-sample of individuals.

Polymerase chain reaction (PCR) and electrophoresis ~ 2-4- TWO-Step CpSSR screening
were performed according to the protocol described for
P. pinasterby Ribeiro et al. [28]. The presence of the Two steps were performed in the development of the
PCR fragments was visually scored with the help of frag- cpSSR test for identifying stand origin. In the first, the
ment size standards. To confirm the accuracy of the vi- Portuguese individuals and theindividuals table I) of
sual reading and to evaluate the size of the alleles, twothe French populations were analyzed at the six cpSSR
samples of 21 and 34 individuals from the Portuguese loci. The aim was to identify the loci that could best dif-
and French populations, respectively, containing all the ferentiate between the Portuguese and the French prove-
alleles found with the six primers were used. The size of hances.
the amplified fragments from these two samples was  gjince nothing was known a priori about the expected
evaluated according to Vendramin et al. [34]. distributions of the statistic described by formula (1), and
Terpene compounds were extracted from oleoresinbecause most of the haplotypes were represented by a
obtained from the top-shoot cortical tissues of 30 individ- small number of individuals (so the haplotype frequen-
ual trees from each of the five stands of unknown origin. cies were subject to a rather large sampling error) [9, 19],
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Table I. Plant material used in the study.

Origin Code n,° n,e Region Alt(m) Latitude  Long. M
Portugal R 20 20 Aveiro 30 4039'N 8°36'W A
Portugal B 20 20 Oleiros 750 FB5' N 7°50'W A
Portugal c 19 19 Alcéacer do Sal 20 3B2’N 8°30'W A
Portugal B 20 20 Bragana 800 4B2’N 6°32°W A
Portugal E 20 20 Figueira da Foz 30 408'N 8°44'W A
Portugal B 19 19 Lousa 250 AD9'N 8 11'W A
Portugal G 19 19 Mongéo 310 P4 N 823 W A
Portugal H 20 20 Mondim de Basto 480 425'N  7°55'W A
Portugal 3 20 20 Leiria 50 3946'N 8°57'W A
Portugal 12 20 20 Manteigas 625 424'N 7°26'W A
Portugal M 20 20 Montalegre 690 A4U9'N T7°56'W A
Portugal N 18 18 Sintra 250 FU6N  9P22°W A
Spain CARB 0 46 Carballo 130 233N 8°41'W B
Spain PUEN 0 22 Ponteareas 100 °4'N 8°30'W B
France 1 13 28 Lit-et-Mixe 30-40 283N 1°19'W A
France 2 11 30 St-Julien-en-Born 20 O N 1°19'W A
France 3 12 29 Boul. Allemands 20 AB'N 1°19W A
France 4 12 30 Ste-Eulalie 40-50 °20'N 1°14'W A
France 5 12 27 Mimizan 35-40 Y@8'N 1°18'W A
France 6 13 30 Vielle St-Girons 35 Y36'N  1°28'' W A
France 7 8 29 Biscarosse 25-60 °20'N 1°13'W A
France 8 0 18 Biscarosse 30 °88'N 1°11'W A
France 9 13 32 Lege 15 A43' N 1°12'W A
France 10 10 25 Lacanau 10-15 °82'N 1°09'W A
France 11 12 31 Pointe de Grave 10-15 °3BN 1°04'W A
France 12 12 31 Carcans 10-15 °8B6'N 1°09'W A
France 13 11 31 Hourtin 25-45 9YE0'N 1°08'W A
France VEC 34 34 “plus’trees 10-50 Aquitaine A
France CEMA 45 45 Medoc 10-15 Medoc B

& Group of populations previously analyzed in [28].

®: Number of individuals screened at six cpSSR loci.

¢ Number of individuals screened at two cpSSR loci.

