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Abstract Caraway (Carum carvi) is a medicinal and

aromatic plant of the Apiaceae family with a long

history of cultivation. To this day, improvements in

yield and essential oil content are desirable. In the

past, line breeding was used to increase essential oil

content with the final intention of combining inbred

lines to a synthetic variety by outcrossing. Outcrossing

should overcome inbreeding depression and exploit

heterosis vice versa. In this study, we wanted to detect

whether and to what extent heterosis can be exploited

in caraway. In a randomized complete block design

with two years of growing and four repetitions per year

and genotype, we compared 18 inbred lines with 18

corresponding F1 populations produced in a polycross.

In addition to yield, we estimated the beginning of

flowering, the end of flowering, maturity, height,

thousand-grain weight, stalk attachment rate, shatter-

ing rate and essential oil content. Linear mixed models

were used to compute variance components, heritabil-

ity and best linear unbiased estimates. As major result,

we detected the existence of better parent heterosis in

caraway. To summarize, outcrossing led to a signif-

icant increase in yield, thousand-grain weight and

height and to an earlier beginning of flowering, end of

flowering and maturity. In two-year data, no effect of

outcrossing on the essential oil content was observed,

but single year data revealed slight effects. We found

strong negative correlations between developmental

traits and yield. Hence, selection of early developing

genotypes seems highly recommendable. Results

make us confident that improved annual varieties can

be introduced soon.

Keywords Horticulture � Umbelliferae � Composite

variety � Breeding � Hybrid � Correlation

Introduction

Caraway (Carum carvi L., 2n = 2x = 20) is a medic-

inal and aromatic plant of the Apiaceae family (Pank

2012). Seeds are used as spice and pharmaceutical to

ease gastrointestinal afflictions. They contain essential
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oil, which mainly consists of limonene and carvone

(Ruszkowska 1998). For pharmaceutical use, the

European Pharmacopeia (Ph. Eur.) demands a mini-

mum essential oil content of 30 ml/kg (Ph. Eur.

2020a, b). Therefore, essential oil content is the major

quality trait in caraway breeding. Nevertheless, breed-

ers and farmers focus on appropriate seed yields.

There is evidence for caraway cultivation in Europe

from the medieval period until today. Cultivation and

breeding in Europe were restricted to biennial varieties

until annual varieties were introduced in the 1990s

(Németh 1998). Annual growing of caraway can

potentially decrease production costs and allows better

integration into crop rotation. However, first annual

varieties had a low essential oil content (Pank 2012)

and seed yields were poor. ’Sprinter’ was the first

annual variety that reached an essential oil content of

above 30 ml/kg in most growing seasons. Seed yields

were improved as well. Nonetheless, annual varieties

are yet behind biennial varieties (Erpenbach 2012).

Hence, farmers still desire annual varieties with higher

seed yields and higher essential oil content.

In many crops, yields were substantially improved

by exploiting heterosis. To our knowledge, systemat-

ical heterosis breeding was conducted or initialized in

the Apiaceae family for carrot (Simon 2019), celery

and celeriac (Bruznican et al. 2020), coriander

(Gholizadeh et al. 2018) and fennel (Palumbo et al.

2018). Concerning yield, heterosis can be defined as

the yield increment of a hybrid compared to the

average of parents (mid parent heterosis). A breeder

might be more interested in a hybrid whose yield is

even higher than the yield of the better parent (better

parent heterosis or syn. high parent heterosis, Kaeppler

2012). Heterosis is usually strong in outcrossing

species (Liu et al. 2020). Recently, we revealed a

mixed mating system with predominant outcrossing

within a set of caraway inbred lines, which were

placed in a polycross. The outcrossing rate was 66.5%

on average and ranged from 51.6 to 82.0% (von

Maydell et al. 2020). Predominant outcrossing sug-

gests that heterosis can be exploited in caraway.

Hybrid breeding is the most accurate breeding

method to exploit heterosis systematically. However,

an efficient system to control pollination (e.g. cyto-

plasmic male sterility, CMS), which would be neces-

sary for hybrid breeding, is not available for caraway.

As alternative method to exploit heterosis in caraway,

Pank et al. (2007) suggested breeding of synthetic

varieties, a specialized method of population breeding.

Briefly, breeding material (e.g. a set of inbred lines) is

composed to a population by random outcrossing.

