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Fifteen Rosa cultivated races were described by means of phenotypic frequencies (11 ta-
bles). Two groups of correlated contingency tables were identified by ACT-STATIS (Analyse
Conjointe de Tableaux — Structuration de Tableaux a Trois Indices de la Statistique) inter-
structure analysis. Three data sets appeared to be independent from the others. Typologies
of races were obtained after ACT-STATIS compromise analyses for the two groups of corre-
lated tables, and after Principal Component Analyses for the independent data sets. Each
typology was original and variously influenced by genealogical structure, mutation or artifi-
cial selection pressures. A weighted synthesis was attempted in order to build a taxonomy of
races taking into account these diversity factors. The good agreement between the resulting
classification and the assumptions about the history of Rosa domestication advocated for a
wider utilization of ACT-STATIS and RV coefficient when the relationships between individ-

uals or populations have to be studied on the basis of their similarities.

Introduction

Any taxon resulting from “descent with modifi-
cation”, its characteristics under a given descriptor
reflect at different degrees its ascency, adaptations
(or responses to artificial selection) and mutation
(Starck, 1998). Thus, the similarity between 2 taxa
could be high or low according to the sensitivity of
the descriptor to these various factors of diversity.
Since a meta-analysis combines a number of de-
scriptors, phenetic taxonomy (based on the assess-
ment of similarities) as well as phylogenetic recon-
struction were confronted with the problem of
detecting discrepancies between several indepen-
dent typologies of taxa, and of possibly retriving a
significant synthetic information. Within the phy-
logenetic framework, computation and validation
of a consensus between several phylogenetic trees
are well documented: strict consensus, Adam’s
consensus or majority rule consensus could be ob-
tained and supported by means of bootstrapping
or jack-knifing. Methods for assessing the degree
of incongruence between cladograms have been
developed (Normark and Lanteri, 1998; Fu and
Murphy, 1999). Furthermore, phylogenetic ambi-
guities could also be taken into account by net-
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work representations (Bandelt, 1994). The limits
of these methods, their advantages and the condi-
tion of their applications were often discussed and
the debate between separate analyses vs. simulta-
neous analysis strategies is controversial (Micke-
vich, 1978; Miyamoto, 1985; Tehler, 1995; Nixon
and Carpenter, 1996). On the opposite, within
phenetics the question of computing a compro-
mise taxonomy from a set of possibly incongruent
typologies remained marginal. We found no trace
of a debate among taxonomists, data being gen-
erally combined prior to any analysis under the
paradigm of “overall similarity”. Still, the assess-
ment of the independance between characters, the
choice between separate analyses and simulta-
neous analysis of potentially incongruent data ma-
trices has the same theoretical importance here as
in cladistic analyses. Now, in other research fields,
numerous methods were built up to compare and
summarize several matrices. Canonical analysis
(Hotelling, 1936) and co-inertia analysis were de-
veloped to compare two data sets. Further devel-
opments allowed multiple comparisons : General-
ized canonical analysis (Carrol, 1968; Kettenring,
1971), Multiple factor analysis (MFA) (Escofier
and Pages, 1990) and “Analyse conjointe de tab-
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leaux — Structuration de tableaux a trois indices
de la statistique”™ ACT-STATIS (L'Hermier des
Plantes, 1976; Lavit et al., 1994).