4 Type of plant material used for DNA extraction; Aeedles and Byerminated embryos.

simulations had to be performed. The following formula wherenis the total number of different haplotypes found
was used to obtain the distribution of the null,(Fthe in both provenancesy is the frequency of theath
tested stand is of French origin”) and the alternative hy- haplotype in the French provenance aqdis the fre-
potheses (H “the tested stand belongs to the Portuguese quency of thath haplotype in a sample from the French
provenance”): (to obtain H) or the Portuguese provenance (to obtain
n H,) under thgth outcome. Resampling with replacement
S, =Z(>€F - %) 1) was performed 10,000 timeg% 1 to 10,000), and the
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Figure 1. Density functions for the Portuguese and French reference populations (solid and dotted lines, respectively) for each locus.
The data points were obtained after 10,000 simulations.

sample size was 30. The density functions, locus by lo-  The haplotypes of 30 individuals from each one of the
cus, were obtained from the 10,080values. Random five stands (designatekil-A5) of unknown origin were
numbers were generated according to the method ofrecorded at the two selected loci. A statis8g,was com-
Knuth proposed by Press et al. [27] puted for each stand (1 to 5), to determine the degree of

In the second step, individuals from the French, Portu- Similarity between a stand of unknown origin and the
guese and Spanish populatioms i table I) were ana- French provenance. The formula used was as follows:
lyzed at the two most informative loci revealed in the : ) 5
first step. The complete set of data from the haplotypes S = Z()?F - %) @)
derived from the two selected loci and formula (1) were , " .
used to obtain the density functions for each reference Wherenis the total number of different haplotypes found
population, based on the 10,0@values. The tested ~POth in the French reference population and in e
sample size wahl (N = 20, 30, 40 or 50). stand,x is the frequency of théth haplotype in the

French reference population arg is the frequency of
theith haplotype in the stand.

The critical valueS. was chosen in order to keep
B = 1%. It was considered of less importance to reject a
In this study, for an indigenous stand the origin is the stand of French origin when it was of French origin (type
place in which the trees are growing and for a non-indige- | error) than it was to accept a stand as being of French or-
nous stand the origin is the place from which the seeds origin when it was not. The probability of accepting the
plants were originally introduced [16]. null hypothesis when it was false (type Il error) was kept

2.5. Testing the stands of unknown origin
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equal to 1%, since it was highly desirable to reject all
the stands of probable NW lberian origin. Whenever the
value of theS, statistic was found to be smaller than

the critical value,S,, the stand was assumed to be of
French origin.

3. RESULTS

3.1. Characterisation of the cpSSR loci
and population diversity

Atotal of 25 alleles (from two to seven per locus) were
detected in the 453 sampled individuals at the six cpSSR
loci (samplesy, in table I). The description of the alleles
at each locus and the haplotypic data can be obtaine
upon request from the corresponding author. Exclusive
alleles were found for both the Portuguese (85 base pair
(bp) for Pt1254 and 146 bp for Pt36480) and the French
(164 bp for Pt87268, 112 bp for Pt15169, 142bp for
Pt71936, and 142 bp for Pt30204) data sets. When all al-
leles were combined, 71 different haplotypes were
found. While 15 (21%) of the haplotypes were common

o

S
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3.2. Discriminant loci and effect of the sample size

In the first screening step, the density functions for the
§ statistic were obtained for all cpSSR lofigure 1), us-
ing a subset of the French and Portuguese individungls (
in table I). The three non-discriminant loci had overlap-
ping density functions, and three loci (Pt1254, Pt36480
and Pt15169) were found to discriminate between the
two provenancedigure l1andtable II).

In a second step, the haplotypes of additional individ-
uals from both provenances (sampigin table I) were
recorded at the two most informative loci (Pt1254 and
Pt36480). The power of the test )-obtained for the
two combined loci was higher (98.4%) than the corre-
sponding value for each informative locus taken sepa-
rately ¢able Il). Since a compromise had to be found
between the accuracy of the test and its costs, combina-
tions with more than two loci were not considered. More-
over, the size of the amplified fragments from the two
elected loci allowed sufficient discrimination and the
amplified products from different loci could be loaded si-
multaneously in the same lane, which saved time and
costs.Figure 2 shows the density functions for the null
and alternative hypotheses based on the two selected
loci. Locus Pt15169 was excluded, because of its lower
discriminatory power of the testgble II).