Either seeds from just one step of outcrossing (Syn1) or

further propagated seeds (Syn2-x) are sold as a

synthetic variety. Beforehand, the breeding material

is selected based on the general combining ability

(GCA).

In the year 2018, we conducted a polycross based

on a set of 18 breeding lines of the fourth and fifth

inbred generation. This polycross had already been

used to investigate the outcrossing rate (von Maydell

et al. 2020). In this study as a consecutive step, we

wanted to detect whether and to what extent heterosis

can be exploited in caraway. Neither knowledge on

heterosis, nor on inbreeding depression in caraway is

available, so far. Therefore, our investigations should

add valuable new insights to caraway breeding

research. Furthermore, we intended to select breeding

lines to compose a synthetic variety with high seed

yields and exceptional essential oil content. In case of

success, improved pre-bred annual material could be

available soon. Additionally, we aimed to investigate

correlations between traits and heritability of traits.

Statistics on correlations and heritability are scarcely

available for caraway. Our findings could support

selection decisions in future breeding processes.

Material and methods

Material and field trials

The development of the breeding material used in this

study was described in von Maydell et al. (2020).

Briefly, we used inbred material in the fourth and fifth

inbred generation that originated from crossings

between biennial and annual material. The material

was selected for annual flowering and high essential

oil content. In 2018, 18 inbred lines were outcrossed

using the neighbor-balanced polycross design from

Olesen (1976), implemented by Varghese et al.

(2015), to produce 18 corresponding F1 populations

for GCA testing.

The GCA test was carried out at the JKI location in

Quedlinburg in 2019 and in 2020. As integral part of

these trials, we also tested the performance of the

inbred lines per se. Four cultivars or selections were

added as standards so that in total 40 genotypes were
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tested. An overview of the material used in the field

trials is provided in Table 1. We used a randomized

complete block design with four repetitions per

genotype and year. Each block was divided in halves

by a path for the irrigation device and harvester. A

single plot was 8 m in length and 1.5 m in breadth

(Fig. 1). Seeds were sown in six rows per plot with 100

germinable seeds per m2 on April 1, 2019 and April 6,

2020. The herbicide Bandur (Bayer) was applied

before germination. Irrigation was carried out over

three weeks after sowing. All investigated traits are

described in Table 2. We estimated three different

quantiles of the beginning of flowering of a plot to

reveal potential heterogeneity within genotypes. Plots

were harvested soon after reaching maturity using a

combine harvester (individual harvesting dates). Har-

vested seeds were purified before measuring yield and

seed traits.

Statistics

In general, statistical analysis was carried out using R

software (R Core Team 2018), and the package

ggplot2 (Wickam 2016) was used for graphical

visualization of results.

To compute broad-sense heritabilities (h2) for traits

across years we estimated variance components using

the lme4 package (Bates et al. 2015). All effects were

set as random. Variance components were extracted

from the model using the function VarCorr.

The heritability was computed based on following

formula: h2 ¼ VG

VGþ
VGY
y þVR

yr

, where VG, VGY and VR stand

for the variance components genotype, genotype-year

interaction and residual error, respectively, and y and

r represent the number of years and repetitions,

respectively.

Best linear unbiased estimates (BLUEs) per geno-

type were drawn from the model with the function

coef. For this purpose, genotype was set as a fixed

effect. In this case, BLUEs were identical with

arithmetic means. We computed the GCA for each

inbred line as the difference between the yield of the

corresponding F1 population and the average yield of

all F1 populations based on BLUEs.

Normal distribution was tested using the Shapiro–

Wilk test. Spearman correlation coefficients (r) and

associated p-values were computed using the function

rcorr from the package Hmisc (Harrell 2020). The

correlation matrix was visualized using the package

corrplot (Wei and Simko 2017). We implemented the

default hierarchical clustering for ordering traits. We

further used the function chart.Correlation from the

package Performance Analytics (Peterson et al. 2014).

We compared inbred lines and corresponding F1
populations across traits and tested for significant

differences using a pairedWilcoxon test. Furthermore,

we analyzed how far variation between F1 populations

could be explained by variation between inbred lines:

We conducted a linear regression analysis using the

function lm and we computed the coefficients of

determination (R2) and associated p-values using the

function rcorr (Harrell 2020).

