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General introduction

Chapter1
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The research that was conducted for this dissertation was initiated by the 
increasing demand for organically produced fresh-market spinach (Spinacia 
oleracea L.) and the increasing ban of chemical seed and field treatments. 
Consequently, problems with damping-off diseases have become more apparent 
in spinach production. Those diseases can be caused by multiple soilborne 
pathogens and are highly influenced by other environmental conditions. 
Therefore, the demand for damping-off tolerant spinach cultivars has gained 
more attention by the industry. With the support from Pop Vriend Seeds, Sakata 
Seeds, and the Dutch government through the Top consortium for Knowledge 
and Innovation (Horticulture and Starting materials), this has resulted in the 
current study on damping-off tolerance in spinach. The main goal was to explore 
the possibilities of improving damping-off tolerance in spinach through plant 
breeding or through seed vigour enhancement, for instance by selecting for seed 
traits associated with improved tolerance levels. This chapter introduces spinach 
as an increasingly popular leafy vegetable, the challenges for its production with 
focus on damping-off diseases, the spinach seed characteristics, and the potential 
role of seed vigour in damping-off tolerance. Related to the knowledge gaps, the 
research questions and hypotheses are formulated thereafter, and the evaluation 
methods and outline of the research chapters are briefly explained.
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The origin of spinach as leafy vegetable

Spinach is an economically important and highly nutritious vegetable that is cultivated 
for the consumption of its fresh or processed leaves (Morelock & Correll, 2008). The 
origin of cultivated spinach is probably in ancient Persia (West-Asia), where two wild 
relatives, S. tetrandra Stev. and S. turkestanica Iljin, can be found. Both species are 
valuable genetic resources, e.g., for resistance to common diseases (Andersen & Torp, 
2011). The earliest written evidence of cultivated spinach dates back to the 7th century 
when spinach was introduced to India and via Nepal to China, where it was named 
the “herb of Persia” (Laufer, 1919). Since at least the 11th century, spinach has been 
cultivated in southern Spain after its introduction by the Moors from northern Africa. 
From the end of the 12th century, cultivated spinach was introduced to France and 
to other European countries (Hallavant & Ruas, 2014). Early colonists from Spain 
introduced it to the Americas, and by the early 19th century, spinach became cultivated 
in North America (Ribera et al., 2021).

Worldwide, spinach has become one of the most consumed leafy vegetables due to its high 
nutritious value and anti-oxidant capacity, containing high levels of folate, beta carotene 
and lutein (vitamin A), in addition to vitamin C, potassium, sodium, calcium, magnesium, 
phosphorous, and iron (Prior & Cao, 2000; United States Department of Agriculture 
(USDA), 2021). In the current market, there are three main types of spinach based on 
their leaf morphology: savoy (wrinkled), semi-savoy (slightly curled), and smooth (flat) 
(Morelock & Correll, 2008). The leaves can be consumed fresh (washed and bunched or 
bagged) or cooked for which mostly processed (sterilised and canned or frozen) spinach 
is used. The savoy and semi-savoy types are most popular in the fresh market for their leaf 
structure and taste, while smooth types are more suitable for processing. The popularity 
of smooth varieties is increasing with the growing demand for fresh-market spinach, in 
particular baby-leaf spinach (Lucier et al., 2004; Simko et al., 2014).

Spinach (baby-leaf ) production and challenges

During the past twenty years, global production of spinach has increased fourfold to 
reach about 30 million tonnes with the largest production share (91.5%) in China (Food 
and Agriculture Organization (FAO), 2020). The second and third largest producers, 
though far behind, are Europe (2.3%) and the United States of America (1.4%). The 
Netherlands produced 74 thousand tonnes in 2019, which was about 10.6% of the total 
European production. In the Netherlands, the production of spinach has even increased 
by 102% since the year 2000 (CBS StatLine, 2021). Worldwide, the spinach production 
mainly increased as a result of the growing demand for fresh-market leafy vegetables used 
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in salads (Simko et al., 2014). In the USA, fresh-market spinach production accounts 
for more than 90% of the total spinach production, and California is the largest spinach 
producer (73%) (USDA, 2020). Bagged spinach is the dominant fresh-market spinach 
product, containing small, young leaves, also called baby-leaf spinach. The leaves for this 
type of spinach are harvested within 21 to 40 days from seeding, whereas the leaves for 
processed spinach can be harvested up to 90 days from seeding (Koike et al., 2011). The 
short production cycle requires uniform germination and seedling establishment with 
uniform leaf sizes. Early harvest allows seeds of baby-leaf spinach to be sown at very 
high densities, between 8.6 and 9.9 million seeds ha-1 (compared to 2.5 to 3.7 million 
seeds ha-1 for processed spinach), requiring relatively high amounts of seeds (Koike et al., 
2011). As a result, the cultivation of baby-leaf spinach is more challenging and relatively 
more expensive than other spinach crop types. 

Spinach is produced conventionally and organically, with the largest growth in organic 
cultivation. Organic production is on the rise due to increasing consumer awareness 
of potential environmental risks of fungicides use and food safety risks of fungicide 
residues on freshly consumed crops from conventional production systems. In the USA, 
35% of the total acreage of harvested spinach was produced organically in 2019. In 
comparison, organic production of all vegetables in the US accounts for only 10% of the 
total acreage of harvested vegetables (USDA, 2019). In the Netherlands, the demand 
for organically produced crops and vegetables increased by 14.5% from 2019 to 2020 
(Bionext, 2020). Currently, Dutch organic spinach cultivation accounts for 27% of 
total spinach cultivation (for both fresh and frozen products), with harvested spinach 
processed in the Netherlands, Belgium and Germany, and the end products exported 
globally (Jan Groen, Green Organics, 2021, personal communication). 

In organic agriculture, the use of synthetic chemical inputs, including pesticides and 
fertilisers, is prohibited and the use of organically produced seeds is required (Meemken 
& Qaim, 2018). However, the availability of those seeds is limited and, only until 2036, 
organic spinach growers are allowed to use conventionally produced, untreated spinach 
seeds (Raaijmakers et al., 2021). Organic growers largely depend on cultivars bred for 
conventional production with high-external inputs, whereas they need new varieties that 
are more tolerant to all kinds of environmental stressors (Lammerts van Bueren et al., 
2002). The use of chemical treatments is increasingly banned in conventional spinach 
production as well (United Nations Environment Programme (UNEP), 2006; European 
Commission, 2021). However, without fungicides, spinach may suffer seriously from 
diseases (Correll et al., 1994), especially when resistant or tolerant varieties are not yet 
available. Also, the efficacy of fungicides, like mefenoxam (or the isomer metalaxyl) that are 
used as seed treatments, can reduce over time due to development of fungicide resistance 
by pathogens, such as Pythium spp. and Phytophthora spp. (Taylor et al., 2002; Tekale et 
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al., 2019). Therefore, alternative solutions are urgently needed to foresee the increasing 
demand for synthetic chemical-free baby-leaf spinach. The aim of the current research 
was to determine whether it is possible to improve spinach damping-off tolerance 
through plant breeding and whether specific spinach seed traits underlie the disease 
tolerance. 

Botanical information of spinach

Spinach belongs to the Amaranthaceae (formerly Chenopodiaceae) family (subfamily 
Chenopodioideae), which also includes other vegetable crops such as beet (Beta vulgaris 
L.), and pseudograin crops such as amaranth (Amaranthus L.) and quinoa (Chenopodium 
quinoa Willd.) (Kadereit et al., 2010; Fuentes-Bazan et al., 2012). Spinach is a diploid 
species, which contains six pairs of chromosomes per somatic cell (2n=12) (Bemis & 
Wilson, 1953). The estimated genome size is 989 Mb (Collins et al., 2019).

Spinach plants are mainly dioecious, having separate male and female plants that 
require wind-pollination for fertilization. A spinach plant can also be monoecious, 
having male and female flowers on the same plant at various ratios, or the flowers can 
be hermaphrodite, enabling self-pollination (Wadlington & Ming, 2018). Monoecious 
spinach plants, particularly strict male plants, are favoured in the efficient production of 
homozygous lines, which are valuable for breeding goals. Therefore, the closely linked 
genes for dioecism and monoecism are also spinach breeding targets (Onodera et al., 
2011; Yamamoto et al., 2014).

Spinach is able to grow year-round, and in many climates, preferably in the cooler 
seasons. For successful plant growth, seeds should be planted at temperatures between 
5 and 20°C. Seedling growth is optimal at temperatures of 15 to 18°C, and mature 
spinach plants can withstand frost and temperatures down to -9°C (Koike et al., 2011). 
Spinach grows best in sandy loam soils, with a loose texture and good drainage, and 
slightly acidic to alkaline soil pH. Due to the shallow root system, it requires good 
levels of nitrogen, phosphorous and potassium, and does not tolerate excess levels of 
soil moisture (Morelock & Correll, 2008). Under short daylengths, the plant forms a 
rosette of leaves. High temperatures (>20°C) and longer daylengths (between 12.5 and 
15 hours photoperiod) promote the formation of flower stalks (bolting) at the expense 
of leaf formation, which is necessary for seed production (Parlevliet, 1967; Rubatzky & 
Yamaguchi, 1997)

Since spinach seed development favours long daylength and a relatively cool climate, 
Denmark has become a market-leader in spinach seed production, covering about 75% of 
the global spinach seed supply (Correll et al., 2011). Spinach is an annual plant, flowering 
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in the year of sowing, which is valuable for breeding and seed production. The growth of 
the plant occurs indeterminately (Figure 1), which means that growth is not terminated 
genetically, and the plant continues to produce flowers and seeds until environmental 
conditions terminate growth. This results in a wide variability of seed sizes and maturity 
levels when the seeds are harvested from the plant (Deleuran et al., 2013). Depending on 
the environment and genotype, the plant can become up to 1 m tall when bolting. The 
flowers on the stalk are formed in clusters. Male flowers of dioecious spinach plants have 
four sepals and four stamens in a spiral pattern in close succession. The female flowers 
consist of two or four thick, partly fused, perianth parts that surround an ovary with a 
single ovule, a short style, and four long stigma lobes. Male plants tend to bolt earlier than 
female plants, but for successful cross-pollination it is required that they flower about the 
same time (Sneep, 1958; Sherry et al., 1993). 

Figure 1. An indeterminately growing monoecious spinach plant that is producing seeds after self-
pollination (A) with a close-up of immature, green seeds (B). Own pictures taken in the greenhouse of Pop 
Vriend Seeds, Andijk, the Netherlands (June 2016).
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To enhance simultaneous flowering of male and female plants, plants can be (artificially) 
exposed to low temperatures to enhance flowering, a process called vernalization 
(Parlevliet, 1967). After successful pollination and fertilization of the ovule, the fruit 
starts to develop. This fruit is usually called the ‘seed’ by growers. Depending on the 
genotype, the two to four sepals may develop into spikes, resulting in prickly (or spiny) 
seeds. However, for seed processing, the smooth (or round) seed type is preferred and 
has been selected over the original spiny type by breeding (Sneep, 1958; Sherry et al., 
1993). Botanically, the spinach seed is a dry, indehiscent fruit, also called an achene 
(Hallavant & Ruas, 2014). Other achenes include, e.g., the fruits of amaranth, beet, 
buckwheat, buttercup, cannabis, lettuce, sunflower, and quinoa. With spinach, the 
achene consists of a true seed with an embryo surrounding the perisperm, covered with 
a seed coat (testa) (Figure 2). The true seed is loosely surrounded by a fruit wall, called 
the pericarp, composed of partly lignified cells (Sifton, 1927). Since the spinach seed 
anatomy is similar to that of the family-related beet (Beta vulgaris L.) seeds (Hermann et 
al., 2007), studies on beet seeds are particularly relevant for this study on spinach seeds. 