Rosa taxonomy was established on morphologi-
cal descriptions revealing ten sections (Rehder,
1940). Other criteria — e.g. seed morphology
(Buth and Misri, 1984), pollen exine (Ueda and
Okada, 1994) and floral flavonol heterosides (Har-
borne, 1967; Mikanagi er al., 1990, 1995) — sup-
ported this classification and gave new insights in
taxonomic ambiguities. Crossing experiments
(Lewis and Basye, 1961), isozyme polymorphism
(Grossi et al., 1998) as well as genomic markers
(Debener et al., 1996; Millan et al., 1996) con-
firmed the genetic value of the ten established sec-
tions. This abundance of descriptors raised the
question of their comparisons, which was studied
by means of ACT-STATIS (Grossi et al., 1999).
This method appeared as a valuable tool to iden-
tify correlations between four data sets describing
62 Rosa species. Morphological features, superox-
ide dismutase isozymes polymorphism, anthocya-
nins profiles and flavonolosides patterns re-
flected - to various extents — the underlying
genetic structure of botanical species belonging to
sections Cinnamomeae, Carolinae, Pimpinellifoliae
and Synstylae. Unfortunately, the data sets turned
out to be globally congruent, so that the obtained
compromise exhibited good adequacy with each of
the original typologies of species and brought little
information on the ability of ACT-STATIS to han-
dle and eventually summarize incongruent data
structures.

Consequently, we extended the use of ACT-
STATIS to study the relationships between 15 do-
mesticated and hybrid Rosa groups. The races
originating from the domestication of the genus
Rosa could be a valuable model to study the prob-
lem of detecting and summarizing incongruent to-
pologies, since the historical importance of inter-
specific hybridization, known to be responsible for
discrepancies, is well documented in these taxa
(Sytsma, 1990; Maia and Vénard, 1976). The gene-
alogy of most of the modern cultivars involved
founder hybridizations between species belonging
to 3 Rosa sections: Chinenses, Gallicanae and Syn-
stylae. The aims of the present study were:

— to document the behaviour of ACT-STATIS
when numerous tables, variously correlated,
are involved;
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— to detect correlation patterns within data sets,
i.e. similar reactions of descriptors with respect
to biological groups genealogy;

— to attempt an educated synthesis of overall evi-
dence, leading to a phenetic taxonomy of Rosa
races taking into account the various factors in-
volved in the evolutionary history of these taxa;
the phenogram so obtained would be con-
fronted to their recorded genealogy.

Material and Methods
Samples; taxonomic organisation and genealogy

All cultivars were collected at the departmental
rose garden of Val-de-Marne, I'Hay-les-Roses,
France. Among the 15 biological groups taken into
account (Table I), 13 originated from three botani-
cal sections, namely: Chinenses, Gallicanae and
Synstylae. Putative genealogy of the different
groups was extensively studied by Wylie (1954),
Maia and Vénard (1976), Beales (1985). Their pro-
positions were synthesized hereafter, articulated
by the botanical classification of Beales (1985).

Gallicanae groups: Gallica and Centifolia in-
cluded, respectively, cultivars of R. gallica and R.
centifolia. The subset ‘Moss’ of Centifolia is char-
acterized by an abundance of glandular trichomes
on the sepals and stems. Portland cultivars share a
common Gallicanae x Chinenses hybrid ancestor,
from which they derived by back-crossing with
Gallicanae material and/or mutation.

Chinenses groups: China contained cultivars and
hybrids of R. chinensis. Bourbon cultivars share

Table 1. Races of Rosa and their botanical classification.

Race Section

Alba Caninae
Bourbon Chinenses
China -
Hybrids Perpetual -
Noisette -

Tea -

Tea Hybrids -
Rugosa Hybrids Cinnamomeae
Centifolia Gallicanae
Gallica -
Moss -
Portland -
Floribunda Synstylae
Polyantha -
Wichuraiana Hybrids =
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a common Chinenses x Gallicanae ancestor, from
which they derive by back-crossing with Chinenses
material and / or mutation. Hybrids Perpetual cul-
tivars, combining Gallicanae hardiness to Chinen-
ses recurrent blossoming, were obtained by crosses
between Portland, Bourbon and China Hybrids
groups. Noisette, Tea and Tea Hybrids cultivars
were also placed into this botanical section, de-
spite their complex origin, involving Chinenses,
Synstylae and Gallicanae sections.