Table 1 An overview of the naming and status of the caraway

material tested in the field trials at the JKI location in

Quedlinburg in 2019 and 2020. L01 and F01 exemplify the

relation between inbred line with the prefix L and the

corresponding F1 population with the prefix F

Name Status Name Status

L01 Inbred line F01 F1 population from line L01 produced in the

polycross of 2018

L02–

L18

Inbred lines F02–F18 Corresponding F1 populations from respective

inbred lines produced in the polycross of 2018

‘Aprim’ Cultivar bred for winter-annual growing by Agritec Ltd.

(Šumperk, Czech Republic), standard for low essential

oil content

’Sprinter’ Cultivar bred by Chrestensen GmbH (Erfurt,

Germany), standard for seed yield with medium

essential oil content

‘Ines’ Selection/cultivar bred by Dr. Junghanns GmbH

(Ascherleben, Germany), most used cultivar in Saxony-

Anhalt, standard for seed yield with medium essential

oil content

’Selka’ Selection developed by Julius Kuehn Institute

(Quedlinburg, Germany), standard for high

essential oil content
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Results

Summary data and correlations between traits

Summary data (based on BLUEs), variance compo-

nents and heritability (both based on single plot data)

for all investigated traits are listed in Table 3. Single

plot data can be retrieved from Table S1 and BLUEs

can be found in Table S2. Figure 2 displays Spearman

correlation coefficients for correlations between traits.

The traits are ordered by a hierarchical clustering. We

use the retrieved clusters to structure the following

description of results in this chapter. We chose

Spearman correlation coefficients because data distri-

bution deviated from normal distribution. Moreover,

in several cases the relationship between correlated

traits might be monotonic rather than linear across the

entire range of values (see Fig. S1). Additional

correlation tables for two-year and single year data

can be found in Table S3. This table also comprises

correlation tables for inbred lines only, to remove

potential effects from grouping factors. Most correla-

tions described below for the entire dataset were found

for this reduced dataset as well.

Developmental traits

In general, we found a broad range across genotypes

for all developmental traits. The difference between

the earliest and the latest genotype was lowest for the

beginning of flowering (B10) with about 18 days and

highest for maturity with about 27 days. The effect of

the genotype clearly dominates in the analysis of

variance components. The heritability ranged from

0.96 for the beginning of flowering (B10) to 0.78 for

maturity (Table 3). All developmental stages were

positively correlated. Correlations between maturity

and the other developmental traits were a bit lower. All

developmental traits were negatively correlated with

yield, thousand-grain weight and height, but correla-

tions with height failed to be significant. Here, the

correlation coefficients decreased from the beginning

of flowering (B10) towards maturity (Fig. 2).

Yield, thousand-grain weight and height

Estimated values ranged from 8.13 to 135.99 g/m2,

from 1.37 to 2.38 g and from 49.33 to 73.44 cm for

yield, thousand-grain weight and height, respectively.

For thousand-grain weight and height, we observed

that most genotypes had rather high values within the

given range, whereas yield values were widely

distributed (Fig. S1). For yield, we found a dominating

effect of the genotype in the analysis of variance

components and a high heritability (0.91; Table 3). For

thousand-grain weight and height, we found a consid-

erable residual error and for thousand-grain weight, in

addition, a considerable genotype-year interaction

Fig. 1 Pictures from a single plot (here a margin plot) and the field trial at the JKI location in Quedlinburg in 2019, including a sketch of

the randomized complete block design
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effect. Heritability was yet high for height (0.88), but

lower for thousand-grain weight (0.66; Table 3). The

three traits were positively correlated (Fig. 2). Corre-

lations with developmental traits are described above.

Shattering rate and stalk attachment rate

Most genotypes had a high shattering rate and a low

stalk attachment rate. By name, the cultivar ’Aprim’

had the lowest shattering rate (41.25%) and merely

twomore genotypes (inbred lines) had a shattering rate

below 60% (Table S2). The effect of the genotype was

slightly higher than the residual error in the analysis of

variance components of the shattering rate. The

heritability of the shattering rate was 0.7. The range

of the stalk attachment rate was rather narrow (from

0.5 to 7.38%). The residual error dominates in the

analysis of variance components and the heritability

was 0.69 for the stalk attachment rate (Table 3). Both

traits were negatively correlated (r = - 0.59, Fig. 2).