Figure 2. Side views of an intact spinach seed (fruit) (A) and true seed without a pericarp (B), and a 
cross-section with designated structures (C).
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Spinach seed sensitivity towards abiotic stress

Temperature and moisture
Previous studies indicated that spinach seed germination is highly sensitive to 
temperature and to moisture. When tested in the lab on germination paper, the 
germination of spinach seeds decreased at temperatures above 12°C (Røeggen, 1984), 
and dropped to 50% at 30°C (Atherton and Farooque, 1983). Temperatures above 35°C 
could even prevent the seed from germinating (Leskovar et al., 1999). Another study 
on germination papers showed that the germination of spinach seeds was restricted by 
high moisture conditions, but could be improved when temperatures were lowered or 
when oxygen levels were artificially increased (Heydecker and Orphanos, 1968). The 
International Seed Testing Association (ISTA) advises using temperatures of 10 or 15°C 
for testing spinach seed germination, whereas they do not give a specific advise on the 
moisture content of the germination papers (ISTA, 2020). In soils or other substrates, 
oxygen levels can be reduced by excessive moisture levels or soil compaction. In a study 
with spinach sown in a substrate with fine peat moss and vermiculite with dolomitic 
stones, spinach seed germination was hampered at excessive moisture levels (Kear et al., 
2005). To evaluate the potential of spinach seed germination and emergence, the 
sensitivity of spinach seeds to high moisture levels needs to be considered, as studied 
in this dissertation.

Seed size and maturity
Previous studies on the relationship of spinach seed sensitivity towards abiotic stress 
conditions did not discriminate among seed sizes, although a large variation in seed 
sizes can be expected due to the indeterminate growth of spinach and once-over harvest 
of seeds. Due to the indeterminate flowering and seed development of spinach, the 
seeds on top of the spinach plants are smaller and less mature than the seeds that were 
formed earlier and are located lower on the plant. This may result in a large variation in 
the quality of the seeds harvested at once from a spinach plant (Deleuran et al., 2013). 
When obtained from the same plant or seed lot, spinach seed size is correlated positively 
with maturity level. Seed size and maturity can have interactive effects on the rate of 
germination, depending on the moment when the seeds were harvested. Within an early 
seed harvest, smaller seeds germinated faster, independent of their maturity level (as the 
maturity levels were already low). Within a late harvest, seeds with a higher maturity 
level germinated faster than seeds with a lower maturity level, and this maturity effect 
was more visible with the smaller seeds (<3.25 mm) than with the larger seeds (>3.25 
mm) (Deleuran et al., 2013). Hence, in the present study, effects of seed maturity as 
well as effects of seed size on germination and emergence are evaluated.
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Seed pericarp
Studies have demonstrated that the pericarp surrounding beet seeds plays a role in 
seed dormancy, inhibiting germination until the seed has reached full maturity and 
until environmental conditions are optimal for germination (Heydecker et al., 1971; 
Coumans et al., 1976). The pericarp of beet seeds can regulate germination by its 
chemical composition (e.g., plant hormones like abscisic acid) and physical structure 
(thickness and intactness) that determine its permeability to water and oxygen 
(Hermann et al., 2007). The pericarp can also contain phenolic compounds that bind 
oxygen, reducing oxygen availability to the embryo, which is necessary for most seeds to 
germinate, as was shown for beet seeds (Heydecker et al., 1971). Another study on the 
pericarp of sugar beet seeds showed that germination was greater when the operculum 
(or ovary cap of the fruit, Figure 2) was removed or when seeds were sown with the 
open basal pore (or placenta, Figure 2) facing up (Coumans et al., 1976). This was 
probably a result of better oxygen diffusion to the embryo. Complete removal of the 
pericarp (dehulling) of spinach seeds increased the total germination of seeds on paper at 
high moisture levels (Heydecker and Orphanos, 1968) and high temperatures (>18°C) 
(Sifton, 1927; Atherton and Farooque, 1983; Suganuma and Ohno, 1984; Leskovar et 
al., 1999; Katzman et al., 2001). Also, in a moist substrate, total germination of true 
seeds (without the pericarp) was greater than total germination of intact seeds (with the 
pericarp), but in that study the different seed types originated from different genotypes 
(Kear et al., 2005). Also, these studies did not discriminate among different sizes of 
spinach seeds, even though seed size can influence germination performance. To analyse 
the influence of seed size and the pericarp of spinach seeds on germination at high 
moisture levels, experiments with multiple seed lots with different seed size ranges, 
and a seed lot graded for multiple seed sizes, are included in this study.

Seed vigour
Seed size and pericarp thickness are positively correlated with seed maturity, which is 
thought to be related to seed vigour (Finch-Savage & Bassel, 2015). Seed vigour can 
be defined as the sum of seed properties that determine the ability of viable seeds to 
germinate fast and uniformly, and to produce healthy seedlings with rapid and uniform 
emergence under both optimal and suboptimal environmental conditions, based on the 
combined definitions of the Association of Official Seed Analysts (AOSA) and ISTA 
(AOSA, 1983; ISTA, 2021). Seed vigour is influenced by seed maturity, genotype, and 
environment (Finch-Savage & Bassel, 2015). Therefore, inclusion of multiple genotypes 
with seed lots from different production environments is valuable for studying seed 
vigour effects. Several methods have been developed to analyse seed vigour, sometimes 
crop-specific and mostly by testing the response of seeds to stressful conditions, e.g., 
germination at suboptimal temperatures or moisture levels, or after deteriorating 
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storage conditions. Other seed vigour tests analyse the rate of germination, membrane 
damage resulting in leakage of electrolytes as measured by electrical conductivity of the 
seed soaking water, or using tetrazolium staining (ISTA, 2021). According to Finch-
Savage and Bassel (2015), seed vigour is a seed lot characteristic. However, in case of 
indeterminately produced seeds on spinach plants, large variation in seed vigour among 
individual seeds within the seed lots may exist. In the current study, seed vigour of 
multiple seed lots is determined by testing their germination and emergence potential 
under optimal conditions and under stressful conditions (moisture, temperature, 
pathogen presence). In addition, individual seeds of those seed lots are evaluated, so 
that their seed characteristics could be directly related to emergence. The smaller the 
difference between germination or emergence under optimal conditions and stressful 
conditions, the higher the seed vigour. For instance, a seed lot that germinates relatively 
fast and is less affected by certain stress levels, has a higher seed vigour compared to seed 
lots that germinate more slowly or have a smaller chance of germinating under the same 
stress levels (Figure 3). 

Figure 3. Illustration of the germination probability of three fictive seed lots with high seed vigour (1), 
medium seed vigour (2), and low seed vigour (3), differing in germination over time (A), and the probability 
of germination at increasing stress levels (B). Adapted from Finch-Savage and Bassel (2015), Figure 3.D and 
3.F on page 571, with permission from Oxford University Press and Copyright Clearance Center.

Non-destructive measurements of seed vigour
In recent years, non-destructive seed measurement techniques have become available for 
testing and sorting seeds based on maturity, health, and quality. These measurements 
include multispectral imaging of visible features like seed size, pericarp structure and 
colour (RGB imaging), combined with light reflectance measurements (spectroscopy) 
over a wide range of specific wavelengths, including ultraviolet (200 to 380 nm), visible 
(380 to 750 nm), and near-infrared (>750 nm) light (ElMasry et al., 2019). Light 
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reflectance from the spinach seed pericarp has been shown to be a good marker for the 
presence of fungal infection of those seeds (Olesen et al., 2011). In addition, chlorophyll 
fluorescence (CF) of a seed can be measured by emitting light onto the seed at 450 or 
660 nm and measuring excitation from the seed at 730 nm. CF has been demonstrated 
to be a good marker for the maturity level of seeds of many plant species, with an inverse 
correlation with germination (Jalink et al., 1998). Also, for sugar beet and spinach seeds, 
where CF is measured from the pericarp instead of the seed coat, CF correlated negatively 
with germination (Deleuran et al., 2013; Boelt et al., 2018). In this study, spectral and 
fluorescence measurements in addition to morphological measurements of spinach 
seeds are performed and, for the first time, related to damping-off tolerance.

Introduction to the disease: damping off 

Spinach crop production faces various diseases, including those caused by airborne 
pathogens (e.g., Peronospora (downy mildew), Albugo (white rust), Cladosporium and 
Stemphylium (leaf spot pathogens)), soilborne pathogens (e.g., Fusarium, Phytophthora, 
Pythium, Rhizoctonia and nematodes), and virus transmissions (Morelock & Correll, 
2008). Downy mildew is probably the most widespread and destructive disease of spinach 
caused by Peronospora farinosa f.sp. spinaciae. Resistance to downy mildew is largely based 
on single dominant genes and is commonly used in hybrid breeding to obtain resistant 
spinach cultivars. However, due to this approach and year-round spinach production, 
there is an on-going race between the development of resistant spinach varieties and new 
races of downy mildew (Morelock & Correll, 2008). Of the soilborne diseases, damping 
off is the most widely occurring disease, causing empty patches in spinach fields with 
potentially devastating production losses. The severity of damping off is highly dependent 
on the specific pathogen(s), host plant, and environment (Lamichhane et al., 2017). 
Damping-off diseases can be roughly divided in two types based on the developmental 
stage of the plant at the moment of showing symptoms (Lamichhane et al., 2017). 
Seed decay before germination and root rot before the seedling emerges above soil or 
substrate level can be categorised as pre-emergence damping off. Root rot and wilt of 
seedlings or plants after emergence can be categorised as post-emergence damping off. 
These symptoms can be caused by a complex of pathogens, including soilborne species 
from the fungal genera Fusarium and Rhizoctonia, and oomycete genera Aphanomyces, 
Phytophthora and Pythium. Multiple studies on damping-off diseases have characterised 
Pythium spp. as the most prevalent damping-off pathogens in spinach fields in Sweden 
(Europe) (Larsson, 1994), in California (USA) (Koike et al., 2011), and in Georgia 
(USA) (Sumner et al., 1976). Generally, damping off occurs more frequently in wet, 
compacted soils, but the severity of damping off is dependent on a multitude of factors, 
such as the plant species and genotype, pathogen species, abundance, and pathogenicity, 
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and management practices (Lamichhane et al., 2017). For spinach, damping off occurs 
more frequently during warm and wet periods, and after a history of frequent spinach 
(or other host crop) production (Correll et al., 1994).

The short production cycle and small harvest window in baby-leaf production requires 
uniform seed germination and leaf production. Suboptimal abiotic and biotic conditions 
can be devastating during seed germination and seedling emergence. Also, the general 
observation is that more mature plants can partially withstand infection by Pythium spp. 
(Kamoun et al., 1999). Therefore, the spinach seedling is expected to be most vulnerable 
in the pre-emergence stage. Since pre-emergence damping off includes non-germination 
of seeds and non-emergence of seedlings above soil level, it is difficult to assess the 
occurrence of this type of damping off resulting from pathogen infection rather than 
suboptimal abiotic conditions. To our knowledge, an assay to evaluate spinach pre-
emergence damping off that corrects for non-germination as a result of abiotic influences, 
is not yet available. For the development of such an assay it is required to identify the 
pathogen of interest first. In the present study, potential damping-off pathogens are 
isolated from infected seeds and plants grown in field soils where spinach damping 
off had occurred.

