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Note

Vegetative and generative maintenance of self-incompatibility in six accessions

of German chamomile
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and Functional Plant Compounds, Veterinaerplatz 1, 1210 Vienna, Austria

Self-incompatible (SI) plants are able to form ideal mother lines for hybrid crossing in hermaphroditic plants,
assuring fertilization from the desired father line. To find out suitable ways to maintain SI was the aim of this
study. Among 220 plants of German chamomile (Matricaria recutita (L.) Rauschert) within six accessions
SI-genotypes were selected. SI was determined as staying seedless in three flower heads per plant. Initial SI-
plants formed the basic paternal generation (P1) of i) maintaining the same genotypes over six months and
repeating seed set analysis (P2) and of ii) conducting crossings in three versions (SI x SI, SI x NSI (not SI evalu-
ated plants) and NSI x SI), thereby producing the F; population. F, exhibited 78% SI and P2 62% SI, indicating
a higher environmental than genetic influence on SI. But heritability, calculated from the results of SI x SI
crossings, showed high values (h> = 0.71). Within generative propagation, the influence of generation/crossing
version was highly significant (p = 0.001) and the cultivar ‘Degumille’ explored the highest value of SI (86%)
after SI x NSI crossings. Therefore, the intra-cultivar combination of ‘Degumille’ SI mother plants crossed
with NSI father plants can be recommended as the most promising version to maintain SI in chamomile.

Key Words: chamomile, self-incompatibility, Matricaria recutita, breeding tool, hybrid crossing, mother

lines, heritability.

Introduction

German chamomile (Matricaria chamomilla L. (syn.
M. recutita (L.) Rauschert)) is a valuable medicinal plant,
delivering essential oil and dried flower heads. Traditionally
German chamomile is used as herbal tea, primarily effective
against gastric and intestinal complaints (Ravindran and
Pillai 2012). To develop high quality cultivars with desired
agronomical traits breeding efforts have been undertaken
for more than 60 years (Franke 2009). Pank and Bluethner
(2009) expressed the aims of breeding as an increase of me-
dicinally valuable components and suitability for mechani-
cal harvesting.

Specific crossings are the method of choice to combine
desired maternal and paternal traits and/or to use heterosis
effects in outcrossing crops (Wricke and Weber 1986). In
hermaphroditic Asteracae like chamomile, possible self-
fertilization is to be avoided to ensure fertilization with the
chosen crossing partners (Becker 1993, Richards 1997,
Stoskopf et al. 1993). A—vegetatively propagated—mother
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line of self-incompatible (SI) plants could form an ideal
base for crossings, ensuring the provided partner plants to
be the father and the seeds deriving from mother plants to
be progenies of desired parents. Without using SI, mother
plants would have to be castrated manually or chemically,
which would cause enormous stress and decrease reproduc-
tivity (Becker 1993).

The challenge in this scope is to develop suitable strate-
gies to maintain self-incompatibility (SI), either vegetative-
ly by recurring cuttings or generatively by using a suitable
maintainer line as partner. Other papers already stated the
search for genetic constitution of maintenance of SI (e.g.
Sijacic et al. 2004, Vieira and Charlesworth 2002). In con-
sequence, the present research focused on exploring the ef-
fects of vegetative or various generative maintaining meth-
ods on SI occurrence in a population of chamomile plants.
Furthermore, partners with differing SI constitutions were
individually crossed to get an idea of maternal or paternal
inheritance and to work towards best breeding results in the
next generation. As already done for other intrinsic values
of German chamomile (Franz 1993), investigating the heri-
tability of the SI trait would give an answer to the question
of suitability of individual selection procedures in breeding.
Some previous work on self-incompatibility in German chamo-
mile showed that there is a significant effect of cultivar on
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this trait and that diploid cultivars tend to stronger self-
incompatibility (higher outcrossing rate) than tetraploid
ones (Faehnrich et al. 2013a). Therefore focus was laid on
diploid (2x) cultivars in this study. Four diploid accessions
(‘Degumille’ (DEG), ‘Germania’ (GER), Promyk’ (PRO)
and ‘USA’ (USA)) and two tetraploid ones (‘Hungarian 1’
(HUN 1), ‘Lutea’ (LUT)) were comprised in the experi-
ments.