Essential oil content

The essential oil content ranged from 2.13 to 5.14 ml/

100 g (BLUEs, Table 3). Most genotypes showed an

essential oil content between 3 and 4 ml/100 g

(Table 3, Table S2). The effects of genotype, geno-

type-year interaction and residual error were approx-

imately equally high, which resulted in a heritability of

0.62 (Table 3). The high effect of genotype-year

interaction corresponds with contradictory observa-

tions on correlations comparing both years of growing.

In 2019, essential oil content was positively correlated

with yield and negatively correlated with the

Table 2 List of evaluated traits for 40 caraway genotypes at the JKI location in Quedlinburg in 2019 and 2020. Abbr = abbreviation

Abbr Trait Unit Method of measurement

B10 Time to beginning of flowering of

10% of plants of a plot

Days Time after sowing when about 10% of plants of a plot had begun flowering,

defined as the opening of the first umbel

B50 Time to beginning of flowering of

50% of plants of a plot

Days Time after sowing when about 50% of plants of a plot had begun flowering,

defined as the opening of the first umbel

B90 Time to beginning of flowering of

90% of plants of a plot

Days Time after sowing when about 90% of plants of a plot had begun flowering,

defined as the opening of the first umbel

EOF Time to end of flowering of 90%

of plants of a plot

Days Time after sowing when about 90% of plants of a plot had finished flowering,

defined as the decay of petals in the last flowering umbels

HGT Plant height cm Average height of ten erected plants following each other in a middle row of a

plot (average SD between replicates = 6.4)

MAT Time to maturity of a plot days Time after sowing when a plot reached brown maturity, i.e. was ready for

harvesting

SHT Shattering rate % When mature, ten different umbellets per plots were pulled gently. The

number of cases in which seeds break loose from the umbellets times 10

was defined as the shattering rate. Three repetitions per plot (average SD

between replicates = 4.55)

YLD Seed yield g/m2 Weight of purified seeds of a plot divided by 12

TGW Thousand grain weight g Weight of 100 randomly chosen purified seeds times 10. Double achenes

were defined as two seeds. Three repetitions per plot (average SD between

replicates = 0.14)

STA Stalk attachment rate % Number of seeds from 100 randomly chosen purified seeds with an attached

pedicel (flower stalk) of a minimum length of 1 cm. Double achenes with

attached pedicel were defined as two seeds, but one pedicel. Three

repetitions per plot (average SD between replicates = 1.5)

OIL Essential oil content ml/

100 g

Essential oil content measured by distillation using the device according to

Ph.Eur. (2020a, b). 6 g of purified seeds were ground for 20 s using IKA

mill A10. 5 g of ground tissue were filled in a 250 ml flask and distilled

with 75 ml distilled water for 90 min. 24.1% of measurements were

duplicated (average SD between replicates = 0.156)
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beginning of flowering and the end of flowering. In

2020, essential oil content was negatively correlated

with yield and positively correlated with the beginning

of flowering and the end of flowering (Table S3).

Across both years, no correlation was

detectable (Fig. 2).

Comparison between inbred lines and F1
populations & GCA

Yield and GCA

Figure 3 displays the average seed yield of all

genotypes across both years and allows comparing

each inbred line with the respective F1 population (e.g.

L01 with F01). We observed a broad range within

inbred lines from 8.13 (L15) to 109.77 g/m2 (L16) and

an average seed yield of 59.33 g/m2. In each case, the

inbred line was outperformed by the corresponding F1
population. The average seed yield of the F1 popula-

tions was 108.97 g/m2. The difference between inbred

lines and F1 populations was significant (Table 4). The

inbred lines did not reach the yield level of the

standard population cultivars ’Sprinter’ and ’Ines’,

whereas several F1 populations reached this level.

However, no F1 population considerably outper-

formed ’Sprinter’.

Table 3 (1) Summary data, (2) variance components and

heritability for all investigated traits based on (1) 40 BLUEs or

(2) 320 observations (plots) per trait. Both from 40 genotypes

grown in two years with four repetitions per year.