Characteristics of the pathogen of interest: Pythium ultimum 

Previous studies have characterised P. ultimum as the most prevalent damping-off 
pathogen in spinach fields in Sweden (Europe) (Larsson, 1994) and California (USA) 
(Koike et al., 2011). P. ultimum Trow, 1901, is one of the over 230 species of the genus 
Pythium Pringsheim, 1858, which is the largest and most comprehensively studied 
genus in the family of Pythiaceae, order Peronosporales, class Peronosporomycetes, 
phylum Oomycota, and kingdom Stramenopila (= Chromista) (Plaats-Niterink, 1981; 
Beakes et al., 2014). This oomycete can cause both types of damping off by infecting the 
seed, young seedling, or root, mostly at the base of the stem at the soil or substrate level. 
The pathogen spreads by the formation of mycelium and spores, and the plant tissue 
becomes infected by germ tubes or hyphae formed by three different structures, encysted 
zoospores, oospores, or sporangia (Figure 4). The mycelium develops into sporangia that 
directly produce germ tubes or the sporangium forms a vesicle that produces zoospores 
that, after release, move to the plant tissue where they encyst and develop germ tubes. 
The pathogen also forms oospores that each produce a germ tube directly or produce a 
sporangium in which zoospores that produce a germ tube in presence of a host (Agrios, 
2005b). Which infection strategy occurs, depends on the environmental conditions 
and on the variety of P. ultimum (Plaats-Niterink, 1981). The optimum temperature for 
direct formation of germ tubes from sporangia is above 18°C, and by means of zoospores 
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is 10 to 18°C with sufficient water availability (Agrios, 2005b). P. ultimum var. ultimum 
rarely produces zoospores, only at these lower temperatures, and is more pathogenic than 
var. sporangiiferum, which produces zoospores more regularly (Plaats-Niterink, 1981). 
The pathogenicity of P. ultimum at causing damping off is higher under high soil moisture 
conditions for a prolonged period (Schmitthenner, 1970; Agrios, 2005c); under soil 
temperatures that are unfavourable for the host plant (Paulitz & Baker, 1987; Agrios, 
2005c), which include lower temperatures than for other Pythium species (Klisiewicz, 
1968); and at low soil oxygen levels (Schmitthenner, 1970). Optimum growth of P. 
ultimum is at 25-30°C in culture (Leach, 1947) and below 20°C in soil (Munnecke 
et al., 1971). The thick-walled oospores are the resting structures that may survive for 
many years (Stanghellini & Hancock, 1971). In addition, P. ultimum is a broad host 
range species, able to infect a wide range of crops, including beet, carrot, soybean, 
spinach, tomato, and wheat (Abd-Elsalam & Amal-Asran, 2020). As a result, a history 
of frequent productions of vulnerable crops promotes the development of P. ultimum in 
soils, which makes it very difficult to eliminate the pathogen. This emphasises the need 
for certain resistance or tolerance levels of a plant to survive in P. ultimum-infested soils.

Figure 4. Life cycle of Pythium spp. causing pre-emergence (A) and post-emergence (B) damping off. 
Reprinted from Agrios (2005b), Figure 11-18 on page 412, with permission from Elsevier and Copyright 
Clearance Center.
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The potential of spinach seed vigour in damping-off tolerance

Tolerance of seeds and seedlings to biotic and abiotic stress has been suggested to be 
under the influence of seed vigour (TeKrony & Egli, 1991; Lammerts van Bueren et al., 
2003). Some studies have reported positive relationships between seed vigour and biotic 
stress tolerance. An increased sensitivity towards soilborne pathogens of seeds with a 
lower vigour that cause delayed emergence has been described for several crop species, 
such as wheat (Das Gupta & Austenson, 1973), soybean (Schlub & Schmitthenner, 
1978; Hamman et al., 2002), pea (Perry, 1973; Stasz & Harman, 1980), and lucerne 
(Hawthorne, 1988). In these studies, seed vigour was deliberately reduced, for instance 
by temporary storage at high humidity (Hamman et al., 2002). Delayed emergence is 
also suggested to increase damping-off sensitivity (Green et al., 2012). Generally, to 
reduce the severity of damping off in fields, sites are selected with good drainage and 
well-aerated soils and favourable temperatures for seed germination, promoting rapid, 
vigorous seedling growth (Lamichhane et al., 2017). Spinach growers in the UK also 
stated that seed vigour can contribute to the susceptibility of seeds and seedlings to 
damping-off disease, but the contribution has not been ascertained yet. In a study with 
12 spinach cultivars, variation was observed in emergence and damping-off symptoms 
among cultivars, as well as between two seed lots of three cultivars that were also included 
(Green et al., 2012). For two of these cultivars, the two seed lots showed a significant 
difference in germination rate. The other nine cultivars were each represented by a single 
seed lot. Most of them germinated slower and showed a lower emergence in naturally-
infested soils, as well as more post-emergence damping-off (wilting) symptoms. These 
results suggested that rate of emergence has a positive effect on damping-off tolerance. 
Green et al. (2012) tested rate of germination in a laboratory environment, whereas 
damping off was evaluated in naturally-infested soils under unheated, polythene tunnel 
conditions. The correlation between rate of emergence and damping-off tolerance is 
more reliable when seeds are sown under the same conditions. In addition, a correction 
for non-emerged seedlings not due to pathogen infection is needed by including a non-
inoculated control substrate. For this research, evaluations on emergence rate and 
damping-off tolerance are performed with three seed lots of each of five spinach 
cultivars in a newly developed phenotyping assay that includes a control treatment 
of non-inoculated substrate.

A positive effect of germination rate on damping-off tolerance could also be tested by 
enhancing germination rate of seeds through priming. In general, priming methods are 
based on the process of hydrating seeds in a controlled manner to initiate germination-
related processes, while preventing root protrusion by limiting the amount of water 
uptake that would otherwise result in a loss of desiccation tolerance (Heydecker et al., 
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1975). For many different plant species, seed priming has been shown to increase the 
rate and uniformity of germination by reducing the time for the seeds to germinate. 
Since priming is known to increase the uniformity of germination, this can be helpful 
to synchronise the germination of seeds with different seed vigour, i.e., to exclude 
a potential seed vigour effect on damping-off tolerance and to focus on a potential 
genotypic effect (this study). However, seed vigour can also be genotypic and related 
to stress tolerance. For instance, in one study, primed spinach seeds performed better 
under abiotic stress, including high moisture levels and high temperatures (Chen et al., 
2010). The priming possibly counteracts germination-inhibitory effects of the pericarp. 
For sugar beet and spinach seeds, both washing (soaking) and polishing of the pericarp, 
especially when combined, improved the rate of germination and total germination 
(Atherton & Farooque, 1983; Ignatz et al., 2019). Positive effects of priming, pericarp 
polishing or complete pericarp removal on abiotic stress tolerance of spinach seeds may 
also enhance biotic stress tolerance. To our knowledge, a direct relationship between 
spinach seed priming or pericarp removal (also called dehulling) on disease tolerance 
of spinach seeds has not been studied yet. Seed size has been studied in relation to 
biotic stress tolerance. For instance, in a study with lucerne seeds that do not have a 
pericarp, seedlings that emerged from heavier seeds were more tolerant towards Pythium 
spp. infection than seedlings from lighter seeds (Hawthorne, 1988). To study the effect 
of emergence rate on damping-off tolerance, priming and dehulling can be useful 
techniques. Potential effects of the spinach seed pericarp on germination, emergence, 
and pre-emergence damping-off tolerance are evaluated in this study by comparing 
dehulled and intact seeds of the same seed lots.

Research questions and hypotheses

Based on the increasing need for alternative solutions for reducing the incidence of 
spinach damping-off, the main objective of this research was to find possibilities to 
improve damping-off tolerance of spinach cultivars or seed lots. 

For the evaluation of damping-off tolerance, it is important that germination of seed lots 
can reach its maximum. Previous studies indicated effects of moisture and temperature 
on spinach seed germination that interacted with seed size. However, these studies 
did not include multiple seed lots of the same genotype or seed lots fractionated into 
different seed sizes. Since spinach seeds in a seed lot can have a large variability in seed 
size, we were interested to test whether seed size can affect germination, particularly in 
relation to high moisture conditions, which may also influence damping-off severity. 
This led to the following question:
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Which spinach seed traits underlie germination sensitivity under high 
moisture conditions? (Chapter 2)

We hypothesised that germination of smaller spinach seeds is less sensitive to high 
moisture conditions than germination of larger seeds. We expected that the pericarp of 
the larger seeds is thicker, and that the pericarp inhibits germination at high moisture 
levels due to lower oxygen availability to the embryo, as oxygen is crucial for seed 
germination. An increased oxygen level would diminish potential differences between 
the germination rates of small and large seeds.

Breeding for improved damping-off tolerance requires the existence of genotypic 
variation for damping-off tolerance, which led to the question:

Does genotypic variation exist for damping-off tolerance in spinach? 
(Chapter 3)

We hypothesised that genotypic variation for damping-off tolerance exists in spinach. 
We tested this by evaluating tolerance levels of commercially produced seed lots of 
multiple cultivars, first in the field and in the greenhouse with field soil. We expected 
differences among cultivars in both pre-emergence and post-emergence damping-off 
tolerance. From the literature, we know that abiotic conditions (e.g., moisture and 
temperature) play a major role in the severity of damping off. To minimise these effects, 
a standardised phenotyping assay was developed and used for the evaluation of pre-
emergence damping-off tolerance levels of seed lots of the same cultivars.

Since damping off can result from early infection of a seed, root, or young seedling, we 
expected that seed vigour plays an important role in disease tolerance. One of the aspects 
of vigour is the rate of germination. Based on a previous study using a limited number 
of spinach seed lots, we evaluated the following question further, using multiple seed 
lots per genotype:

Can faster emergence improve pre-emergence damping-off tolerance in 
spinach? (Chapter 4)

We hypothesised that faster germinating seeds show higher rates of seedling emergence 
and greater tolerance towards pre-emergence infection by damping-off pathogens. Also, 
faster emerging seed lots were expected to have greater pre-emergence damping-off 
tolerance than slower emerging seed lots.
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Spinach seed lots can show large variability in seed quality due to the indeterminate 
nature of seed development and once-over harvesting of the seeds. Seed quality consists 
of various components, of which seed vigour determines the success of a seed to develop 
into seedlings under both optimal and stressful conditions. Various seed traits are known 
to influence seed vigour and we were interested in the relation between those traits and 
pre-emergence damping-off tolerance, which resulted in the following question:

Which specific seed traits relate to pre-emergence damping-off toleran-
ce in spinach? (Chapter 5)

We hypothesised that seed size plays a role in pre-emergence damping-off tolerance 
as we also expected an effect of seed size on germination performance under abiotic 
stress. Seed size may correlate with seed maturity and, therefore, seed maturity was also 
expected to play a role. In addition, other characteristics that relate to the physiological 
maturity of the seed may play a role. Therefore, various non-destructive morphological 
and spectral seed measurements were performed.

Research design and evaluation methods

For all experiments, we used commercially produced seed lots of spinach cultivars that 
originated from different seed productions. For one cultivar, we also obtained a seed lot 
that was fractionated into five seed size ranges. Thus far, the use of multiple seed lots in a 
cultivar study is not common, whereas it may strengthen the potential effect of cultivar 
when different seed lots of the same cultivars show similar results. A large variation 
in damping-off tolerance levels among seed lots, even within cultivars, triggered our 
interest to compare seed lots for multiple seed vigour aspects, including the rate of 
germination and emergence in relation to pre-emergence damping-off tolerance. Also, 
specific seed traits were studied in relation to pre-emergence damping-off tolerance at 
the seed lot level (comparing seed lots) and for individual seed lots (comparing seeds 
within seed lots). A brief overview of the different evaluation methods is provided here, 
while details are described in the research chapters.

For evaluations of seed germination parameters, including rate, uniformity, area under 
the germination curve and total germination, we used a system based on the Jacobsen 
germination table, using filter papers that were connected to the water table with a 
paper wick. The main difference was that we applied different heights between the filter 
papers and water table by using Styrofoam plates to generate different moisture levels. 
This floating germination system was moveable and could fit in climate-controlled 
cabinets for evaluation at different temperatures, and in an air-tight box for evaluation 
at different oxygen levels (Chapter 2). 
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For the evaluation of damping-off tolerance (Chapters 3 to 5), we started performing 
trials in fields from which we also used soil samples to plant seeds of a susceptible 
spinach cultivar for extracting potential damping-off pathogens to choose our 
pathogen of interest. The variation in emergence results among field and greenhouse 
trials emphasised the necessity to minimise the environmental effects on emergence, 
other than pathogen infection. Therefore, a phenotyping method with standardised 
abiotic and biotic conditions was developed, using a standardised, nutrient poor, and 
relatively dry substrate that was inoculated with Pythium ultimum using a standardised 
protocol, and a control substrate that was not inoculated (Chapter 3). The use of a non-
inoculated control substrate enabled us to correct for lack of emergence that was not 
a result of pathogen infection. The statistical analysis followed a logistic regression of 
emergence with the different independent variables. By dividing the odds of emergence 
in the inoculated substrate by the odds of emergence in the non-inoculated substrate 
(control treatment) we obtained an odds ratio that was referred to as the pre-emergence 
damping-off tolerance level. 