Normally genetics of plants should not change during life
time; solely a certain genetic variability and consecutively
an occasional loss of chromosomes in auto-tetraploid geno-
types (like in the colchicine induced 4x-accessions of cham-
omile) could happen (Cassells and Morrish 1987, Fachnrich
et al. 2013b, Gottschalk 1976, Mar’yakhina and Butenko
1974, Otto 2007). According to earlier trials with German
chamomile, exploring ploidy level and formation of aneu-
ploidy at the beginning and at the end of a five month lasting
period, no directed change or loss of chromosomes should
be expected (Faehnrich 2013, personal communication).
Genetic stability therefore could be assumed and phenotypic
alteration should be due to environmental changes. Never-
theless, differing gene expression as a response to environ-
mental changes/stress and/or elapsed time/senescence con-
cerning labile phenotypic traits is an often observed effect in
commercial plants (Havaux 2014, Li et al. 2012, Wen et al.
2015, Westneat et al. 2015). This effect could also play a
role in recent maintenance experiments, and could be a rea-
son for the high environmental influence on SI in spite of
the high heritability values. However, cultivar specific reac-
tions suggest possible certain SI maintaining strategies.

Materials and Methods

General

To start the recent trials a population of 220 German
chamomile (Matricaria recutita (L.) Rauschert) plants
among six varieties (‘Degumille’ (DEG), ‘Germania’
(GER), ‘Hungarian 1’ (HUN 1), ‘Lutea’ (LUT), ‘Promyk’
(PRO) and ‘USA’ (USA)) was grown in the green house of
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the University of Veterinary Medicines, Vienna (Table 1).
‘Degumille’, ‘Germania’, ‘Lutea’, and ‘Promyk’ are de-
scribed varieties since 1977, 1962, 1995 and 1992, respec-
tively (Heine et al. 2009). ‘Hungarian 1’ is an accession
provided by the Faculty of Horticulture of the University of
Budapest and was proven to be 81% tetraploid (Fachnrich et
al. 2013a). ‘USA’ is a trade accession from the referring coun-
try. ‘Degumille’, ‘Germania’, ‘Promyk’ and ‘USA’ are diploid;
‘Lutea’ is a tetraploid variety (Plescher and Sonnenschein
2013, Schilcher 1987).

SI-examination

Cuttings were produced from each plant of the starting
population before evaluation of self-incompatibility. To
prove SI, single plants were isolated with micro-perforated
Crispac-bags (Baumann, Waldenburg, Germany) and hand
pollinated not fewer than three times. As soon as flower
heads ripened (ray flowers turned downwards, disk flowers
turn from yellow to brown), three flower heads were collect-
ed, dried in an oven (30°C, not shorter than one week) and
seed set was examined under light microscope at 100-fold
magnification. Ripe and normal shaped achenes (with a
length of 1-2 mm and a width of app. 0.3 mm, striped,
slightly curved) were assumed to bear fertile seeds and were
counted. Plants displaying a negative seed set in all three ex-
amined flower heads were determined as self-incompatible.

Vegetative maintenance

Plants raised from cuttings from initially selected SI-
plants were kept as the first parental population (P1). In Oct.
2014 this P1 population included 61 individuals among five
chamomile varieties (Table 1). The first part of the trial
maintained the individuals (partly by generating cuttings)
and therefore the genetic material of P1 for six months, until
new SI determination in March 2015. Except of some per-
ished plants, this population survived and was called P2.
Thereby the SI maintenance over varying environments
(elapsed time, changing growing conditions) at stable genet-
ic conditions could be assessed (Table 1).