Mean = arithmetic mean, SD = standard deviation,

CV = coefficient of variance, Min = minimum, Max = maxi-

mum, V = variance component [G = genotype, GY = geno-

type-year interaction, Y = year, R = residual error],

h2 = broad-sense heritability. Trait abbreviations and units in

Table 2

Trait (1) Mean SD CV Min Max (2) VG VGY VY VR h2

B10 87.56 4.41 0.05 80.50 98.63 18.58 1.36 7.13 1.29 0.96

B50 91.82 5.23 0.06 84.62 105.25 24.30 5.11 8.10 3.98 0.89

B90 96.71 5.99 0.06 88.00 113.87 30.40 10.46 6.16 2.38 0.85

EOF 129.64 4.48 0.03 120.25 140.38 18.17 3.18 4.35 2.55 0.91

HGT 63.99 5.82 0.09 49.33 73.44 29.88 1.43 0.04 26.68 0.88

MAT 166.67 4.83 0.03 153.75 180.50 18.28 7.82 1.02 9.25 0.78

SHT 86.38 13.46 0.16 41.25 100.00 126.65 78.43 0.00 121.87 0.70

YLD 87.39 35.81 0.41 8.13 135.99 1173.14 139.71 0.00 315.66 0.91

TGW 1.98 0.19 0.10 1.37 2.38 0.02 0.02 0.00 0.02 0.66

STA 1.88 1.41 0.75 0.50 7.38 1.37 0.39 1.41 3.29 0.69

OIL 3.57 0.60 0.17 2.13 5.14 0.22 0.22 0.00 0.20 0.62

Fig. 2 Spearman correlation coefficients for correlations

between traits. Negative correlations are highlighted by a red

color scale and positive correlations by a blue color scale. In

both cases, darker colors indicate stronger correlations. Corre-

lations with r nearby zero and correlations with a p-value\ 0.05

have a white background. A hierarchical clustering was used for

ordering traits. Based on BLUEs from 40 genotypes grown in

two years with four repetitions per year. Trait abbreviations and

units in Table 2
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Fig. 3 Average seed yields of 40 genotypes grown in two years

with four repetitions per year. Red colored bars stand for inbred

lines, blue colored bars for F1 populations and white colored

bars for standards. Error bars = standard errors. Dashed red

line = average seed yield of all 18 inbred lines (L01-L18),

dotted blue line = average seed yield of all 18 F1 populations

(F01–F18)

Table 4 (1) Results from paired Wilcoxon tests and (2) values

associated with linear regression analysis. Both from pairwise

comparisons between inbred lines and corresponding F1
populations within investigated traits. Based on 18 pairwise

comparisons between BLUEs from 18 inbred lines and 18

corresponding F1 populations grown in two years with four

repetitions per year. Trait abbreviations and units in Table 2.

Mean (I) = average of all inbred lines. Mean (F1) = average of

all F1 populations. DIF (F1–I) = difference between Mean (F1)

and Mean (I). RMSE = Root Mean Squared Error. R2 = coef-

ficient of determination

Trait (1) Mean (I) Mean (F1) DIF (F1—I) P value (2) RMSE R2 P value

B10 90.32 86.06 - 4.26 \ 0.001 1.00 0.64 \ 0.001

B50 95.06 89.91 - 5.15 \ 0.001 1.04 0.64 \ 0.001

B90 100.20 94.78 - 5.42 \ 0.001 1.66 0.55 \ 0.001

EOF 131.56 129.47 - 2.09 0.019 1.39 0.63 \ 0.001

HGT 59.78 67.67 7.89 \ 0.001 2.77 0.06 0.332

MAT 168.77 166.01 - 2.76 0.005 1.80 0.48 0.002

SHT 85.21 89.05 3.84 0.417 3.03 0.78 \ 0.001

YLD 59.53 108.97 49.44 \ 0.001 11.81 0.53 \ 0.001

TGW 1.84 2.08 0.24 \ 0.001 0.04 0.49 0.001

STA 2.20 1.68 - 0.52 0.196 0.92 0.26 0.031

OIL 3.60 3.56 - 0.04 0.962 0.25 0.35 0.01
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GCA estimates can already be retrieved from Fig. 3

by comparing the individual seed yield of F1 popula-

tions to their overall mean. In Fig. 4, GCA estimates

per se are shown for easier comparison. Linear

regression revealed that 53% of variation between F1
populations could be explained by variation between

inbred lines. The yield of the maternal lines signifi-

cantly correlated with the yield of the corresponding

F1 populations (Fig. 5, Table 4).