The effect of the sample siz&lf used to compute the

to both provenances, 39 and 17 (55% and 24%) were ex-Statistic§ was tested over the type | error, when type II
clusively present in the French and Portuguese prove-rTor was kept constar & 1%). As expected, the type |
nances, respectively. The among-population diversity &ror decreased with increasing sample sizolg Il1).
obtained for the French populations was found not to be With @ sample size of 30, the value was 2% and the
significantly different from zero:6:=0.005+ 0.011

(xSD). TheB value,8;, obtained for the Portuguese pop-

ulations was very lowf, = 0.023+0.014, but signifi-

cantly different from zero. The genetic differentiation Table Il. Characteristics of the probability densities, usingrthe
computed for both groups of populations was samples des.crib'ed. table |, for each of the six cpSSR loci and
9, = 0.038+0.009, and significantly different from zero. ~ for the two discriminant loci.

The pairwise population differentiation, French against | ocys S8 o (%) (18) (%)
Portuguese groups (populations confounded) was tested .
and found to be significant at the 0.1% probability level. ~ Pt87268 Non-discriminafit
Pt 15169 0.0540 4.40 94.65

The density functions of the Spanish (Galician) and ;71936 Non-discriminatt
Portuguese populations overlapped (data not shown). o
Both functions were found to be not significantly differ- "t 30204 Non-discriminafit
ent from each other, and the data from Portuguese andPt1254 0.0680 291 96.90
Spanish populations were merged together to obtain the Pt36480 0.0168 0.60 95.50
density function of the NW Iberian reference population. pi1254 + pPt36480  0.0785 1.40 98.40

Conversely, the density functions for the NW Iberian and
the French reference populations did not overlap signifi-
cantly @ = 2%), thus both groups could be considered
divergent from each othetgble III).

& Critical value for minimizedx andf3 values.

®: Type | error.

¢ Power of the test.

d: Overlapping density function curves (Sagure 1).
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Figure 2. Density functions for the NW Iberian and French reference populations (solid and dotted lines, respectively) for the two most
discriminating loci combined (Pt1254 and Pt 36480). The data points were obtained after 10,000 simulations.

Table lll. Influence of the sample siz&\] on the resampling  terpene analysis was less conclusive. In two out of the five
procedure, with type Il error of 1% and using théndividuals as stands, the first biochemical analysis was insulfficient to

described irtable 1 identify their putative origin. It had to be repeated up to

N o (%) P four times until a conclusive answer was obtained and the
origin of the stands was determineab{e 1V).

20 15 0.065

30 2 0.075

40 03 0.081 4. DISCUSSION

50 0 0.087

b gﬁi;levr;?l;'e with = 1%. 4.1. The importance of the markers used (cpSSRS)

In this study, in order to develop the test comparing
the French and NW Iberian provenances it was necessary
to obtain sets of data that clearly differentiated between
fprovenances, while being insensitive to differences
among populations within provenances, from the cpSSR
analyses. The diversity among the Portuguese popula-
tions was found to be very low and among the French
populations was found to be effectively zero. Both sets of
data were considered homogeneous and used as refer-
ence populations. The tests for population differentiation
showed a clear difference between the Portuguese and

The critical valueS, = 0.075 was compared with the the French groups of populations: this means that the re-
statisticS, computed for each stand {able V). Using the sults obtained with the markers (cpSSRs) we used al-
two selected loci, only one of thestands was found to be  lowed the two provenances to be differentiated. The
of NW Iberian origin, while all the remaining stands were Portuguese and Galician populations together consti-
of French origin. Furthermore, the stand of putative NW tuted the NW Iberian reference material, as they were not
Iberian origin showed the exclusive allele found in the significantly divergent from each other. However, since
Portuguese populations at the locus Pt36480 (146 bp). Thehe density functions for the NW Iberian and the French

critical value wasS, = 0.075. Due to the time and costs
needed to run larger sets of samples, and because the o
tainedo value was reasonabld,= 30 was selected as the
sample size.

3.3. Testing the\ stands
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Table IV. Comparison between the cpSSR (using loci Pt1254 and Pt36480) and the terpene test to discriminate between the origins of
theA stands.