Table 1. Total number of plants in the starting population and number of evaluated plants in each other determined population of the trial (N).
Mean values of SI-development (SI = 1.00, non SI=0.00 per plant), standard deviation (SD) of all mean values in all determined populations,
separated by variety. Missing values indicate that there are no evaluable plants available in the respective group

Starting population P1 P2 F, after SI x SI F, after ST x NSI  F, after NSI x SI F, total
Variety N Mean SD N Mean SD N Mean SD N Mean SD N Mean SD N Mean SD N Mean SD
LUT 40 0.20 041 7 1.00 0.00 0 3 033 058 0 2 050 0.71 5 040 0.55
HUN1 49 036 050 14 1.00 0.00 6 050 0.55 0 0 0 0
USA 41 0.00 0.00 0 0 0 0 0 0
GER 40 0.38 0.52 1 1.00 2 0.00 0.00 0 1 1.00 3 033 0.58 4 050 0.58
DEG 40 034 048 38 1.000 0.00 16 075 045 68 0.82" 038 35 0.86" 036 31 0.71" 046 134 0.81 0.40
PRO 10 0.60 0.55 1 1.00 2 050 0.71 0 0 0 0
Total 220 031 046 61 1.00¢ 0.00 26 0.62° 0.50 71 0.80</ 040 36 0.86% 035 36 0.67° 048 143 0.78¢ 0.41

@b Different letters indicate significant differences at probability error level 0. = 0.05 between P1 and P2.

<< Different letters indicate significant differences at probability error level o = 0.05 between P1 and crossing versions of F;.

/¢ Different letters indicate significant differences at probability error level a = 0.05 between P1 and F, total.

hi Different letters indicate significant differences at probability error level a = 0.05 between P1 and F, crossing versions in ‘Degumille’ (DEG).
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Table 2. P-values after two way univariat analyses of variance for the influence of generation/crossing/environment, cultivar and interactions,
respectively, on the occurrence of self-incompatibility (SI) in the relevant populations (databases)

+ i :
Factor of influence P1+P2 PL+F, §r0551ng P1 +F; total P2 + F; total Fi crgssmg

versions versions
Generation/crossing/environment <0.001* 0.001* 0.004* 0.143 0.257
Cultivar 0.064 0.606 0.282 0.014* 0.345
Interactions 0.057 0.207 0.126 0.241 0.416

* Significant at a level of error probability of o = 0.05.

Generative maintenance

The second part of the trial used cuttings of the P1 popu-
lation for intra-cultivar crossings. Defined SI plants of P1 as
mother were crossed with defined SI plants as father
(SIx SI) and with ‘normal’, not SI evaluated plants (so
called NSI plants) as father (SI x NSI). The third version
(NSI x SI) incorporated crossings of NSI plants as mother
and SI plants as father. To avoid misleading fertilization all
plants were isolated as a whole with Crispac-bags and hand
pollinated. Self-fertilization of NSI mother plants therefore
could happen and was not eliminated to avoid additional
stress through emasculation. Total F, generation comprised
215 progenies within all three crossing versions, among
which 143 could be SI evaluated (Table 1).

Statistics

Statistical analyses were performed with SPSS 20 pro-
gram (IBM, Armonk, USA). Experimental unit was the sin-
gle plant individual. Influence of cultivar and environment,
generation and/or crossing version on SI development in
defined groups of plants was assessed by two way univariat
analyses of variance. If applicable, post hoc tests were per-
formed according to Student-Newman-Keuls. All statistical
analyses were conducted at a level of probability of 5%.
Determined SI (3 x 0 seeds) was given the value 1.00 (equal
to 100% SI), plants with positively evaluated seed set were
given the value 0.00 (equal to non SI). The mean values
displayed in tables vary between 0.00 and 1.00, indicating
SI percentages of the respective group between 0% and
100%. In case fewer than three flower heads ripened to seed
harvesting stage, data of this plant were not included in the
calculations. Cross tables and chi-square tests (Pearson)
evaluated the concordance of SI distribution with expected
values. Realized heritability (h?) of SI was calculated via
equation h> = R/S (Becker 1993). S indicates the difference
of mean of the starting population and the mean of the SI
selected population P1 and R indicates the success of selec-
tion, i.e. the difference between the mean of the starting
population and the mean of the F, after SI x SI.