Essential oil content

Figure 6 adds information on the average essential oil

content of genotypes as most important quality trait for

later selection decisions. Again, we observed a broad

range within inbred lines from 2.13 (L11) to 4.94 ml/

100 g (L04). The essential oil content of inbred lines

averaged 3.6 ml/100 g. This is nearly identical with

the average essential oil content of F1 populations

(3.56 ml/100 g). As a difference, we observed a

narrower range for F1 populations from 2.99 (F03) to

4.16 ml/100 g (F18). Single year observations were

contradictory: In 2019, the average essential oil

content of F1 populations was slightly higher than

the average of inbred lines (3.85 vs. 3.41 ml/100 g),

but in 2020, it was slightly lower (3.38 vs. 3.79 ml/

100 g). The coefficient of determination shows that

35% of variation between F1 populations could be

explained by variation between inbred lines. The

correlation was significant (Table 4).

Other traits

Apart from yield, we found significant differences

between inbred lines and F1 populations for all

developmental traits, height and thousand-grain

weight. Summarized, F1 populations were earlier in

development, plants grew higher and seeds were

heavier in weight (Table 4). We found a significant

correlation between values of inbred lines and corre-

sponding F1 populations for all traits except height.

The coefficient of determination ranged from 0.26

(stalk attachment rate) to 0.78 (shattering rate,

Table 4).

Fig. 4 General combining ability (GCA) of 18 inbred lines. Based on BLUEs from 18 corresponding F1 populations grown in two years

with four repetitions per year
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Fig. 5 Linear regression between seed yield of 18 inbred lines

and seed yield of 18 corresponding F1 populations. Based on

BLUEs from 18 inbred lines and 18 corresponding F1

populations grown in 2 years with four repetitions per year.

R2 = coefficient of determination. Red line = regression line,

dashed grey line = bisector

Fig. 6 Average essential oil content measured by distillation of

40 genotypes grown in two years with four repetitions per year.

Red colored bars stand for inbred lines, blue colored bars for F1
populations and white colored bars for standards. Error

bars = standard errors. Dashed red line = average essential oil

content of all 18 inbred lines (L01–L18), dotted blue line = av-

erage essential oil content of all 18 F1 populations (F01–F18)
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Discussion

Heterosis and inbreeding depression

Caraway breeders expected that inbreeding would

cause inbreeding depression. They suggested sticking

to population breeding (Toxopeus 1998). To the best

of our knowledge, we showed now for the first time

that strong inbreeding depression indeed occurs in

caraway after inbreeding. We found some very low

yielding inbred lines that can be described as highly

inbreeding depressive lines. All inbred lines failed to

reach the yield level of the standard population

cultivar ’Sprinter’. A yield test of JKI breeding lines

in the third inbred generation and of corresponding F1
populations did not yet reveal strong inbreeding

depression and heterosis (Pank et al. 2007). Possibly,

inbreeding depression was mainly generated in the

subsequent step/steps of inbreeding. Finally, we can

argue that the existence of inbreeding depression as

reverse side of heterosis (Mackay et al. 2021) can be

considered evident, if we can provide evidence for

heterosis.

All and, importantly, even the best yielding inbred

lines showed a yield increase after outcrossing in the

polycross. Therefore, we can state that heterosis as

better parent heterosis can be exploited in caraway.

Whereas we can decidedly make this general state-

ment, a statement on heterosis for each inbred line is

more difficult. The prior evaluation of the polycross

revealed that we could not assume completely random

pollination in the polycross. Furthermore, inbred lines

had different outcrossing rates (von Maydell et al.

2020). Without knowledge of the paternal side of the

F1 populations, we can compute neither mid-parent

heterosis, nor better-parent heterosis for each line.

Nevertheless, such computations might be of scientific

interest rather than important for the breeding

progress. Not the heterosis, but the GCA is used to

select components for a synthetic variety.

General combining ability & performance of lines

per se

In theory, the GCA should comprise most information

necessary to select components for a synthetic variety.

The GCA should be constituted of the performance of

a line per se and the heterosis generated by outcross-

ing. Based on this assumption, the performance of a

line per se could be ignored in selection decisions.

Wright (1973) and further authors discussed using the

general varietal ability (GVA) instead of GCA, which

gives additional emphasis on the performance of the

inbred lines per se, in particular, if the number of

components is low. Essentially, this should account for

decreasing heterozygosity according to Hardy–Wein-

berg equilibrium in Syn2 or later generations. How-

ever, again we have to keep the mixed mating system

of caraway in mind. Since outcrossing is likely to be

incomplete in Syn1 generation, we rather expect that

outcrossing proceeds and heterozygosity increases in

Syn2 or later generations. In this case, the significance

of the performance of the inbred lines per se for the

later synthetic variety might actually be slightly

overestimated within the GCA, determined in our

study. The estimation of the specific combining ability

(SCA) would provide information on non-additive

effects, but the necessary procedure would be too

laborious without an efficient system to produce F1
seeds in multiple crossings.