In addition to the experiments with untreated seeds, a seed priming method was applied 
to increase the uniformity of germination and to test its effect on the rate of germination 
(Chapter 2), emergence and pre-emergence damping-off tolerance (Chapter 4). Seed 
dehulling was applied to test the effect of the seed pericarp on germination on filter 
paper in relation to high moisture levels (Chapter 2), on emergence in a substrate, 
and on pre-emergence damping-off tolerance in P. ultimum-inoculated versus non-
inoculated (control) substrate (Chapter 4). By recording emergence daily, the rate of 
emergence could be determined and correlated with damping-off tolerance levels.

Various seed traits were measured with multispectral imaging of individual seeds of each 
seed lot and of a seed lot fractionated into seed sizes and based on high and low seed 
maturity levels (Chapter 5). Seeds were subsequently sown in P. ultimum-inoculated or 
control substrate. By sowing them in individual cells and scoring seedling emergence 
from individual seeds, we were able to relate those seed traits to emergence. The seed 
trait measurements were also used to check for variation among spinach seed lots.

Outline of chapters

This dissertation consists of six chapters, including this introduction (Chapter 1), four 
research chapters (Chapters 2 to 5) and a general discussion (Chapter 6). A summary 
is provided thereafter. The connections between the chapters are visualised in Figure 5.

The general introduction (Chapter 1) provides a background on the production of 
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spinach as a leafy vegetable and its seed production, with the most important challenges 
in both organic and conventional production, giving the most attention to damping-off 
disease and seed vigour. 

In Chapter 2, the effects of seed size and the pericarp on seed germination at different 
moisture levels, temperatures, and at elevated and normal (air-based) oxygen levels are 
described. For these evaluations, a floating germination system was developed to assess 
seed germination at standardised moisture levels of commercially produced seed lots and 
of one seed lot fractionated into different seed sizes.

In Chapter 3, the same spinach cultivars and seed lots were evaluated for their tolerance 
towards damping off in the field, greenhouse, and in a climate-controlled cabinet. In 
field soils, incidences of emergence and non-emergence were scored and compared 
among cultivars and seed lots. Potential damping-off pathogens were isolated from the 
same field soils, tested for their pathogenicity on spinach, and characterized to species 
or genus. After the field and greenhouse trials, a standardised phenotyping assay was 
developed to assess pre-emergence damping-off tolerance to P. ultimum.

In Chapter 4, the same spinach seed lots were evaluated for the rate of emergence in 
relation to damping-off tolerance levels. The effects of priming and dehulling of seeds 
on rate and uniformity of germination and emergence were also related to the tolerance 
levels.

In Chapter 5, we zoomed in on individual seeds of the same spinach seed lots used 
in the previous chapters, and correlated those seed traits to P. ultimum tolerance. An 
experiment with a seed lot fractionated into different seed sizes and maturity levels was 
performed to validate the potential effects of seed size and seed maturity on emergence 
success in the absence and presence of P. ultimum.

Finally, the answers to the research questions are summarised and discussed in a broader 
context with recommendations for further research and development (Chapter 6). 
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Screening for spinach cultivar, seed lot and seed vigour variation
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Uniform seedling emergence is crucial for economically viable spinach (Spinacia 
oleracea L.) production. However, non-uniform seed germination occurs due 
to variation in moisture sensitivity among and within spinach seed lots. To test 
moisture sensitivity, we developed a floating germination system with fixed 
distances between the water table and germination papers, so that moisture 
levels were standardised. We tested germination performance of different cultivar 
seed lots, with one seed lot fractionated into different seed sizes, and of seeds 
with an intact, open, or removed pericarp. At high moisture level, smaller seeds 
germinated better than larger seeds, and seeds without a pericarp or with an 
open pericarp germinated better than intact seeds. The pericarp of smaller seeds 
was relatively thinner than the pericarp of larger seeds. A lower temperature or 
increased oxygen level resulted in improved germination of differently-sized seeds 
at a high moisture level. In conclusion, the sensitivity of spinach seed germination 
to moisture is influenced by seed size, hence pericarp thickness and intactness, 
and is driven by oxygen availability to the seed embryo. To determine the full 
germination potential of spinach seed lots, we recommend a standardised low 
moisture level in addition to a temperature of 15 to 20°C.

Keywords: germination, moisture, oxygen, pericarp, seed size, Spinacia oleracea, 
temperatureAb
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Introduction

Over about 50 years, the worldwide production of spinach (Spinacia oleracea L.) has 
increased tenfold, with a rapid increase of threefold in the past decade (FAO, 2019). The 
growing demands for fresh-market bagged spinach products has been the main reason 
for this rapid increase. Bagged spinach contains either very small young leaves (baby-
leaf spinach) or slightly older, medium-sized leaves (teenage spinach). Depending on 
the season, baby-leaf spinach can be harvested 21 to 40 days after sowing and teenage 
spinach can be harvested after 26 to 50 days (Koike et al., 2011). Because of this short 
growth period, uniform field emergence is necessary for the production of economically 
viable bagged spinach. Therefore, non-uniform or poor seed germination resulting in non-
uniform field emergence, is a major problem for spinach production (Simko et al., 2014). 

Spinach seeds have a similar structure as sugar beet seeds (Beta vulgaris L.), both family 
of Amaranthaceae. What the industry calls the ‘seed’ is botanically an indehiscent fruit, 
consisting of a true seed loosely surrounded by a fruit wall, called pericarp (Sifton, 1927; 
Coumans et al., 1976). In this paper, we refer to a spinach fruit with intact pericarp as an 
‘intact seed’, and when the pericarp is absent, we call it a ‘true seed’ (Figure 1). The loose 
structure that can fall out from the upper part of the pericarp is called operculum. Due to 
the indeterminate flowering pattern and once-over seed harvesting of spinach, a seed lot 
varies in seed sizes and maturity levels (Deleuran et al., 2013). In general, less mature seeds 
have lower seed vigour (Jalink et al., 1998). Seed vigour is the sum of seed properties that 
determine the potential of a seed lot for fast and uniform seed germination and seedling 
establishment in optimal and suboptimal environments (ISTA, 2020). Variation in seed 
vigour between and within seed lots causes non-uniform germination and emergence in 
the field. In addition, spinach seed germination is highly sensitive to temperature and 
moisture. Germination percentages decrease when the temperature rises above 12°C 
(Røeggen, 1984), may drop to 50% when it rises to 30°C (Atherton and Farooque, 1983), 
and germination does not occur at 35°C (Leskovar et al., 1999). The International Seed 
Testing Association (ISTA) advises to use temperatures of 10 or 15°C for testing spinach 
seed germination (ISTA, 2020). Spinach seed germination is also sensitive to moisture 
levels when sown in substrate (Kear et al., 2005) or on germination paper (Heydecker 
and Orphanos, 1968). Germination on paper with high moisture content improved 
when temperatures were lowered (Heydecker and Orphanos, 1968). In the past, ISTA 
rules (ISTA, 1976) recommended to use pre-chilling in addition to a low moisture level 
in the spinach germination test. In current ISTA rules (ISTA, 2020) pre-chilling is still 
recommended, but a low moisture level is no longer mentioned. In the ISTA Rules on 
germination, it is mentioned that “The water content of the growing medium should be 
adjusted to correspond to the needs of the species being tested, based on the maximum 
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water-holding capacity of the medium”. In our germination tests with spinach seed 
lots, we experienced considerable variation in their sensitivity to high moisture levels of 
germination papers. To determine the effects of various moisture levels on spinach seed 
germination, we developed a floating germination system with fixed distances between 
the water table and germination papers, so that the moisture content of the germination 
papers is standardised.

Observations from spinach seeds on germination paper are that smaller seeds germinate 
faster and that their total germination is higher compared with larger seeds (Deleuran et 
al., 2013). However, it was not tested whether differences in germination performance 
between seeds of different sizes are related to differences in moisture sensitivity. Our first 
hypothesis is that the germination of spinach seed lots varies in sensitivity to high moisture 
conditions due to the variation in seed size. The second hypothesis is that the pericarp 
determines the difference in moisture sensitivity between small and large seeds. Previous 
studies indicated that the pericarp acts as a physical barrier to oxygen that hampers 
germination. Pericarp removal or damage improved total germination on paper at high 
moisture levels (Heydecker and Orphanos, 1968) and at temperatures higher than 18°C 
(Sifton, 1927; Atherton and Farooque, 1983; Suganuma and Ohno, 1984; Leskovar et al., 
1999; Katzman et al., 2001). Total germination in substrate was also higher in case of true 
seeds (without pericarp) compared to intact seeds (fruits) at high moisture levels (Kear et 
al., 2005). However, these studies did not discriminate between seed sizes, and they used 
single seed lots only. We expect that the pericarp of larger seeds, independent of seed lot, 
leads to a stronger limitation for oxygen diffusion to the embryo than the pericarp of 
smaller seeds. With respect to this, the third hypothesis is that the availability of oxygen 
to the spinach seed embryo is critical for germination. Previous research showed that by 
increasing the oxygen level, spinach seed germination improved at room temperature 
(Sifton, 1927) and high moisture level (Heydecker and Orphanos, 1968). We performed 
germination studies with a floating germination system, using spinach seeds of different 
cultivars and seed lots, including different seed sizes and seeds with an intact, open, or 
removed pericarp. This allowed us to test whether variation in moisture sensitivity between 
and within spinach seed lots is due to variation in seed size, pericarp thickness or intactness, 
and whether oxygen availability to the embryo is the main driver behind germination. 

Materials and Methods

Plant material
In this study, seed lots of four spinach cultivars were used, including ‘Carmel’, ‘Chevelle’, 
‘Shelby’, and ‘Novico’ (Table 1). No information was provided by the suppliers on the 
history or maturity of the seed lots. After arrival, seeds were stored at 30% RH and 13°C 
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until use. The ‘Carmel’ seed lots originated from a single harvest and had been sorted by 
the seed company using sieves into five seed size fractions, which allowed us to analyse 
the effect of seed size. The seed lots of ‘Chevelle’, ‘Shelby’ and ‘Novico’ originated from 
different seed productions and varied in seed size ranges and thousand seed weight. 
Some of the seeds had damage to the pericarp, especially the smaller seeds. To analyse 
the effect of the pericarp, we separated part of the ‘Carmel’ seed size fractions into 
subfractions of seeds with either an intact, open, or damaged pericarp (Figure 1) using 
a binocular microscope (10 to 40 times enlargement). We defined intact seeds as seeds 
with the pericarp closed or with a small crack only, with the operculum still present 
and the true seed not visible through the binocular. With open seeds, the operculum 
is absent or there is a crack around the operculum, and the true seed is clearly visible 
through the crack. With damaged seeds, the true seed is visible from multiple sides than 
the operculum side only, or from another side than the operculum side, e.g., placenta 
side.

Table 1. Information on spinach seed lots used in this study. Seed size is the range covering 95% of the approximately 
1200 measured seeds. TSW is the thousand-seed weight in grams, measured by the providing companies. Seed lot D of 
cultivar Carmel was sorted into five seed size fractions (D.1 to D.5).

Cultivar Seed lot Seed size (mm) TSW (g) Providing company

Carmel
Carmel
Carmel
Carmel
Carmel

D.1
D.2
D.3
D.4
D.5

2.50–2.75
2.75–3.50
3.50–4.25
4.25–4.50
4.50–5.00

7.44
12.60
19.99
25.17
29.24

Pop Vriend Seeds, Andijk, the 
Netherlands

Chevelle
Chevelle
Chevelle

A
B
C

2.25–2.75
2.50–3.75
2.50–3.75

5.47
9.98
10.81

Enza Zaden/Vitalis, Enkhuizen/Voorst,  
the Netherlands

Novico
Novico
Novico

A
B
C

2.50–3.50
2.75–4.25
3.00–5.00

9.68
12.85
17.17

Nunhems/BASF, Nunhem,  
the Netherlands

Shelby
Shelby
Shelby

A
B
C

2.50–3.75
2.50–3.75
3.30–4.50

9.47
11.01
16.13

Enza Zaden/Vitalis, Enkhuizen/Voorst,  
the Netherlands
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Figure 1. Cross-sections of spinach seeds (fruit) from seed lot D of cultivar Carmel with a large size 
(4.50–5.00 mm, Carmel-D.5), medium size (3.50–4.25 mm, Carmel-D.3), and small size (2.50–2.75 mm, 
Carmel-D.1) with pericarp (a), operculum (b), embryo (c), perisperm (d), and placenta (e); and side views 
of an intact, open, damaged seed (fruit) and true seed (pericarp removed).