Influence of environment—comparison of P1 and P2

To evaluate the influence of changing environment at
stable genetics, SI appearance of P1 in Oct. 2014 compared
with P2 in Mar. 2015 was tested over all cultivars/varieties
by analysis of variance. The environment showed highly
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significant influence with a p-value of <0.001. Cultivar
turned out not being significant (p =0.064). Still, this p-
value indicates a certain tendency, even underlined by the
p-value for the interaction cultivar*environment of 0.057
(Table 2). Despite of non-significant results, post hoc tests
for the influence of cultivars on SI maintenance displayed
two subgroups (Table 3). The high mean value of ‘Lutea’
(1.00) over both populations (P1 and P2) can be neglected,
as ‘Lutea’ only occurs in P1 (Table 1). Nevertheless, re-
markable is the high value of ‘Degumille’ of 0.93, as this
can be seen as a sign of a high SI stability over changing
environments for this cultivar (Table 3). Also the strong
tendency of the cultivar*environment interaction as de-
scribed above underlines this approach. Therefore, a special
focus on heritability calculations of ‘Degumille’ will be
given. Chi-square tests checking the distribution of self-
incompatible plants (16 in P2) and non-self-incompatible
plants (10 in P2) against the expectations of the original P1
population (61 SI plants, 0 non-SI plants) showed highly
significant values for the asymptotic p-value of 0.000 and
x> = 2346141.54 (Table 4). Also the studentized residuals of
—10 for SI plants in P2 and of 10 for non SI plants in P2

Table 3. Student-Newman-Keuls post hoc tests for SI development of
cultivars over P1 and P2. Mean values of homogenous groups in sub-
groups are displayed, o= 0.05. Value 1.00 indicates 100% SI of the
respective group, value 0.00 indicates 0.00% SI

Cultivar N Subgroups

1 2
GER 3 0.33
PRO 3 0.67
HUN 1 20 0.85
DEG 54 0.93
LUT 7 1.00

Table 4. Results of chi-square-tests (Pearson), displaying asymptotic
significance (p-value) and chi-square-value (y>-value) to reveal differ-
ences of observed and expected SI distribution in respective populations

Against the expectation of

Observed

AN Mean values of F; total

0,
dlstrll?utlon 100% SI (P1) (78% SI, 22% non SI)
of Sl in
P-value  y%-value P-value  y’-value

F, after SI x SI <0.001* 168371.89
F, after ST x NSI  <0.001* 42352.50 0.115 4.327
Fafter NSI x SI  <0.001*  243984.00
P2 <0.001* 2346141.54 0.066 3.373

* Significant at a level of error probability of o = 0.05.
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show a highly significant decrease of SI occurrence and a
highly significant increase of non SI plants in the course of
time. These results indicate a strong influence of environ-
ment on SI development, maybe stronger than genetic influ-
ence. Yet, some cultivars exhibit more stable SI mainte-
nance (‘Degumille’, mean 0.93) than others (‘Germania’,
mean 0.33, or ‘Promyk’, mean 0.67).

Influence of generation—comparison of P1 and F;

In this research approach the situation is more complex
because three crossing versions (SIx SI, SI x NSI,
NSI x SI) act besides cultivars and generation as additional
influencing factors. Distribution of SI development and
number of plants in all cultivars and test populations can be
checked in Table 1. Noticeable is the general high number
of ‘Degumille’ plants in all variants, revealing a strong vig-
or and robustness of this cultivar. Per univariat two-way
analysis of variance the SI development was checked taking
into account the influencing factors ‘generation/crossing’
with the mean values of P1, F, after SI xSI, F, after
SI x NSI and F, after NSI x SI and the ‘cultivar’. Cultivar
does not show any effect, but effects of generation/crossing
is highly significant (p = 0.001, Fig. 1). No influence of in-
teractions between cultivar and generation/crossing on SI
development is identifiable (p = 0.207, Table 2). Exploring
post hoc tests of the generation/crossing-versions, the F,
generation after SI x NSI with the mean value of 0.86