For breeding synthetics, it seems advisable to focus

on inbred lines with a high yield per se. We found a

strong correlation of the yield of inbred lines with the

yield of the corresponding F1 populations and hence

with GCA. In the end, selection based on GCA might

make no large difference to selection based on

performance of inbred lines per se in our dataset.

Selection of high yielding lines should also be an

advantage from a long-term perspective. Research in

many species revealed that heterosis might be widely

explained by additive dominance effects, whereas

overdominance or epistasis merely play additional

roles. (Kaeppler 2012; Mackay et al. 2021; Zhou et al.

2018). By recurrent selection within the gene pool of

high yielding caraway breeding material, favorable

dominant alleles could be accumulated. As alternative

to single crossings, a synthetic population can provide

the genetic basis for future breeding programs.

If we take into account that performance of lines per

se strongly correlates with GCA and that the mixed

mating system causes some statistical noise, one could

question whether costly GCA testing is necessary,

after all. It might be more cost efficient to test a few

different combinations of high yielding inbred lines

directly after a preselection of lines. This notion

certainly applies to the present dataset of just about

five valuable inbred lines. In the near future, the pool

of valuable inbred lines might be considerably
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extended. In a larger pool of high yielding inbred lines,

the effect of the performance of lines per se should

decrease and other factors like genetic distance might

increase in importance.

Besides, it did not surprise that the yield of inbred

lines per se correlated with the yield of the F1
populations and that we found such correlations for

most other traits. First, the maternal line genetically

contributes 50% to a F1 population. Second, this

proportion increases due to incomplete outcrossing.

On average, about one third of individuals of an F1
population should genetically be identical with the

maternal line. On the other side, we were surprised that

the plots of F1 populations visually seemed to be rather

uniform, i.e. they showed a homogeneous flowering,

ripening and plant horizon.We suspect that inbreeding

depressive plants were suppressed within the plot.

Should this assumption be true, this could have an

impact on our expectations for Syn1, Syn2 and later

synthetic generations. First, more heterosis might

already be exploited in Syn1 than we argued before, if

outcrossed individuals occupy most of the space in a

plot. Second, a synthetic population might virtually

improve itself and favor outcrossing over generations.

Synthetic populations should be investigated over

several generations to gather evidence for such

questions.

Selection for higher essential oil content

Next to yield, the essential oil content has to be

considered as most important quality trait. The

heritability of the essential oil content was only

medium, partially due to a high genotype-year inter-

action effect. We assume this corresponds with the

contradictory findings on correlations between essen-

tial oil content and other traits comparing both years of

growing. We observed that most early flowering

genotypes had a lower essential oil content in 2020

than in 2019, whereas most late flowering genotypes

had a higher essential oil content in 2020. We assume

that the essential oil content to a considerable degree

depends on weather conditions at a certain stage of

development. Literature indicates that environmental

conditions in the ripening period play a major role

(Bouwmeester et al. 1995; Toxopeus and Bouwmee-

ster 1992).

Although high genotype-year interaction effects are

detrimental to the breeding progress, we should not

neglect the equally high genotype effect. Most

importantly, we found inbred lines that combine

acceptable yields with high essential oil content.

Hence, we can select for higher essential oil content

within the given gene pool. Usually, quality traits do

not show strong inbreeding depression and heterosis

(Mackay et al. 2021). Our results are in accordance

with this general observation because across both

years we found no significant difference between

inbred lines and corresponding F1 populations. Yet, F1
populations are earlier in development, which can

affect essential oil content in both directions probably

depending on weather conditions. This should explain

the contradictory effects of outcrossing comparing

both years of growing.

Significance of other traits for selection decisions

Developmental traits

The beginning and the end of flowering showed a very

strong correlation with yield, a high heritability and

can easily be estimated. They could be valuable traits

to select for higher yield particularly in breeding

stages that do not allow reliable yield estimations. The

strong correlations with yield were already detected

within the polycross data (von Maydell et al. 2020).