Stand code S% SP CPSSR test Terpene test

A 1st 2nd 3rd 4th
1 0.0600 0.075 F F

2 0.1200 0.075 NWI NWI

3 0.0540 0.075 F IR IR IR F

4 0.0600 0.075 F F

5 0.0057 0.075 F IR IR IR F

& Statistic computed for eaghstand.
b: Critical value with = 1%.

¢ Stand of French origin.

d: Stand of NW Iberian origin

¢ Inconclusive result.

reference populations did not overlap significantly, the  4.2. Comparison between the cpSSR and the
two groups could be considered divergent from each terpene test
other.

The results obtained with terpenes proved to be less

ral range which probably accounts for the wide diver- ?isfrimtiﬁ?;ing thatn t??ﬁe optginef(:hwitrt] thg cpSS;Qs. tl_n
gence found among regions. An isozyme-based study act, wi enewtest, the ongin ofthe stands was iaenti-

showed high levels of divergence among six populations fied with n_o_inconglusive re§ults. In contrast, the terpene
spanning most of the distribution range of this species test v(\j/as m(;tlallydl_n%or(ljcluzlve for twg out ?cf the_ f|veb
(Gs7=0.16, [24]) compared with othéPinus species ';este stan sandithadto erepgate up to four times be-
(averageGe, = 0.065, [15]). The markers used in this °'€ @ reliable answer was obtained. Thus, use of the

study (cpSSR) also revealed high levels of genetic differ- :Eﬁrpene tes;tt ”fSkiS thte neted'folr regitltlons, wacrde?smgtbtcr)]th
entiation among populations due to differences in allele € amount of plant material and ime heeded to get the
size, across the range of this species [34]. same information as obtained from a single cpSSR test.

Pinus pinastehas a scattered distribution in its natu-

, ) In a study where the range-wide genetic structure of

In the present study, the results obtained with p hinastepopulations was investigated by terpene anal-
chloroplast microsatellites showed a homogeneous dis-y s the results showed that populations from western
tribution of the polymorphism within groups and clear gr5nce portugal and a large part of Spain form a cluster

differentiation betwegn the tyvo groups of populations [4]. Other population genetic studiesfn pinastethave
(French and NW Iberian). This could have been causedyqq indicated that the French and Portuguese popula-

by reforestation programs that have been undertaken inyo s are clustered together, using allozymes, proteins [2,

most parts of the range &f. pinastersince the beginning 24] and, recently, mitochondrial DNA markers (Burban,
of the twentieth century [5]. The use of seeds of different unpublished results).

origins, together with gene flow, has probably obscured
the divergence among populations within regions. Both  Conversely, the distribution of chloroplast haplotypes
of theses factors could explain the homogeneity found and the haplotypic diversity is geographically structured
within regions [20, 28, 29]. The current distribution of at the regional level in the range of different species of
the species in Aquitaine is largely composed of artificial conifers, includingP. pinasteras shown by both this
plantations with seeds coming from original stands lo- study and by Lefort etal. [17]. In a study where ten popu-
cated along the coast. There is strong historical and geo4ations of P. pinasterspanning the range of the species
graphical evidence showing that the stands included inwere screened using cpSSRs, an evident discontinuity
the French reference population (coded 1taBle ) in between the Portuguese and French groups of popula-
this study are natural and of French origin (Mariette et al. tions was found [34], and the same phenomenon was ob-
[20] and references therein). served in the present study. These findings are in
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agreement with our suggestion that a marker capable ofanswer will be very valuable for identifying the origins of
detecting differences between groups should be used tostands in the Aquitaine region of France, and also in the
identify populations at a regional level. Therefore, the context of gene conservation. In addition, the type of
cpSSR markers used in this study were suitable for themarker used (cpSSR) could be analysed by a commercial
principal purpose of our study: i.e. to determine the puta- genotyping laboratory using an automated DNA se-
tive origin of P. pinasterstands in the Aquitaine region of quencer. Moreover, it is possible that similar methods
France. could be developed for other species, for identifying the

To our knowledge, the type of test developed here hasorigir} of_seed-lots and for providing solutions to seed
never been used before for identifying the origin of Certification problems.
stands. The results obtained indicate that similar tests
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