Occurrence of self incompatibility (SI)
Clnonsl NIsI

60 p=0.001

40

Number of plants

207

Parental generaﬁon Fy S?enera'tion after F; lgeneration after Fy generation after
il x Sl crossing é x NSl crossing  NSI x Sl crossing

Generation/Crossing

Fig. 1. Number of self-incompatible (SI) plants and non SI plants in
the respective generation/crossing version. Included p-value refers to
results of two-way analysis of variance for the influence of generation/
crossing version on SI development.
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exhibits the closest value to the 100% SI of the P1 generation
and can be found in the same subgroup (Table 1). By look-
ing at the results over all cultivars and generation/crossing
versions again ‘Degumille’ with the F; version of SI x NSI
attracts attention by developing the highest value (0.86,
Table 1) of SI. Therefore analysis of variance for all gen-
eration/crossing versions was conducted for ‘Degumille’ only
and showed significant results (p = 0.007, Table 1). Appar-
ently, ‘Degumille’, with self-incompatible mother plants
crossed with non-self-incompatible father plants provides
the best option to keep SI over generations.

Considering the distribution of SI and non SI plants in
the different crossing combinations and comparing by chi-
square-test with the expected distribution of the parental
generation (P1; 61 SI and 0 non SI plants), a highly signifi-
cant asymptotic deviation (p < 0.001) occurs for all crossing
variations. y* is 168371.89 for SIxSI, 42352.50 for
SI x NSI and 243984.00 for NSI x SI (Table 4). Studen-
tized residues show —/+ 14, —/+ 5 and —/+ 12 for SI and non
SI plants in F, after SIx SI, after SI x NSI and after
NSI x SI, respectively, and therefore indicate a highly sig-
nificant deviation of the 100% SI—population P1.

Statistically comparing the mean values of P1 and F,
total a highly significant effect of generation is displayed
(p =0.004, Table 2), whereas the effect of cultivar and in-
teractions, respectively, show no influence (p =0.282 and
p=0.126, resp.). However, it seems clear that in general
there will be a lessening of SI abundance from the P1 to the
F, generation. The question is rather, if and how there is a
difference of SI distribution between the different crossing
variations of the F;, because—in case of genetic determina-
tion of the trait—paths of heredity and in consequence pref-
erable ways of breeding could be revealed. Due to the high
number of SI x SI progenies and consecutively high number
of SI plants in this population a significant distinction of
SI x SI against the other F; populations seems probable
(Fig. 1). But chi-square-tests (Pearson) after generated cross
tables of the SI/non SI distribution in F; populations and
against the expectation of the mean values of these popula-
tions show an asymptotic p-value of 0.115 and y~ =4.327.
Therefore no oriented distinctness can be stated (Table 4).
Even the two way analysis of variance shows no influence
of cultivar or crossing version on SI occurrence (Table 2).

Influence of maintaining method—comparison of P2 and I

The phenotypic appearance of a trait depends on genet-
ics, on the environment and on interactions between both
(Falconer 1984). To weigh the impact of environment and
genetic heredity on SI development, starting from a general
100% SI test group (P1), the comparison of P2 and of F,
can give valuable information. As the percentages of SI in
P2 displayed 62%, and in F; total 78%, the assumption of
higher impact of environment than of genetic determination
on loss of SI is self-evident (Table 1). But one-way analysis
of variance, exploring the effect of environment vs. genera-
tion, revealed these differences in SI occurrence not to be
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significant. Calculated over all cultivars p-value exhibited
0.067, calculated for ‘Degumille’ only p-value was 0.600.
However, the cultivar ‘Degumille’, displayed with 75% SI
in P2 and 81% SI in F, total the highest values of all culti-
vars (Table 1) ‘Degumille’ indicates thereby a high genetic
stability and is worth a closer look.