Probably, late developing genotypes will not play any

role in future breeding processes because of the low

seed yields of these genotypes. Besides, in a selected

pool of early flowering genotypes, genotype-year

interaction effects of the essential oil content, as

discussed above, might be reduced. Maturity showed a

lower correlation with yield and a lower heritability.

Hence, this trait might be a bit less suitable for

selections. Pank (2012) mentioned early ripening as

breeding goal for annual caraway. Early flowering and

ripening might be advantageous due to better water

availability, better pollination conditions or avoidance

of pathogens like powdery mildew. However, we do

not claim a definite causal relationship, i.e. that early

development per se leads to increasing yield. Some

genotypes might just have a higher ’general vitality’,

e.g. due to a more efficient production of metabolites,

that goes along with faster vegetative growth, earlier

generative development and higher yields. This might

also be the likeliest explanation for the earlier

development of F1 populations compared to inbred

lines.
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Thousand-grain weight and height

It does not surprise that yield was positively correlated

with thousand-grain weight. Acimovic et al. (2015)

found a strong positive correlation between thousand-

grain weight and harvest index for annual caraway.

Thousand-grain weight might be less suitable for

selection processes than the beginning or the end of

flowering, because correlation with yield and heri-

tability were lower and estimation is more laborious.

From experience, we know that usually the early

flowering umbels within plants dominate yield for-

mation in caraway, whereas late flowering umbels

produce only few additional seeds. This goes together

with a reduction of female organs in later umbels

(Pank 2012). Hence, selection towards higher thou-

sand-grain weight might be a better option than

selecting for higher numbers of umbels and seeds

per plant.

Results for height showed a higher heritability than

thousand-grain weight, but a lower correlation with

yield. Although estimation of height is easy, it might

be no preferable trait for selection processes. We

found a large residual error in the analysis of variance

components that was connected to a high variance

within plots. For both, thousand-grain weight and

height, we found a heterosis effect that goes along with

the positive correlation with yield.

Shattering rate and stalk attachment rate

Selection of non-shattering genotypes is a general

breeding goal for caraway (Pank 2012). Toxopeus and

Lubberts (1994) detected severe yield losses after too

late harvesting of shattering biennial varieties,

whereas yield of non-shattering varieties was unaf-

fected by late harvesting. In our study, only the

cultivar Aprim and two inbred lines showed a clearly

reduced shattering rate. Here, it must be considered

that the shattering rate, as we measured it, was neither

a measure of the real nor a measure of the potential

loss of seeds before or during harvest, but an

approximate measure of the firmness with which

mature seeds are connected to the umbel. Unlike

Toxopeus and Lubberts (1994) we found no negative

correlation between shattering rate and yield. This

might be due to the unbalanced dataset or the method

of measurement, but probably we also harvested the

plots in time so that severe losses by shattering were

avoided. It remains to be seen in future practical trials

with standard harvesting machines whether shattering

can be a problem within the selected breeding

material.

Some farmers stated that strong non-shattering

genotypes might tend to higher stalk attachment rates.

High stalk attachment rates are detrimental to mar-

keting. Since we found a negative correlation between

shattering rate and stalk attachment rate, that state-

ment might be true. We measured a maximum stalk

attachment rate of 7.38% that would yet be no issue for

marketing. However, the stalk attachment rate can

strongly depend on harvesting and post-harvesting

techniques (Pank 2012) and could be a problem in

practical growing.

Conclusions

For the first time, we highlighted the importance of

heterosis to gain acceptable yields in caraway. Sum-

marized, outcrossing let to a significant increase in

yield, thousand-grain weight and height and to earlier

beginning of flowering, end of flowering and maturity.

We assume that outcrossing can slightly affect the

essential oil content in both directions depending on

weather conditions in certain developmental stages. It

remains to be seen whether the composition of the best

lines to a synthetic variety can exceed standard

population cultivars considerably, at last. Nonetheless,

results make confident that breeding of synthetic

varieties will be the method of choice for future

caraway breeding as long as hybrid breeding is not

feasible. The fact that caraway exhibits a mixed

mating system makes it difficult to predict potential

yields of synthetic populations based on GCA testing

alone. It will be necessary to evaluate the consecutive

steps of the breeding method thoroughly. Addition-

ally, we provided insights into correlations between

traits. Most conspicuously, we found strong negative

correlations between yield and all developmental

traits. Therefore, we can recommend selecting for

early developing genotypes in breeding programs, at

least under growing conditions in Germany.
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