Floating germination system
To standardise the moisture level for spinach seed germination, we developed a 
germination system with fixed distances between the water table and germination 
papers on top of polystyrene foam plates (Styrofoam) that float on the water table. 
Paper wicks (30 mm wide, 235 g m-2) connect the germination papers (100 mm in 
diameter, 300 g m-2, Allpaper B.V., Zevenaar, NL) through holes in the Styrofoam with 
the water (Figure 2). The height of the Styrofoam regulates the moisture content of the 
germination papers. Transparent bell-shaped covers with a 10 mm hole in the top are 
placed over the seeds to maintain a high air humidity level. The seeds have an equal 
distance to the light source. Two days after setting-up the floating germination system, 
the seeds were placed on the moist papers (‘day 0’). 

Figure 2. Illustration of germination system with germination papers on top of floating Styrofoam plates 
with fixed distances to the water table at 10 mm (left) and 150 mm (right) distance.
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Experimental conditions
With the use of the described germination system, we tested germination performance 
of the seed size fractions of cultivar Carmel and seed lots of cultivars Chevelle, Novico, 
and Shelby at standardised moisture conditions and temperatures. Germination was 
assessed daily for 9 to 14 days. A seed was recorded as germinated when the root tip 
protruded from the pericarp by at least 1 mm. The number of seeds and replicates is 
indicated in the figure captions.

To test the effect of moisture level, we applied different heights of Styrofoam, including 
10 mm (highest moisture level), 30, 50, 70, 100, 150, 200, 250 and 350 mm (lowest 
moisture level). During these experiments the average temperature was 21°C for 12 
hours of light and 18°C for 12 hours of darkness. To test the effect of temperature 
and moisture simultaneously, we placed the system in incubators at 10, 15 and 20°C 
(±0.5°C) with three Styrofoam heights (10, 70 and 150 mm) in each incubator in 
darkness. To test the effect of oxygen level, we placed the system with high moisture 
level (10 mm Styrofoam) in air-tight boxes and flushed with 21% (air) or 100% oxygen 
for 20 minutes at a flow of 1 litre per minute after sowing. When sowing open seeds, 
the pericarp opening was facing up. Environmental conditions included an average 
temperature of 21°C for 12 hours and 18°C for 12 hours, both in darkness. Four days 
after sowing, germinated seeds were removed, and the boxes were flushed again with air 
or 100% oxygen. The oxygen level in the boxes was measured daily by means of optical 
oxygen sensor dots (precision ±1%, PreSens–Precision Sensing GmbH, Regensburg, 
Germany) placed at the inner side of the transparent lids. With the air treatment, an 
average level of 19% (±1%) oxygen was measured, while flushing with 100% oxygen 
resulted in an average oxygen level of 89% (±2%).

Data analysis
Germination performance was determined by several parameters: fitted maximum 
germination percentage (Gmax), as the percentage of total germinated seeds at the end 
of the experiment; rate of germination, as the time point when 50% of the maximum 
germinated seeds have germinated (t50); and area under the curve (AUC), when plotting 
the germination percentages versus time. These parameters were calculated using the 
GERMINATOR curve fitting tool (Joosen et al., 2010) with the formula: yx=y0+

(a . xb)
(cb+xb)

,  
with: yx = cumulative germination percentage; y0 = initial germination percentage 
(intercept on y-axis); x = time point in hours; a = maximum germination percentage 
(Gmax); b =shape and steepness of curve; c = time point in hours when 50% of maximum 
germination has occurred (t50) (El-Kassaby et al., 2008). We performed an Analysis 
of Variances (ANOVA) on the Gmax, t50, and AUC in Genstat 19th edition (VSN 
International, Hemel Hempstead, UK) to check for treatment main or interaction 
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effects (α = 0.05). In case of significant interaction effects, post hoc multiple comparisons 
were carried out with the Fisher’s Protected Least Significantly Difference (LSD) test 
(α=0.05).

Results

Moisture level of floating germination system over time
The floating germination system allowed the standardisation of moisture availability 
experienced by the seeds and to vary the moisture level by applying different heights 
of Styrofoam. With increasing Styrofoam height, the moisture content in grams water 
per gram germination paper decreased (Figure 3). Over time, there was an increase 
in moisture content. After seven days, there was no significant increase in moisture 
content, except for 10 and 50 mm Styrofoam height.

Figure 3. Moisture content of germination papers depending on Styrofoam height (mm) on the day of sowing 
(day 0), day 7, and on day 14 of the experiment shown in Figure 5. The same letter indicates homogeneous 
subsets according to Fisher’s protected LSD0.05. Error bars represent standard deviation (n=3).

Effect of moisture level on germination performance of differently-sized seeds
To test the effect of moisture level and seed size on germination performance, we 
conducted an experiment with five seed size fractions of the spinach cultivar Carmel 
and two standardised moisture levels: high and medium (10 and 70 mm Styrofoam). 
Germination performance varied with seed size and moisture level (Figure 4). At the 
high moisture level, the smaller seeds (seed size fractions D.1 and D.2) germinated 
better than the larger seeds (seed size fractions D.3, D.4 and D.5), with a significantly 
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higher Gmax, lower t50 and higher AUC (over 336 hours). At the medium moisture level, 
germination of all seed size fractions was significantly better than the germination at the 
high moisture level. Nonetheless, the smallest seeds germinated best, with a significantly 
higher Gmax and AUC, while t50 was equal for all seed size fractions.

Figure 4. Germination over time of five seed size fractions of seed lot D of spinach cultivar Carmel: 2.50–2.75 
mm (D.1, ◆), 2.75–3.50 mm (D.2, ▲), 3.50–4.25 mm (D.3, ●), 4.25–4.50 mm (D.4, ▼) and 4.50–5.00 
mm (D.5, ■). The germination test was performed at high and medium moisture level (10 and 70 mm 
Styrofoam), with 12/12 hours light/darkness at 21/18°C. Percentages are averaged over four replicates of 50 
randomly picked seeds.

Optimal moisture level for germination of differently-sized seeds
To find an optimal moisture level for good germination performance of differently-sized 
spinach seeds, we tested germination performance of the smallest and largest seeds of 
the ‘Carmel’ seed size fractions on standardised moisture levels. For both seed sizes, the 
Gmax and AUC (after 220 hours) was significantly lower at the highest moisture level (10 
mm) compared with all other moisture levels (Table 2). The Gmax of the largest seeds 
was significantly higher at 150, 200 and 250 mm compared with the other moisture 
levels, and the AUC was significantly higher at 150 mm compared with 10, 50, 100 and 
350 mm. The germination performance of the smallest seeds did not differ between the 
moisture levels, except for a significantly lower Gmax and AUC at the highest moisture 
level (10 mm).
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Table 2. Germination performance of intact seeds of two seed size fractions of seed lot D of spinach cultivar Carmel: 
2.50–2.75 mm (D.1) and 4.50–5.00 mm (D.5). The germination test was performed at different Styrofoam heights in 
the floating germination system, with 12/12 hours light/darkness at 21/18°C. Data are averaged over three replicates 
of 40 intact seeds. Same letters indicate homogeneous subsets according to Fisher’s protected LSD0.05. SEM represents 
standard error of means.

Carmel fraction Height (mm) Gmax (%) t50 (hours) AUC (after 220 hours)

D.1 10
50
100
150
200
250
350

77.5
90.8
94.2
93.3
95.0
94.2
95.0

 cd
 ab
 a
 a
 a
 a
 a

72.1
50.5
48.1
48.1
47.7
51.8
57.3

a
a
a
a
a
a
a

109.9
148.5
158.3
158.6
161.1
154.4
148.2

 f
 abcd
 ab
 ab
 a
 abc
 abcd

D.5 10
50
100
150
200
250
350

6.7
70.0
80.8
92.5
92.5
95.0
84.2

 e
 d
 bcd
 a
 a
 a
 abc

91.8
68.1
52.9
52.4
63.3
68.8
81.9

a
a
a
a
a
a
a

7.4
97.3

130.4
152.9
141.1
138.6
111.6

g
 f
 de
 abc
 bcd
 cd
 ef

SEM 0.04 9.04 6.51

Effect of moisture on germination performance of different seed lots
In addition to the previous results, seeds of different sizes from cultivars Chevelle, 
Novico and Shelby generally germinated better at low moisture level (Table 3). They 
had a significantly higher Gmax and AUC (after 220 hours) at low moisture level 
(150 mm Styrofoam) than at high moisture level (10 mm). Remarkably, seed lot A 
of ‘Chevelle’, containing relatively smaller seeds (2.25–2.75 mm), germinated equally 
well at both moisture levels. At a high moisture level, Chevelle-A even germinated best 
compared with all other seed lots. We observed that this seed lot also contained more 
seeds with a damaged pericarp compared with the other seed lots (data not shown). At 
high moisture level, all three seed lots of cultivar Chevelle showed greater germination, 
with a significantly higher Gmax and AUC, than the other cultivar seed lots. Even at low 
moisture level, the germination of seed lots B and C of ‘Chevelle’, containing seed sizes 
between 2.50 and 3.75 mm, was greater compared with ‘Novico’ seed lots B (2.75–4.25 
mm) and C (3.00–5.00 mm) and ‘Shelby’ seed lot C (3.30–4.50 mm).
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Table 3. Germination performance of three seed lots of the spinach cultivars Chevelle, Novico and Shelby with different 
seed size ranges (Table 1). The germination test was performed at high and low moisture level (10 and 150 mm Styrofoam), 
with 12/12 hours light/darkness at 21/18°C. Data are averaged over three replicates of 50 randomly picked seeds. Same 
letters indicate homogeneous subsets according to Fisher’s protected LSD0.05. SEM represents standard error of means.

Cultivar - 
seed lot

Gmax (%) t50 (hours) AUC (after 220 hours)

°C 10 mm 150 mm 10 mm 150 mm 10 mm 150 mm

Chevelle-A
Chevelle-B
Chevelle-C
Novico-A
Novico-B
Novico-C
Shelby-A
Shelby-B
Shelby-C

21/18
21/18
21/18
21/18
21/18
21/18
21/18
21/18
21/18

88.0
82.0
75.3
38.0
22.0
28.7
32.0
50.0
61.3

 abc
 bcd
 cd
 gh
 i
 hi
 hi
 fg
 ef

92.7
98.7
98.7
91.3
83.3
73.3
94.7
91.3
85.3

 ab
 a
 a
 ab
 bcd
 de
 ab
 ab
 bcd

33.3
55.8
81.6
66.7
85.2
80.3
77.0
88.0

101.9

 a
 bcd
 f
 de
 f
 f
 ef
 f
 g

34.3
35.5
44.1
54.2
61.4
62.1
57.0
51.3
81.4

 a
 a
 ab
 bcd
 cd
 cd
 cd
 bc
 f

157.6
125.1
99.2
53.5
27.9
37.9
41.8
60.7
66.7

 bc
 de
 f
 gh
 i
 hi
 hi
 g
 g

166.7
180.1
169.9
140.1
120.2
108.0
146.3
146.8
108.3

 ab
 a
 ab
 cd
 e
 ef
 c
 c
 ef

SEM 0.05 4.57 6.96

Effect of temperature and moisture on germination performance of differently-
sized seeds
To test the effect of seed size, moisture, and temperature simultaneously, we sowed three 
seed size fractions of ‘Carmel’ at high (10 mm) or low (150 mm) moisture level and at 
constant 20, 15 or 10°C, without light. At high moisture level, small seeds (2.50–2.75 
mm) generally germinated significantly better than medium-sized (3.50–4.25 mm) and 
large seeds (4.50–5.00 mm) (Table 4). At high moisture level, total germination (Gmax) 
of all seed size fractions was significantly higher when the temperature was 15 or 10°C 
compared with the total germination at 20°C. However, germination was significantly 
faster (lower t50) for all fractions at 20°C compared with 15 and 10°C, and significantly 
faster at 15°C compared with 10°C. Except for high moisture level and 20°C, small seeds 
germinated equally well at all conditions. Medium-sized and large seeds germinated 
significantly better at the low moisture level (150 mm Styrofoam height) than at the 
high moisture level (10 mm Styrofoam height). At low moisture level, the Gmax did not 
differ significantly for all seed size fractions, but the small seeds still germinated faster 
(lower t50) than the medium-sized and large seeds.
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Table 4. Germination performance of three seed size fractions of seed lot D of spinach cultivar Carmel: 2.50–2.75 
mm (D.1), 3.50–4.25 mm (D.3) and 4.50–5.00 mm (D.5). The germination test was performed at high and low 
moisture level (10 and 150 mm Styrofoam), at 10, 15, 20°C, without light. Data are averaged over three replicates of 
50 randomly picked seeds. Same letters indicate homogeneous subsets according to Fisher’s protected LSD0.05. SEM 
represents standard error of means.

