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Seed trait variation across carrots (Daucus carota ssp. sativus) bred for organic agriculture 
Kelechi Nwokeocha, Adam R. Martin & Marney Isaac, Department of Physical and Environmental Sciences, University of Toronto

CITED LITERATURE

BACKGROUND
Breeding programs often target
conventionally grown crops (1). They
frequently exclude trait improvement
within organic (and generally more
sustainable) agricultural systems, despite
their benefits to crop resiliency, biodiversity
and the environment (2). 

At the same time, inquiries into crop
domestication and the effects of breeding
on trait variation and trait relationships are
often limited to the vegetative parts of
crops. Less research exists on the same
topic for reproductive traits, specifically
seeds.

Given the importance of seeds on crop
fitness and performance across
environmental and/or climatic gradients (3),
it is important to explore how
domestication and/or breeding influences
seed trait relationships.

RESEARCH QUESTIONS

Q1. Do seed morphological traits
vary across carrot varieties and
represent part of a domestication
syndrome?

Q2. If so, could breeding history
(given by breeding class and variety
identity) explain variation and
relationships in seed traits?

Q3. What implications does this have
for breeding for organic production
systems?

METHODS

RESULTS

Species Information
Cultivated carrot (Daucus carota ssp. sativus) is a biennial member of the
Apiaceae family. It is an important economical and nutritional crop in Canada.

Data Collection
Seeds from 15 cultivated carrot varieties were grouped into the following
breeding classes: inbred breeding lines (BL), first filial generation hybrid (F1),
and varieties bred through open pollination (OP). 

Fifteen seed per variety (n=225) were measured using an Olympus stereo-
microscrope. For each seed, 11 traits were measured and classified into seed
size traits (consists of length [mm], width [mm], area [mm2], perimeter [mm]
and weight [mg]); coat and spine traits (seed coat width, spine length, and
stylopodium length [all in mm]); and shape traits (aspect ratio, circularity and
roundness).

Statistics
All analyses were conducted in R v. 4.2.2. Descriptive statistics, ANOVA and
variance paritioning (by breeding history) were conducted for each trait.
Pearson’s correlations were used for bivariate relationship analyses, while
PCA suplemented by PerMANOVA were used for multivariate relationships.

Fig. 1. Diversity of carrot varieties.

Fig. 2. 15 carrot seed varieties arranged by breeding class: inbred breeding line (i. to vi.), first filial
generation hybrid (vii.), open-pollinated (viii. to xv.). Image xvi. shows the coat and spine traits that
were measured for each seed.

DISCUSSION

Fig. 4. Panel A shows variance partitioned by breeding class, variety and unxexplained variation.
Panel B is a correlation network of seed size traits (purple circles), coat and spine traits (blue) and
shape indices (yellow). Panel C is a Pearson correlation test evaluating bivariate correlations between
traits. Panel D is a Principal component analysis (PCA) evaluating multivariate relationships across
the measured traits and varieties

Trait Syndromes
All seed traits varied significantly among varieties (p<0.05). Seed traits
covaried along three distinct multivariate axes associated with: 

1. Positive relationships among size traits;
2. A trade-off between compactness and roundness vs. stylopodium

length; and
3. A trade-off between seed coat width and spine length vs. weight.

Trait Variation By Breeding History
Breeding history (both breeding class and variety identity) explained ~21-63% of
observed variation across all traits. Traits related to coat and spine and shape varied
more systematically across breeding classes. However, size traits were the dominant
axis of overall variation, causing multivariate trait syndromes to vary systematically
across varieties, and to a lesser extent, breeding classes. Still, all size, coat and
spine, and shape traits varied the most across and within OP varieties. Notably, the
F1 variety also expressed no discernable coat or spines, while OP varieties expressed
systematically more compact seed shapes.

Fig. 3. Trait variation in carrot seeds measured across 15 cultivated carrot varieties. Panels A to E (not shown)
present data for seed size traits. Panels F to H represent coat and spine traits, and consists of seed coat width,
spine length, and stylopodium length. Data for aspect ratio, circularity and roundness are presented in Panels I to
K.
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The breeding classes are ordered as open pollinated → breeding line → F1
hybrid when categorized by extent of human breeding intervention and
potential resulting genetic losses compared to wild and landrace varieties
(4). Given this:

P1. Carrot seed traits do fall under a domestication syndrome.
Cultivated varities are less elongated and invest less in seed coat traits
compared to their wild relatives. They are also smaller than wild relatives,
except F1 seeds which have inadvertently been bred for larger size.

P2. Breeding does alter seed trait variation and their relationships
Size traits are affected at a variety level while the other two categories vary
by breeding class. Open pollinated varieties possess more trait variation
than the other two breeding classes. There’s a trend towards increasing
roundness and smoothness along the breeding classes.

P3. Breeding for organic agriculture affects seed traits of crops,
especially those with open pollinated reproductive strategies.

Our results highlight open-pollinated varieties as potential breeding targets
to maximise favourable traits to enhance performance in organic systems,
which experience greater environmental variability than conventional
systems, while maintaining biologically and ecologically meaningful trait
variability. 