Influence of genetics—calculations of heritability

This naturally leads to calculations of heritability of SI
over generations. Broad sense heritability estimates how far
variability of a phenotypic trait in a population depends on
genetic differences (Becker 1993, Falconer 1984, Wricke
and Weber 1986). As we specifically selected SI plants from
a basic starting population and then crossed within this se-
lected fraction (SI x SI), heritability of SI occurrence can be
estimated. Realized heritability (h?) in general is described
as the response to selection (R) relative to the strength of
selection (S) (Becker 1993, Falconer 1984, Wricke and
Weber 1986). S is the phenotypic difference between the mean
of the selected fraction (in our case P1) and the mean of the
starting population. R is the difference between the mean of
the progeny of the selected fraction (in our case F, after
SI x SI) and the starting population. According to the equa-
tion h? = R/S and the values displayed in Table 1, h? of SI
development displays the value 0.71 over all cultivars and
0.66 for ‘Degumille’. These values exhibit a genetic deter-
mination of 71% and 66%, respectively, of the phenotypic
trait of SI in German chamomile.

For breeding purposes self-incompatibility in hermaphro-
ditic plants is a desired trait. To maintain once assessed
self-incompatibility, two ways—vegetative and generative
maintenance—seem possible. As a general outcome of
this study an intra-cultivar, generative maintenance of self-
incompatibility with the cultivar ‘Degumille’, using defined
SI plants as mother and normal, not SI evaluated plants as
father, can be recommended.

Reasons for this recommendation can be found on sever-
al levels of breeding efforts, e.g. in the practical fact that it
will be easier to maintain a specific breeding line of annual
and hapaxanth plants like German chamomile by generating
successions of generations instead of recurrently producing
vegetative cuttings of the same genetic material (Arbury et
al. 1997, Bareja 2010, Guse and Larsen 2001). Moreover,
the influence of environment on SI development can be high
(p <0.001). To exactly reveal the mechanisms of environ-
mental influence of SI in German chamomile further inves-
tigations, including molecular biology and gene expression
would be necessary, like Sijacic et al. (2004) and Thomann
et al. (2015) showed for other plants.

Moreover, the high general heritability of SI in German
chamomile (h? = 0.71) is notable. Commonly h*-values over
0.6 are stated as a high heritability (Dorfman 2001). In pre-
vious investigations of intrinsic chamomile traits (essential
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oil compounds) equally high values of heritability (0.72—
0.95) were discovered (Franz 1993). High co-heritability, as
a description of genetic association within pairs of quantita-
tive traits and a sign for low genetic variability and high in-
heritance (Janssens 1979), was discovered for a number of
economic traits in German chamomile, like for fresh flower
yield and for spread area (Lal et al. 2000). For breeding pur-
poses, in particular, the heritability of reproductive traits in
plants is an important and is therefore often investigated
value. Moghe and Shiu (2014), for example, discovered sig-
nificant genetic influence for the inheritance of unreduced
gamete formation in crops. Whereas Austen et al. (2015)
balanced heritability and environmental influence on sex al-
location in hermaphroditic plants. The present work seems
to be the first one investigating heritability values of repro-
ductive traits in German chamomile.

Another remarkable finding is the co-occurrence of the
SI x NSI crossing version and the P1 in the same subgroup
after post hoc tests of analysis of variance for the influence
of generation/crossing versions on SI development
(p=0.001), which shows the high affinity of this special
crossing version to develop towards 100% SI in the P1 pop-
ulation. No statistical significance between crossing ver-
sions to guarantee the best maternally or paternally domi-
nated crossing version can be provided (p = 0.257), but the
above mentioned fact stresses the proximity of the crossing
version SI (mother) x NSI (father) to the pure SI starting
population and therefore serves as trend indicator for the
best crossing version.

The outstanding features of the cultivar ‘Degumille’, ex-
hibiting high SI stability over varying environments (mean
value 0.93 over P1 and P2) and vigorous plants throughout
the experiment, support the set up recommendation. Addi-
tional investigations to test interspecific but diploid crossing
lines with ‘Degumille’ SI mother plants to find out ideal SI
maintainer lines are a valuable future approach. Also to ex-
tend SI investigations to the tetraploid cultivar ‘Manzana’,
an autopolyploid enhancement of ‘Degumille’, could be a
reasonable approach, in particular to combine specific, de-
sired reproductive traits like SI with economic interests of
high drug yield and other useful characteristics (Franke et
al. 2005).