Gmax (%) t50 (hrs) AUC (after 220 hours)

Carmel fraction °C 10 mm 150 mm 10 mm 150 mm 10 mm 150 mm

D.1 10
15
20

90.7
91.3
76.0

 ab
 a
 c

94.0
94.7
93.3

 a
 a
 a

82.1
59.2
48.1

 de
 gh
 hi

89.0
54.6
37.9

 d
 h
 i

246.1
269.0
230.9

 de
 bc
 ef

248.6
284.9
295.3

 de
 ab
 a

D.3 10
15
20

68.0
70.7
18.7

 d
 cd
 f

90.7
90.0
84.0

 ab
 ab
 b

121.6
101.5
70.1

 b
 c
 fg

111.6
70.8
52.3

 bc
 efg
 h

155.9
173.3
52.3

 gh
 g
 j

217.7
257.2
254.7

 f
 cd
 cd

D.5 10
15
20

72.7
52.0
17.3

 cd
 e
 f

96.0
93.3
92.0

 a
 a
 a

155.9
104.6
51.4

 a
 c
 h

118.6
80.5
53.7

 b
 def
 h

141.4
123.6
50.4

 hi
 i
 j

225.9
253.9
279.8

 f
 cd
 ab

SEM 0.02 4.07 6.53

Effect of seed pericarp on germination performance at high moisture level 
For each ‘Carmel’ seed size fraction, 200 true seeds were isolated from their pericarp, 
and the seed was weighed before and after removing the pericarp. As seed size increased, 
the pericarp weight increased more than the true seed weight (Figure 5A). To test the 
effect of the pericarp on germination performance at high moisture level, we conducted 
an experiment with intact and true seeds of three seed size fractions of ‘Carmel’ at a 
relatively high moisture level (30 mm Styrofoam). True seeds of all three size fractions 
germinated as quickly as small intact seeds (Figure 5B). With the large and medium-
sized seeds, true seeds showed a significantly higher Gmax and AUC (after 240 hours) 
compared with intact seeds (fruits). 

Figure 5. A) Pericarp (dark grey) and true seed (light grey) fresh weight in mg per 200 seeds of the five seed 
size fractions of seed lot D of spinach cultivar Carmel (no replicates): 2.50–2.75 mm (D.1), 2.75–3.50 mm 
(D.2), 3.50–4.25 mm (D.3), 4.25–5.00 mm (D.4) and 4.50–5.00 mm (D.5). B) Germination over time of 
seed size fractions D.1 (◆,◇), D.3 (●,○) and D.5 (■,□). Closed symbols display measurements of intact 
seeds (fruits) and open symbols display measurements of true seeds, averaged over three replicates of 30 seeds. 
The germination test was performed at a relatively high moisture level (30 mm Styrofoam), with 12/12 hours 
light/darkness at 21/18°C. 
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Effect of oxygen level on germination performance of differently-sized intact and 
open seeds 
To test the hypothesis that oxygen shortage is a limiting factor for germination at high 
moisture levels, we applied normal or high oxygen levels to the floating germination 
system with high moisture level (10 mm Styrofoam). In this experiment with three seed 
size fractions of ‘Carmel’, also the effect of pericarp intactness was tested. The three 
fractions showed variation in the number of intact and open seeds, as the fraction with 
smaller seeds contained a significantly higher number of open seeds compared to the 
fractions with medium or larger seeds (Figure 6A). The fraction with the larger seeds 
contained significantly fewer seeds with a damaged pericarp. Germination performance 
varied with seed size and pericarp intactness (intact or open) at normal oxygen level 
(Figure 6B). The Gmax of all seed size fractions was significantly higher at 89% O2 
compared with 19% O2. Small seeds germinated better, with a significantly higher Gmax 
and AUC (over 240 hours), and lower t50 at both oxygen levels, compared with medium-
sized and large seeds. At normal oxygen level (19%), open seeds showed a significantly 
higher Gmax and AUC than intact seeds, but at high oxygen level (89%), intact and open 
seeds performed equally well.

Figure 6. A) Number of intact, open, and damaged seeds of three seed size fractions of spinach cultivar 
Carmel: 2.50–2.75 mm (D.1), 3.50–4.25 mm (D.3) and 4.50–5.00 mm (D.5). Data are averaged over three 
replicates of 100 seeds. Error bars represent approximate standard deviation of the means and same letters 
indicate homogeneous subsets according to Fisher’s protected LSD0.05. B) Germination over time of seed size 
fractions D.1 (◆,◇), D.3 (●,○) and D.5 (■,□). Closed symbols display measurements of intact seeds and 
open symbols display measurements of open seeds, averaged over three replicates of 25 seeds. The germination 
test was performed at high moisture level (10 mm Styrofoam), at normal oxygen level (19 ±1% O2) and high 
oxygen level (89 ±2% O2), at 21°C and without light. 
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Discussion

This study confirmed that the germination of spinach seeds is hampered by high moisture 
levels, particularly in the case of large, intact seeds, and that oxygen availability to the 
seed embryo is critical for germination. With the use of different seed lots from three 
different spinach cultivars and one cultivar seed lot fractionated into different seed sizes, 
we found that spinach seeds show considerable variation in sensitivity to high moisture 
levels. For instance, germination of large seeds varied from 90% at low moisture level 
to 10% at high moisture level, whereas small seeds still had 80% germination at high 
moisture level. To test the variation in moisture sensitivity, a germination system 
with standardised moisture levels was necessary. Therefore, we developed a floating 
germination system with fixed distances between the water table and germination 
papers. By testing a range of moisture levels, we observed that total germination of 
differently-sized spinach seeds was higher at a relatively low moisture level (100–250 
mm Styrofoam height) compared with total germination at a high moisture level (10 
mm Styrofoam height). Total germination was again lower when the moisture level was 
rather low (350 mm), indicating water shortage at this level. We concluded that 150 
mm Styrofoam height in the floating germination system gave the optimal moisture 
level for germination of spinach seeds of a diameter between 2.50 and 5.00 mm.

This study showed that variation in moisture sensitivity is related to variation in seed size 
that was observed among and within spinach seed lots, and that pericarp thickness and 
intactness plays a role. Larger seeds, which have a thicker pericarp, were more sensitive 
to high moisture levels, with a lower germination performance than smaller seeds, 
irrespective of cultivar or seed lot. Seed size ranges differed among the cultivars, which 
complicated interpretation of the results. However, the results of the ‘Carmel’ seed size 
fractions together with the results of the other seed lots confirmed that relatively smaller 
seeds (<3.50 mm) are less sensitive to high moisture level than larger seeds (>3.50 mm). 
When comparing the ‘Carmel’ seed size fractions, we observed that pericarp thickness 
increased with seed size, which may explain why larger seed size fractions contained 
more intact seeds and fewer open or damaged seeds. Results from a previous study 
(Kear et al., 2005) indicated that intact seeds are more sensitive to high moisture levels 
than true seeds, but the authors compared intact and true seeds from different cultivars 
and they could not exclude a cultivar effect. Results from another study, with one seed 
lot only, showed that pericarp removal resulted in higher germination percentages 
of spinach seeds at a high moisture level (Heydecker and Orphanos, 1968). Neither 
study discriminated between seed sizes or pericarp intactness. With the use of seed size 
fractions of ‘Carmel’, we were able to prove that, in contrast to intact seeds, true seeds 
obtained from small or large seeds were less sensitive to high moisture levels. In addition, 
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we observed that open seeds obtained from small or large seeds were less sensitive to high 
moisture level than intact seeds of same size. These results confirm the hypothesis that 
the pericarp can hamper germination at high moisture levels. 

Finally, this study led to the confirmation that oxygen shortage at high moisture levels 
is an important cause of spinach seed germination inhibition. Germination results 
using air-tight boxes with normal or high oxygen levels showed that total germination, 
especially of large intact seeds, at high moisture level improved with an increased oxygen 
level. This indicated that the pericarp of large seeds limits oxygen diffusion to the seed 
embryo to a larger extent than the pericarp of small seeds. Lowering the temperature 
resulted in a higher total germination of all seed size fractions at high moisture level, 
though small seeds still germinated faster than large seeds. These results are in line with 
previous studies showing that an increased oxygen pressure and a lower temperature 
provides higher spinach seed germination percentages at high moisture levels (Sifton, 
1927; Heydecker and Orphanos, 1968). The current ISTA rules about spinach seed 
testing prescribe the use of relatively low temperatures of 10 or 15°C. In our experiments, 
even at those temperatures, germination of larger seeds was hampered at high moisture 
levels. We also observed that germination was significantly slower at 10°C than at 15 or 
20°C. The slower germination and higher total germination at 10°C can be explained by 
either a reduction in metabolic activity, hence a lower oxygen consumption, an increased 
solubility of oxygen in water, or a combination of both. Likely, a thin or open pericarp 
results in a better oxygen diffusion into the embryo and, therefore, smaller seeds, with 
a thinner and more frequently open pericarp than larger seeds, germinated better than 
larger seeds in our experiments with high moisture level. Botanically related sugar beet 
seeds also germinated better on germination paper with the open basal pore facing up 
than with it down in another study (Coumans et al., 1976). These results suggest that 
air supply through pericarp openings or a thin pericarp improves oxygen availability to 
the seed embryo and, therefore, stimulates germination.

At present it is not clear whether the physical limitations to oxygen diffusion by the 
pericarp are the only reason or if additional factors play a role. Heydecker and Orphanos 
(1968) stated that formation of mucilage around and within the pericarp at high 
moisture levels forms a diffusion barrier to oxygen and that the pericarp alone does not 
prevent germination as long as no mucilage is formed. They hypothesised that without 
mucilage formation, oxygen can diffuse to the embryo via the scar where the pericarp 
was attached to the mother plant. However, we did not observe mucilage formation 
with the cultivars used in this study. Moreover, our experiment with a higher oxygen 
level and intact or open pericarp, showed that the pericarp alone can form an oxygen 
diffusion barrier at high moisture level. We cannot exclude that other pericarp factors 
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also play a role. For instance, the pericarp of sugar beet seeds contains abscisic acid, 
a germination inhibiting plant hormone, and phenolic compounds that bind oxygen 
(Hermann et al., 2007). Further research on a potential chemical barrier of the spinach 
seed pericarp is needed for a better understanding of its germination-inhibitory effect.