Synstylae groups: Wichuraiana Hybrids, Polyan-
tha and Floribunda cultivars originate from R.
wichuraiana, R. multiflora or R. moschata. Ac-
cording to Arisumi (1963) the contributions of
Synstylae species to these groups were important.
Floribunda, Polyantha and Tea Hybrids share
overlapping genealogies.

Others: Rugosa Hybrids and Alba cultivars
were respectively classified within the Cinnamo-
meae and Caninae sections. However, Alba culti-
vars are supposed to originate from an initial cross
between R. gallica and R. canina.

Data analysis

The descriptors used are summarized in Ta-
ble II. Ten of them referred to morphological
characteristics. Floral flavonol heterosides chemo-
types were deduced from HPLC chromatograms
of MeOH:EtOH extracts (Biolley et al., 1994).

Eleven contingency tables, crossing biological
groups and modalities for each descriptor, con-
tained absolute frequencies and were further en-
coded in a fuzzy way. The inter-structure analysis
implemented in ACT-STATIS was performed in
order to compute RV correlation coefficients be-

tween all the data sets (Robert and Escoufier,
1976). After identification of the correlated typol-
ogies of biological groups, sharing high RV coeffi-
cients, compromise maps were computed accord-
ing to the ACT-STATIS procedure, for each set
of correlated structures. Finally, separate analyses
(Principal Component Analysis) were performed
for original typologies, i.e. those exhibiting low RV
coefficients with all the other data sets.

All computations were performed with ADE-4
(Analyse des données écologiques) freeware, de-
veloped at Lyon University (Thioulouse et al., 1997).

Results and Discussion
Correlations between data sets

Two groups of correlated data sets were recog-
nized by RV coefficients (Table III). RV correla-
tions were generally high within the group A of
descriptors: pilosity of the branches, bristles, prick-
les quantity, shape of the prickles, width of the
prickles and pilosity of the leaflets, with a maxi-
mum of 0.88 between prickles quantity and shape
of the prickles. Statistical association between loci
was probably involved in the strong correlation
between the shape and the quantity of the prickles.
A common ontogenic determinism could also ex-
plain the observed correlation between the pres-
ence of bristles on the branches and the leaflets.
In the same way, shape of the corolla and petal
number were closely connected (group B) reflect-
ing the structural dependance between the shape
of the corolla and the number of petals : quartered
and rolled corollas could only be observed when
flowers displayed numerous petals. All these situa-

Table II. Studied characters and coding of the modalities. Flavonol chemotype A : kaempferol 3-rhamnoside ; flavo-
nol chemotype B : kaempferol 3-arabinoside and 3-xyloside; flavonol chemotype C : quercetin glycosides; flavonol

chemotype D : kaempferol and quercetin 3-sophorosides.

Character Modalities

1 2 3 4 51 6
1-Branch/pilosity null or weak sparse abundant
2-Branch/bristles absent present
3-Prickles/quantity small medium high
4-Prickles/shape very concave concave straight convex
5-Prickles/width very Small small medium large very large
6-Leaflets/pilosity glabrous hairy lower side
7-Flower/shape of the corolla flat cup rolled up globular quartered helical
8-Flower/petal number 5 <20 >20 unvisible stamens
9-Inflorescence/flower number 1 2to5 6to 10 >10
10-Flower color white rose fuchsia bright red yellow orange
11-Chemotype/flavonol glycosides A B D
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Table III. RV coefficients between frequency tables.

- Synthetic Taxonomy of Rosa Using ACT-STATIS

72}
Q .
& & n ] )
Q ] L [5) < o
= x~ = = = 2
£ 2 2 £ 8 Z . 2
2 T ¢y g & & B 4 5 &
i s 5 € £ € © 8§ ®B ZE
=z % 5 3 2 =z I T 5 8 5
z 3 ¥ & £ 2% & 3 % 3% %
E o &£ » 2 E B & &E &% %
- A o < - NS ~ 0 o = b

1-Pilosity of the branches 1.00 .

2-Bristles 0.48 1.00 .

3-Prickles quantity 0.67 0.69 1.00 .