Acknowledgements

This work was partly funded by the Fachagentur
Nachwachsende Rohstoffe (FNR) of the Federal Ministry of
Food and Agriculture, (BMELV), Germany, under the grant
number 22038911.

Literature Cited

Arbury,J., M.Salmon, M.Honour, C.Innes and R.Bird (1997) The
complete book of plant propagation. Tauton Press, pp. 158—172.
Austen, E., J.Forrest and A.Weis (2015) Within-plant variation in

reproductive investment: consequences for selection on flowering

454



Self incompatibility in chamomile

time. J. Evol. Biol. 28: 65-79.

Bareja, B. (2010) What is plant propagation, sexual and asexual propa-
gation methods distinguished. CropsReview.Com 2010-15, last
edited Sept. 2012, http://www.cropsreview.com/sexual-propagation.
html.

Becker,H. (1993) Pflanzenziichtung. Ulmer, Stuttgart, pp. 127-128,
181-183.

Cassells,A. and F.Morrish (1987) Variation in adventitious regener-
ants of Begonia rex Putz. ‘Lucille Closon’ as a consequence of cell
ontogeny, callus ageing and frequency of callus sub-culture. Sci.
Hortic. 32: 135-143.

Dorfman,K. (2001) Genes, Evolution, Disease and Sex. Mount
Holyoke College, Department of Biological Science. https:/www.
mtholyke.edu/courses/kdorfman/Biol 100

Faehnrich, B., P.Nemaz and C.Franz (2013a) Self incompatibility and
male sterility in six Matricaria recutita varieties. J. Appl. Bot.
Food Qual. 86: 167-171.

Faehnrich,B., C.Dobe$ and C.Franz (2013b) Ploidy level and re-
productive trait analysis in three Matricaria recutita cultivars.
Cytologia 78: 173-179.

Falconer,D. (1984) Einfiihrung in die quantitative Genetik. Ulmer,
Stuttgart, pp. 165-193, 244-268.

Franke,R., J.Bernath, T.Fahmi, N.Fogola, D.Jedinak, H.Hannig,
J.Holubar, E.Nemeth, V.Oravec, V.Oravec, Jr. et al. (2005) Culti-
vation. /n: Franke, R. and H. Schilcher (eds.) Chamomile Industrial
Profiles. Taylor & Francis, Boca Raton, London, New York, Singa-
pore, pp. 77-166.

Franke,R. (2009) Kap. 2.1. Inkulturnahme. /n: SALUPLANTA (eds.)
Handbuch des Arznei- und Gewiirzpflanzenbaus, Band 1, Grundla-
gen des Arznei- und Gewlirzpflanzenanbaus I, Verein fur Arznei-
und Gewiirzpflanzen SALUPLANTA e.V., Bernburg, pp. 550-551.

Franz,C. (1993) 5. Genetics. /n: Hay,R. and P. Waterman (eds.) Vola-
tile oil crops. Longman Scientific & Technical, Essex, pp. 63-96.

Gottschalk, W. (1976) Die Bedeutung der Polyploidie fiir die Evolu-
tion der Pflanzen. Gustav Fischer Verlag, Stuttgart, pp. 68-79, 93—
100, 399-402.

Guse, W. and F.Larsen (2001) Propagating Herbaceous Plants from
Cuttings. Pacific Nordwest Extension, Washington, Oregon, Idaho,
PNW151, p. 1-7.

Havaux, M. (2014) Carotenoid oxidation products as stress signals in
plants. Plant J. 79: 597-606.