Recommendations

With the knowledge gained from this study, we have some recommendations for spinach 
seed production and seed testing. When sown in the field or a substrate, measures 
should be taken to prevent high soil or substrate moisture conditions. During seed 
processing, the smallest seeds are generally discarded because they are expected to be less 
mature and less vigorous than larger seeds. However, on germination paper, we found 
that smaller seeds are less sensitive to high moisture levels and even germinate faster 
than larger seeds. Seed sorting based on chlorophyll fluorescence (the lower the CF, the 
higher the maturity level) can be used to exclude the less mature, small seeds (Deleuran 
et al., 2013). In addition, the pericarp of larger seeds could be (partly) removed, if 
commercially feasible, for instance by a seed peeling apparatus (Toshiyuki, 1992). For 
breeding purposes, it may be worthwhile to analyse whether genetic variation exists for 
pericarp thickness or intactness. Then, it is also important to take into account that 
differently-sized spinach seeds vary in their sensitivity to high moisture levels. By using 
a germination test system with standardised moisture levels, as in this study, the full 
germination potential of spinach seed lots can be tested. The use of standardised lower 
moisture levels enables germination testing at higher temperatures, allowing a shorter 
period for evaluation. Therefore, we recommend the ISTA to consider moisture level 
again in the spinach seed germination testing protocol, using standardised low moisture 
levels and higher temperatures of 15 or 20°C. Our method generates a specific moisture 
level suitable for testing seeds for germination performance. We found that a distance 
of 150 mm, with a moisture content of about 2.1 g H2O g-1 germination paper, was 
optimal for spinach seeds of a diameter of 2.5 to 5.0 mm. When other germination 
papers are used, the optimal moisture content can be determined easily by using the 
floating system with different fixed heights. Our method has some similarity to the 
“Rodewald Method” (Willan, 1985). With this method, a water channel integrated in 
sand with an adjustable level gives moisture to the filter paper via wicks in the sand and 
via the capillary effect of the sand (Rubarth Apparate GmbH, 2020). We consider our 
system simpler and easier to use when it comes to determining the optimal distance 
between the water table and germination paper with spinach seeds. That knowledge can 
be used in combination with a Jacobsen apparatus (ISTA, 2020), if this apparatus can 
be adjusted to the optimal distance.  
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Spinach growers face increasing problems of damping off in the production 
of fresh-market (baby-leaf ) spinach due to increasing restrictions on chemical 
treatments. Damping-off tolerant cultivars are increasingly important, requiring 
effective evaluation methods. Potential damping-off pathogens were isolated 
from the soil of three locations in the Netherlands with a history of spinach 
cultivation and of one location in France. These were identified to species or 
genus, and tested for their pathogenicity on spinach. Pythium ultimum was the 
most prevalent pathogen in those fields, causing spinach pre- and post-emergence 
damping off. Eight spinach cultivars, with two or three seed lots of each, were 
evaluated at the same field locations and in a greenhouse with soil sampled from 
one of the Dutch field sites. Pre-emergence damping off was more discriminating 
for differences among cultivars than post-emergence damping off. Variation 
in levels of infection among trials, replicates within trials, and seed lots of the 
same cultivar, emphasised the need for a more standardised phenotyping assay. 
For such an assay, a cornmeal/sand-based inoculum of a pathogenic P. ultimum 
isolate was added to a substrate mixture of sand, perlite, and vermiculite, that 
was moistened to 50% water holding capacity. In this substrate and in a control 
substrate without P. ultimum inoculum, spinach seeds were incubated for 10 days 
in a climate-controlled cabinet at 15°C in the dark, and seedling emergence was 
assessed. The assay showed reproducible results for discriminating differences in 
pre-emergence damping-off tolerance levels among seed lots. However, cultivar 
differences in pre-emergence damping-off tolerance levels could not be confirmed 
due to a larger variation among seed lots, even of the same cultivar, which needs 
further investigation.

Keywords: damping off, phenotyping assay, Pythium ultimum, seed lots, Spinacia 
oleraceaAb

str
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Introduction 

Global production of spinach (Spinacia oleracea L.) has increased fourfold during the 
past two decades (Food and Agriculture Organization (FAO), 2020). In the USA, 
spinach production has increased mainly due to the rising popularity of fresh-market 
leafy vegetables, particularly baby-leaf spinach (Simko et al., 2014). As consumers 
become more aware of food safety and environmental impacts of pesticides and 
fungicides, the demand for non-chemically treated seeds to produce leafy vegetables 
is increasing too. The reduction in fungicide seed treatments can increase problems of 
non-uniform seedling emergence and damping off in leafy vegetable production fields. 
For the production of baby-leaf spinach, in particular, damping off is a major concern 
because the short production cycle of three to six weeks requires uniform seedling 
establishment, resulting in uniform leaf sizes at the time of harvest (Correll et al., 1994; 
Koike et al., 2011). Damping off does not only occur in spinach, but in a wide variety 
of crops such as alfalfa (Berg et al., 2017), cucumber (Abbasi & Lazarovits, 2005), 
soybean (Ellis et al., 2013), and sugar beet (Bardin et al., 2003). Symptoms of damping 
off can be roughly divided into two types based on the seedling development: pre- and 
post-emergence damping off. Pre-emergence damping-off symptoms include seed decay 
before germination and seedling decay before emergence above the soil or substrate 
level. Post-emergence damping off includes seedling and plant wilt, and usually death, 
after emergence (Lamichhane et al., 2017).

Biotic and abiotic conditions for damping off
Several soilborne pathogens can cause damping-off symptoms, including species from 
the fungal genera Fusarium and Rhizoctonia, and the oomycete genera Aphanomyces, 
Phytophthora, and Pythium (Lamichhane et al., 2017). Most Pythium spp. have a broad 
host range and mainly infect juvenile tissue, including the seed and emerging root, causing 
pre-emergence damping off, or they infect emerging seedlings, causing post-emergence 
damping off (Hendrix & Campbell, 1973; Kamoun et al., 1999). At later plant growth 
stages, infection is usually restricted to the feeder roots, causing stunted growth, dark 
roots, and seedling chlorosis (Hendrix & Campbell, 1973; Kraft et al., 2000). As a 
result, most mature plants are partially resistant to Pythium spp. (Kamoun et al., 1999). 
Pythium species that can cause damping off of spinach include, for example, Pythium 
aphanidermatum,  P. paroecandrum (Naiki et al., 1986), P. ultimum, P. heterothallicum, 
P. sylvaticum (Larsson, 1994), and P. spinosum (Hirayama & Tojo, 1999). Studies have 
characterised P. ultimum as the most prevalent damping-off pathogen in spinach fields 
in Sweden (Europe) (Larsson, 1994) and in California (USA) (Koike et al., 2011). In a 
study in Georgia (USA), other pathogens isolated in association with spinach damping 
off were Fusarium oxysporum, F. solani, F. roseum, and Rhizoctonia solani, in addition 
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to Pythium spp. (primarily P. irregulare) (Sumner et al., 1976). Since different species 
can cause spinach seeds or seedlings to dampen off, identification of the most prevalent 
damping-off pathogens is needed for targeted management or breeding purposes. 

The severity of damping off is not only influenced by the pathogen(s), but also by 
the presence of other microorganisms, the host plant genotype, soil moisture, soil 
temperature, soil pH, light intensity, and cropping history (Hendrix & Campbell, 1973; 
Green et al., 2012). In general, greater severity of damping off occurs in wet and compact 
soils, associated with low oxygen levels (Lamichhane et al., 2017). More saturated soil 
moisture conditions are favourable for the saprophytic growth of Pythium spp., which 
tolerates conditions of poor gas exchange (Griffin, 1963). Severity is also greater when 
the temperature is unfavourable for the host plant and/or when it is favourable for 
the pathogen (Agrios, 2005c). In the case of spinach, a cool-season crop that grows 
best at soil temperatures of 15 to 18ºC, more severe damping-off symptoms may occur 
at lower or higher temperatures, depending on the pathogen (Koike et al., 2011). P. 
ultimum has optimum growth at 25 to 30°C in culture, but below 20°C in soil. The 
germination of sporangia or oospores by germ tubes is optimal at temperatures above 
18°C, whereas temperatures between 10 and 18°C induce the germination of zoospores 
(Agrios, 2005b).

Control of damping off
Damping off can be controlled through sanitation practices, ensuring good soil drainage 
and aeration, preventing excessively wet soils, using well-decomposed compost, planting 
at soil temperatures favourable for rapid seedling emergence, and rotation with non-
host crops (Lamichhane et al., 2017). Direct control of Pythium-induced diseases on 
a field scale is difficult. Once established in the soil, the persistent resting structures of 
Pythium spp., including thick-walled oospores, are difficult to eliminate (Stanghellini & 
Hancock, 1971), except with soil fumigants such as methyl bromide and/or chloropicrin 
(Hendrix & Powell, 1970; Munnecke et al., 1971). On a greenhouse scale, Pythium spp. 
can be eliminated by steam treatment or pasteurization of planting media (Hendrix 
& Campbell, 1973). Also, seeds can be treated with fungicides like mefenoxam (or 
the isomer metalaxyl), but resistance to these fungicides in some Pythium spp. and 
Phytophthora spp. has been found (Taylor et al., 2002; Tekale et al., 2019). The increasing 
awareness of the environmental impacts of chemical treatments and of food safety has 
led to more and more restrictions on the use of chemical field and seed treatments 
to manage damping off (United Nations Environment Programme (UNEP), 2006; 
European Commission, 2021). Therefore, an integrated management of damping off 
is increasingly relevant. This can include preventive field measures, seed treatments to 
enhance seed germination and vigour, biocontrol products as a more environment-
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friendly alternative to fungicides, in addition to using spinach cultivars more tolerant to 
damping off (Lamichhane et al., 2017), of which the latter was investigated in this study. 

Search for damping-off resistance or tolerance
Resistance to P. ultimum has been identified in legume crops, including alfalfa (Altier & 
Thies, 1995), common bean (Namayanja et al., 2014), soybean (Klepadlo et al., 2019), 
pea (Stasz et al., 1980), and chickpea (Kumar et al., 1991). Resistance or tolerance 
to P. ultimum in spinach has not yet been described. For other plant species in the 
Amaranthaceae family, including sugar beet cultivars and accessions of Amaranthus 
weeds, resistance to R. solani (Scholten et al., 2001) and P. myriotylum (Sealy et al., 1988) 
has been reported. In accessions of wild species of the genus Beta, related to sugar beet, 
resistance was found against the damping-off pathogens P. ultimum and Aphanomyces 
cochlioides (Luterbacher et al., 2005). It is not clear whether the resistance involved true 
resistance or apparent resistance in the form of tolerance to or escape from pathogen 
infection (Agrios, 2005a). Generally, resistant plants limit the pathogen to infect and 
to develop disease symptoms, while tolerant plants do not limit infection, but are able 
to establish well, even when they become infected (Roy & Kirchner, 2000). A third 
mechanism could be an escape from severe infection, e.g., through fast germination 
and/or seedling development (Agrios, 2005a). As the defence mechanism of spinach 
against damping-off pathogens is not known, we chose to describe the disease severity in 
spinach by the level of damping-off tolerance, that could be split up into pre-emergence 
and post-emergence damping-off tolerance. Spinach growers worldwide experience 
variation in damping-off tolerance among spinach cultivars (Marcel van Diemen, 
Vitalis Organic Seeds, 2015, personal communication). However, they also experience 
differences among seed lots and among field locations, which complicates the search 
for genetic-based tolerance for breeding purposes. Hence, there is a need for a reliable 
phenotyping assay in which the environmental conditions are standardised to assess pre-
emergence damping off as a result of pathogen infection rather than abiotic influences. 
In this study, we describe and discuss the development of a standardised phenotyping 
assay to screen spinach cultivars for tolerance to P. ultimum, including comparisons of 
multiple seed lots of each cultivar. 

Materials and methods

Plant materials
Eight spinach cultivars, with two or three seed lots of each (coded ‘A’, ‘B’, ‘C’) from 
different seed productions and overlapping seed size ranges, were used in this study: 
‘Carmel’, ‘Chevelle’, ‘Cronos’, ‘Hudson’, ‘Mirage’, ‘Novico’, ‘Progress’, and ‘Shelby’ 
(Table 1). The seed lots were stored at 30% relative humidity (RH) and 13°C after 
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receipt in 2015 until they were used from 2016 to 2020. For the readability when 
describing a seed lot of a cultivar, the cultivar name was hyphenated with the seed lot 
letter, e.g., Chevelle-B.

Table 1. Information on the seed lots of the spinach cultivars used in this study, including thousand seed weight (TSW) 
in grams (g), measured by the providing companies, and seed size ranges in mm covering 95% of the approximately 
1200 measured seeds.