4-Shape of the prickles 0.75 0.55 088 1.00 .

5-Width of the prickles 0.69 0.14 037 0.63 1.00 .

6-Pilosity of the leaflets 0.77 021 052 056 055 1.00 .

7-Shape of the corolla 0.47 0.12 022 032 042 044 1.00 .

8-Petal quantity 0.33 0.01 0.18 031 042 028 080 1.00 .

9-Flower number 026 006 022 026 023 0.17 029 034 1.00

10-Flower color 020 0.05 0.3 0.14 017 0.14 020 0.11 048 1.00

11-Flavonol chemotype 0.32 016 034 029 022 046 025 019 028 050 1.00

tions could be referred as methodological biases
inducing false estimation of the distances be-
tween taxa.

As typologies were highly congruent within
each group, a compromise typology allowed to
avoid redundancy. On the contrary, the following
data sets were not related to any other ones:
number of flowers / inflorescence, floral colour
and floral flavonol chemotype. Their underlying
structures being original, each of those 3 sets was
analysed separately.

Compromise typology of goup A

Compromise analysis of tables pilosity of the
branches, bristles, prickles quantity, shape of the
prickles, width of the prickles and pilosity of the
leaflets supplied a bi-dimensional map, displaying
86.3% of total inertia (Fig. 1A). Rugosa Hybrids
and Moss Centifolia groups were defined by an
abundant pilosity of the branches and presence of
bristles. Alba, Gallica, Centifolia and Portland
groups were defined by high frequencies of me-
dium to high prickles quantity as well as by high

frequencies of small width and straight shape of
the prickles. On the contrary, Chinenses and Syns-
tylae races shared high frequencies of low prickles
quantity, medium to large width and curved shape
of the prickles.

Sections Chinenses and Synstylae were opposed
to section Gallicanae along the F1 axis, while sec-
tion Cinnamomeae was taken into account by F2
axis. Whereas the coordinate of Moss Centifolia
on the F1 axis was coherent with its botanical clas-
sification in section Gallicanae, its position along
the F2 axis emphasized the originality of this mu-
tant group. Since classical taxonomy was based on
other criteria than those used here, e.g. type of
inflorescence, form of stipules and length of styles
(Rehder, 1940), the observed congruencies be-
tween the compromise map of group A and the
botanical classification support the value of prick-
les and pilosity as taxonomic markers, and have
not been documented as yet.

Compromise typology of group B

Compromise analysis of tables shape of the co-
rolla and petal number resulted in a bi- dimen-
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Fig. 1. A-F1*F2 map of the compromise between matrices of group A (pilosity of the branches, bristles, prickles
quantity, shape of the prickles, width of the prickles, pilosity of the leaflets). B-F1*F2 map of the compromise
between matrices of group B (shape of the corolla, petal quantity).
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sional map dedicated to 84.1% of total inertia, re-
vealing a complex pattern of diversity (Figure 1B).
The F1 axis underlines the opposition between
groups showing high frequencies of cultivars with
high petal number and quartered corolla, namely
Gallica, Centifolia, Moss Centifolia, Alba and
Portland, vs. groups with high frequencies of culti-
vars with low petal number and cup corollas :
China and Noisette. Groups exhibiting intermedi-
ate positions between these two extremes either
contained a mix between high and low petal num-
bered forms — e.g. Bourbon and Hybrids Perpet-
ual —, or included rolled-corollas cultivars —Tea
Hybrids and Floribundas—. The F2 axis highlights
the originality of Rugosa and Wichuraiana Hy-
brids, set up by high frequencies of flat corollas
with low petal number, close to ancestral botani-
cal forms.

Though the underlying botanical structure re-
mained visible on the compromise map, tables for
shape of the corolla and petal number brought in-
formations on the hybrid origin of Bourbon and
Hybrids Perpetual groups as well as on recent arti-
ficial selection trends, privileging rolled corollas
over ancestral cup (China) and quartered (Gal-
lica) forms.