Heine, H., H.Eger, C.Franz, W.Blithner and W.Hoppe (2009) Kap.
2.3 Sortenwesen. /n: SALUPLANTA (eds.) Handbuch des Arznei-
und Gewiirzpflanzenanbaus, Band 1, Grundlagen des Arznei- und
Gewiirzpflanzenanbaus I, Verein fiir Arznei- und Gewiirzpflanzen
SALUPLANTA e. V, Bernburg, pp. 609-640.

Janssens, M. (1979) Co-heritability: its relation to correlated response,
linkage, and pleiotropy in cases of polygenic inheritance. Euphytica
28: 601-608.

Lal,R., J.Sharma and S.Sharma (2000) Influence of variability

455

Breeding Science
Vol. 66 No. 3

and association on essential oil content of German chamomile
(Chamomilla recutita (L.) Rauschert). Journal of Spices and
Aromatic Crops 9: 123-128.

Li, X., H.Wu and S. Southerton (2012) Identification of putative can-
didate genes for juvenile wood density in Pinus radiata. Tree
Physiol. 32: 1046-1057.

Mar’yakhina, I. and R. Butenko (1974) The culture of isolated cabbage
tissues and the genetic characteristics and development of regener-
ated plants. Sel’skokhozyaistvennaya Biologiya 9: 216-227.

Moghe, G. and S. Shiu (2014) The cause and molecular consequences
of polyploidy in flowering plants. Ann. N. Y. Acad. Sci. 1320: 16—
34.

Otto,S. (2007) The evolutionary consequences of polyploidy. Cell
131: 452-462.

Pank,F. and W.Bluethner (2009) Kap. 2.2. Arznei- und Gewlirzp-
flanzenziichtung. /n: SALUPLANTA (eds.) Handbuch des Arznei-
und Gewiirzpflanzenbaus, Band 1, Grundlagen des Arznei- und
Gewiirzpflanzenanbaus I, Verein fiir Arznei- und Gewiirzpflanzen
SALUPLANTA e.V., Bernburg, pp. 591.

Plescher,A. and M. Sonnenschein (2013) Schlussbericht 1: Ziichtung
einer Qualitdtssorte von Kamille mit hoher Ertragsfahigkeit bei
maschineller Ernte. www.fah-sinzig.de. Accessed 21 August 2015.

Ravindran, P. and G.Pillai (2012) 27. Other herbs and spices: achioto
to Szechuan pepper, 27.3. Chamomile. /n: Peter, K. (ed.) Handbook
of herbs and spice, 2" edition, volume 2, Wood Head Publishing,
Cambridge, pp. 538-540.

Richards,A. (1997) Plant breeding systems. Second edition. Springer-
Science + Business Media, B.V.,, Chapman & Hall, London,
pp- 357-395.

Schilcher, H. (1987) Die Kamille. Handbuch fiir Arzte, Apotheker and
andere Naturwissenschaftler. Wissenschaftliche Verlagsgesellschaft
mbH, Stuttgart, pp. 104-107.

Sijacic,P., X.Wang, A.Skirpan, Y.Wang, P.Dowd, A.McCubbin,
S.Huang and T. Kao (2004) Identification of the pollen determinant
of S-RNase-mediated self-incompatibility. Nature 429: 302-305.

Stoskopf,N., T.Dwight and B. Christie (1993) Plant Breeding. Theory
and Practice. Westview Press, Boulder, San Francisco, Oxford,
pp- 37-43.

Thomann, M., E.Imbert, R. Engstrand and P. Cheptou (2015) Contem-
porary evolution of plant reproductive strategies under global
change is revealed by stored seeds. J. Evol. Biol. 28: 766-778.

Vieira,C. and D.Charlesworth (2002) Molecular variation at the
self-incompatibility locus in natural populations of the genera
Antirrhinum and Misopates. Heredity (Edinb) 88: 172—181.

Westneat, D., J. Wright and N. Dingemanse (2015) The biology hidden
inside residual within-individual phenotypic variation. Biol. Rev.
Camb. Philos. Soc. 90: 729-743.

Wricke, G. and W. Weber (1986) Quantitative genetics and selection in
plant breeding. De Gruyter, Berlin, New York, pp. 43—47, 65, 257—
265.