Separate analyses of flower number, floral colour
and flavonol chemotype

Original typologies of tables flower number, flo-
ral colour and flavonol chemotype required sepa-
rate analyses (Fig. 2).

Flower number / inflorescence : races were split
up into groups with (Fig. 2A):

— high frequencies of single-flowered cultivars
(Tea, Tea Hybrids);

— high frequencies of cultivars with 2 to 5 flowers /
inflorescence e.g. Gallica and Portland;

— high frequencies of 6 to 10 and more flowers /
inflorescence, e.g. Wichuraiana Hybrids, Polyan-
tha, Floribunda and Noisette, i.e. races with Syn-
stylae ancestors.

Thus, flower number reveals the originality of
Synstylae, which were not distinguished from Chi-
nenses by previous compromise analyses. More-
over, Tea and Tea Hybrids illustrated another arti-
ficial selection trend, privileging single-flowered
cultivars.
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Floral colour did not reveal clear relationship
with botanical origins of the different groups
(Fig. 2B). However, the pattern of diversity of an-
cient races (Gallica, China, Alba and their first hy-
brids) was based on white, rose and Fuchsia col-
ours. On the contrary, the diversity within some
modern races (Noisette, Floribunda, Tea and Tea
Hybrids) explored yellow and orange, indicating a
recent trend of diversification.

Flavonol chemotype distribution did not fit to
any other structure, because of its tri-dimensional
shape (Fig. 2C). Alba and Rugosa Hybrids shared
high frequencies of 3-sophorosides chemotypes,
known to be characteristic of Cinnamomeae and
Caninae sections (Mikanagi et al., 1990; Raymond
et al., 1995). China, Bourbon and Hybrids Perpet-
ual shared high frequencies of quercetin based me-
tabolisms whereas groups with Synstylae ancestors
exhibited high frequencies of kaempferol based
chemotypes. Finally, Gallicanae groups — Gallica,
Centifolia, Moss Centifolia and Portland — were
defined by high frequencies of 3-arabinosides me-
tabolism.

Synthetic analysis

Unweighted analysis

The phenetic similarities between the 15 biologi-
cal groups were organized by means of dendro-
grams. Euclidean distances were computed be-
tween the factorial coordinates of the 15 races
after Principal Component Analysis performed on
the raw data matrix. UPGMA cluster analysis re-
vealed a major partition in 3 groups (Fig. 3A). Ac-
cording to inertia analysis, this partition was
mainly determined by the variables of the subset
A. Moreover, it is noteworthy that the dendro-
gram obtained from the ACT-STATIS compro-
mise typology of races remained nearly identical,
meaning that high RV coefficients between the ta-
bles of subset A concealed the information of the
other descriptors, overestimating the similarities
between races and justifying the group by group
analysis (Fig. 3B).

The present study extended the field of applica-
tion of ACT-STATIS to data sets showing various
patterns of correlation. As predicted by the theory
(Lavit et al., 1994), the global compromise was
mainly influenced by the most correlated data sets
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Fig. 2. Separate principal component analyses of A : flower number, B : flower color, C: flavonol chemotype. For
each analysis : 1-Eigenvalue diagram, 2-F1*F2 variable map, 3-F1*F2 races map. C4 : F3 axis of the ACP of flavo-

nol chemotype.
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(group A), others being forgotten by this ap-
proach. A two-steps implementation protocol,
where quantification of the correlation between

matrices was followed by the computation of com-
promises for each subset of correlated tables, was
able to reveal the main underlying typologies.
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Weighted analysis

In order to take into account the information
provided by every subset of variables, a weighted
comparison analysis was carried out. Distances
were computed between the factorial coordinates
resulting from the subset by subset data analysis.
Each subset of factorial coordinates was weighted
in order to moderate the influence of size effect
: total inertia of each subset was computed after
variables centring and each variable received a
ponderation equal to (total inertia)~!. UPGMA
cluster analysis produced a strikingly more infor-
mative synthetic dendrogram (Fig. 3C). The major
split between I and (I A — II B) reflected the
originality of Rugosa Hybrids (section Cinnamo-
meae) due to their characteristic patterns of varia-
tion of group A (prickles and pilosity) and flavo-
nol chemotype. I A and II B were mainly
explained by subset A, subset B (shape of the
flower) and flavonol chemotype and have a taxo-
nomic meaning, since II A could be associated
with the Chinenses and Synstylae sections, whereas
IT B could be associated with the Gallicanae. The
major partition reflected the underlying botanical
organization in 4 sections and suggested that Syns-
tylae and Chinenses are probably closer to each
other than to Gallicanae.

The IT A; and II A, dichotomy essentially layed
on differences of flavonol chemotypes and flower
number; it is noteworthy that this division sepa-
rated the races with Gallicanae ancestors (I A,)
and the races with Synstylae ancestors (II A;). On
the contrary, the scission of II B, leading to II B,
and II B,, appeared to be artefactual, since the
agregation of Centifolia and Alba (II B;) could
not be explained by homogeneous patterns of
variation. Finally, IT A, and II A}, could be re-
lated to selection trends privileging original col-
ours (orange, yellow) and rolled corollas within
the Tea, Tea Hybrids and Floribunda. Intermedi-
ate clusters reflected hybridization events, whereas
lower level clusters showed selection trends in
modern races.

The synthetic hierarchy of races was coherent
with the botanical and historical knowledge. The
obtained dendrogram illustrated the unequal in-
fluences of hybridization, mutation and artificial
selection on some phenotypic characters, and was
able to classify the factors of diversity by order
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of decreasing discriminatory power in cultivated
roses: genealogical structure, hybridization and ar-
tificial selection.

The similarities between the 15 races as seen by
the synthetic phenotypic taxonomy are coherent
with the typology obtained after RAPD genomic
fingerprinting (Martin et al., submitted). As an ex-
ample, Portland and Gallica were tightly associ-
ated in both studies, giving good support to ques-
tioning the supposed Gallicanae x Chinenses
origin of Portland roses. This coherency with a to-
tally different approach strongly supports the use
of ACT-STATIS to build a synthetic phenogram.

Conclusion

Within the phylogenetic framework, when nu-
merous matrices are involved, each of them can
be analysed separetely (Sennblad et al., 1998; Gra-
ham et al., 1998); combination of data prior to a
global analysis is also a possible strategy (Remsen
and DeSalle, 1998). Whereas the first approach is
adapted to the detection of heterogeneity between
data sets, the second permits to benefit from the
whole information. Nevertheless, separate analy-
ses are often based on arbitrary partitions of the
data (Lanyon, 1993; Baker and DeSalle, 1997).
The ACT-STATIS approach united the advantages
of both strategies: it permitted a combined analy-
sis, but after benefitting from the separate analy-
ses. In the prospects outlined by de Queiroz et al.
(1995), developing tests dedicated to the detection
of heterogeneity between data sets appeared as a
priority. RV coefficient could be the decisional
tool dedicated to build the clustering on an objec-
tive basis. However, testing the significance of
such coefficients is still to be undertaken.

Independance of characters is a basic require-
ment of any taxonomical analysis, which take con-
gruence between their distributions as reflecting
a shared genealogical pattern. This assumption is
violated by characters sharing a common deter-
minism: they are actually a single character re-
corded more than once. RV coefficient, delineat-
ing clusters of characters with similar distribution,
helps to spot out the potential sources of this ana-
lytical bias.

Finally, ACT-STATIS can help to distinguish,
among the similarities between taxa, the phyloge-
netically significant ones from those reflecting a
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convergence phenomenon, e.g. potentially to be-
gin the separation between adaptative feature and
phylogenetic burden : in our example, group A
and chemotype appeared to be representative of
the genealogical structure ; on the contrary, colour
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