Cultivar Lot TSW (g) Seed size (mm) Providing company (country)

Carmel
Carmel
Carmel

A
B
C

11.2
12.6
12.7

2.75–3.75
2.75–3.75
2.50–3.75

Pop Vriend Seeds 
(The Netherlands)

Chevelle
Chevelle
Chevelle

A
B
C

5.5
10.0
10.8

2.25–2.75
2.50–3.75
2.50–3.75

Enza Zaden/Vitalis 
(The Netherlands)

Cronos
Cronos

A
B

11.0
11.1

Sakata Seeds 
(France)

Hudson
Hudson
Hudson

A
B
C

10.2
10.9
11.2

Pop Vriend Seeds 
(The Netherlands)

Mirage
Mirage
Mirage

A
B
C

9.8
9.9
10.5

2.75–3.75
2.50–3.75
2.75–3.75

Sakata Seeds 
(France)

Novico
Novico
Novico

A
B
C

9.7
12.6
17.2

2.50–3.50
2.75–4.25
3.00–5.00

Nunhems/BASF 
(The Netherlands)

Progress
Progress
Progress

A
B
C

9.7
10.2
10.5

Pop Vriend Seeds 
(The Netherlands)

Shelby
Shelby
Shelby

A
B
C

9.5
11.0
16.1

2.50–3.75
2.50–3.75
3.30–4.50

Enza Zaden/Vitalis 
(The Netherlands)

Field locations
For the field trials and for isolation of potential damping-off pathogens, three locations 
with a history of spinach cultivation were used. Three locations were in the Netherlands, 
one at Oosterdijk and two at Voorst. A fourth location, without a history of spinach 
cultivation, was in Uchaud, southern France. At Voorst, one field site was called ‘de 
Bongerd’ (Voorst B) and the other field site was called ‘de Kamp’ (Voorst K). The soils 
at Voorst were sandy and humus-rich (Marcel van Diemen, Vitalis Organic Seeds, 
2021, personal communication), and the soils at Oosterdijk contained more marine clay, 
less organic matter and less sand than at Voorst (Panagos et al., 2012; European Soil 
Data Centre (ESDAC), 2021). The soil at Uchaud was a loam-sandy-clay soil (Sabrina 
Chandler, Sakata Seeds, 2021, personal communication). The fields at Voorst were used 
for organic crop production, whereas the fields at Oosterdijk and Uchaud were used for 
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conventional crop production.

Isolation of potential damping-off pathogens
Plastic trays (110 mm x 170 mm x 50 mm) were each filled with 300 g soil obtained 
from the four field sites (Voorst B, Voorst K, Oosterdijk, and Uchaud). A pathogen-
free control soil consisted of a mixture of river sand from the IJssel in the Netherlands, 
and commercial peat-based potting soil (Lentse potting soil number 4 from Horticoop, 
Katwijk, the Netherlands, hereafter called ‘peat’) in a volume ratio of 3:1. In each 
tray, 20 seeds of Chevelle-B (with intermediate seed sizes from 2.50 to 3.75 mm, and 
assumed to be sensitive to damping off) were sown 5 mm deep. Trays were each covered 
with a transparent plastic lid to maintain high humidity, and were incubated for seven 
days at 15, 20, or 25°C. Potential damping-off pathogens were isolated from non-
emerged seeds and from plants with post-emergence damping-off (wilting) symptoms 
by placing a small part of infected plant tissue (e.g., part of infected seed, stem base or 
root) on ¼ potato dextrose agar (10 g PDA (Thermo Scientific, CM139), 16 g agar 
(Thermo Scientific, LP0013) in 1 litre deionised water) with 100 mg/litre ampicillin 
to reduce bacterial growth. Plates were incubated at 20°C, and isolates were transferred 
to ¼ PDA medium for further use. Purified isolates were selected for genus or species 
identification, and for pathogenicity trials. From each soil-temperature combination, 
at least two isolates were selected. When isolates differed in colony morphology, one or 
two isolates from each different morphology type were selected, obtaining the highest 
possible variation in isolates.

Identification of damping-off pathogens
Mycelium was harvested from five-day-old isolates grown on PDA, placed in an 
Eppendorf tube with 50 µl TE buffer, boiled for five minutes, followed by a short spin. 
Then, 2 µl of the supernatant was used for DNA amplification with a PCR assay, using 
the polymerase GoTaq G2 from Promega (Catalog number M7841) in combination with 
the 5X colourless GoTaq reaction buffer. Primers for the Internal Transcribed Spacer (ITS) 
regions of fungal ribosomal DNA (rDNA)  (ITS1: 5’-TCCGTAGGTGAACCTGCGG-3’ 
and ITS4: 5’-TCCTCCGCTTATTGATATGC-3’) (White et al., 1990), 
and oomycete-specific cytochrome oxidase I (COI) primers (OomCoxI-
Levup: 5’-TCAWCWMGATGGCTTTTTTCAAC-3’; and Fm85mod: 
5’-RRHWACKTGACTDATRATACCAAA-3’) were used for DNA sequencing 
(Robideau et al., 2011), performed by Macrogen Europe (Amsterdam, the Netherlands). 
The PCR procedure for the ITS rDNA was 2 min. at 95˚C, 1 min. at 95˚C, 30 min. at 
55˚C, followed by 35 cycles of 1 min. at 72˚C, and 10 min. at 72˚C, followed by storage 
at 4˚C. For COI, the PCR procedure was 2 min. at 95˚C, 1 min. at 95˚C, 1 min. at 
54˚C, followed by 35 cycles of 1 min. at 72˚C, and 10 min. at 72˚C, followed by storage 
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at 4˚C. Sequences were processed with CLC Genomics Workbench 8.0, after trimming 
the forward and reverse primers and removing low-quality sequences. Sequences were 
assembled into contigs, using standard assembly parameters from the CLC Genomics 
Workbench (Toolbox, Sequencing Data Analysis, Assemble sequences). The contig 
sequences were used in the Basic Local Alignment Search Tool (BLAST) on the website of 
the National Center for Biotechnology Information (NCBI) as a query against a nucleotide 
collection (nr/nt) database. In total, 43 isolates were identified based on the ITS rDNA 
sequence and/or COI sequence; two isolates could not be identified (Supplemental Table 
1). For long-term storage, agar plugs (5 mm diameter) with mycelium of the isolate that 
grew on V8 agar medium (200 ml V8 juice, 5 g calcium carbonate, 800 ml deionised 
water) for 14 days at 25°C, were transferred into 2 ml Cryotubes with 15% DMSO (15 g 
dimethyl sulfoxide per litre water). The Cryotubes were slowly cooled to -80°C and placed 
in liquid nitrogen. 

Pathogenicity trials
Two small-scale trials were used to evaluate the pathogenicity of the 43 isolates on 
spinach. First, pre-emergence damping off was tested in trays with pots, each 50 mm x 
50 mm x 50 mm, filled with the 3:1 sand:peat mixture described above. A five-day-old 
PDA plug (5 mm diameter) with mycelium from the appropriate isolate was placed in 
the middle of the pot and simultaneously, four seeds of Chevelle-B were placed 5 mm 
deep at a 10 mm distance from the plug. With this short distance between the mycelial 
plug and the seed, the mycelium was already in contact with the seed before germination. 
Non-inoculated pots were included as a control treatment. Trays were incubated at 20°C 
with 16/8-hour light/dark cycle in plastic bags to create high humidity. 

Second, post-emergence damping off was tested in trays with cylindrical pots (50 
mm diameter x 50 mm tall) filled with the same 3:1 sand:peat mixture. One seed of 
Chevelle-B was sown 5 mm deep, and the pots were incubated at 15°C with 16/8-
hour light/dark cycle in a plastic bag. After seven days, a five-day-old mycelial PDA 
plug was placed in contact with the stem of the emerged seedling. Non-inoculated pots 
were included as a control treatment. Pots were incubated further at 20°C with 16/8-
hour light/dark cycle in plastic bags. Five and seven days after inoculation, the numbers 
of emerged and diseased seedlings were scored. Pathogenicity was determined for all 
identified isolates in three pots per isolate. Results were used to classify the isolates as 
non-pathogenic, weakly pathogenic or highly pathogenic, based on, respectively, 0 to 
33%, 34 to 66%, and 67 to 100% non-emerged seedlings or emerged seedlings with 
post-emergence damping-off symptoms. To select a highly pathogenic isolate, and to 
check pathogenicity after storage in liquid nitrogen, 16 Pythium isolates were retested 
for pathogenicity on spinach using the pre- and post-emergence trials described before, 
with four blocks and three pots in each block.
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Field trials
Five field trials were conducted in 2015, with two or three seed lots of each of eight 
spinach cultivars, including two trials at Oosterdijk, from 25 May to 15 June (A) and 
22 June to 13 July (B); one trial at Voorst B, from 15 May to 2 June; one trial at Voorst 
K in August; and one trial at Uchaud, from 13 May to 3 June. The experimental design 
was the same for each trial, with a randomised complete block design with eight blocks. 
Each block consisted of 23 rows of spinach seeds, each 3 m in length with a 50 cm 
spacing between the rows. Within each row, 60 seeds (or 40 seeds in the Uchaud trial) 
of one seed lot were sown. Emergence was scored weekly after sowing. In the third 
week, total numbers of healthy seedlings and post-emergence damped-off seedlings were 
scored.

Greenhouse trial with naturally infested field soil
The same seed lots of the eight cultivars were also tested in a greenhouse in the Netherlands 
in 2016, using soil from the Voorst B field site. The soil was collected from the top 10 
cm over a length of about 40 m. In total, 48 trays (600 mm x 400 mm x 80 mm, with a 
perforated bottom) were each filled with 10 kg of this soil and evenly spread in the tray. 
In each tray, four rows of 30 seeds were sown with a 1.8 cm distance between the seeds 
in a row, and a 7 cm distance between rows. The 23 seed lots were assigned randomly to 
the trays, with each seed lot sown eight times. The seeds were covered with 1 cm of the 
same soil, after the soil was sieved (<5 mm diameter particles). The soil moisture content 
was kept constant by weighing the trays three times a week and watering them when 
more than 150 ml water had evaporated. Numbers of emerged and diseased seedlings 
were scored daily for 11 days.

Development of a pre-emergence damping-off assay
For assessing pre-emergence damping-off tolerance in spinach, we developed a 
phenotyping assay with a cornmeal and sand-based inoculum containing P. ultimum 
mycelium, which was based on a protocol from Williams and Asher (1996). First, 
optimal emergence of spinach seedlings in the absence of P. ultimum was determined 
by testing different substrate mixtures and moisture levels as detailed below. Second, 
different P. ultimum inoculum doses were applied to the substrate in which seeds of 
the same seed lots of the eight spinach cultivars were sown to find an optimal dose for 
assessing pre-emergence damping-off tolerance.

Optimizing spinach emergence for the pre-emergence damping-off assay
Preliminary experiments were performed to find an optimal combination of substrate 
mixture and moisture level to obtain at least 85% spinach seedling emergence, of which 
the choices of substrate mixtures and moisture levels were based on in-house experience. 
The substrate mixtures contained autoclaved, dried, and sieved (<5 mm diameter 
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particles) river sand (IJssel, the Netherlands), peat (Lentse potting soil number 4 from 
Horticoop, Katwijk, the Netherlands), perlite and/or vermiculite (both from Agra Pull 
Rhenen, the Netherlands, no. 2: <3 mm diameter particles) at different volume-based 
ratios: sand:peat at a ratio of 3:1, sand:peat:perlite at ratios of 2:1:1 or 2:1:2, sand:perlite 
at a ratio of 1:1, and sand:perlite:vermiculite at a ratio of 1:1:1. One day before sowing 
seeds in the assay, the substrate mixtures were prepared in one bag per replicate, starting 
with the non-inoculated control treatment. Tap water was added in an amount based on 
the maximum water holding capacity (WHC) of the substrate mixture. The WHC was 
determined beforehand by placing 100 g of the dry substrate mixture into a funnel, lined 
with a mesh cloth on top of a 100 ml measuring cylinder. Then, 100 ml water was poured 
gently on the substrate mixture, and the amount of water collected in the cylinder was 
measured after two hours. A 100% WHC was obtained when the maximum amount 
of water remained in the 100 g substrate mixture. Based on preliminary experiments, 
each substrate mixture was moistened to 50 or 60% WHC. After the addition of tap 
water, the bags were closed tightly with some air enclosed, and stored overnight at room 
temperature.

Preparation of the pathogenic inoculum for the pre-emergence damping-off assay
A highly pathogenic P. ultimum isolate, 8b (Supplemental Table 2), was taken from the 
liquid nitrogen storage by thawing the Cryotube slowly and transferring the mycelial 
plugs to PDA for regeneration at 15°C. Five days before inoculation of the substrate 
mixtures, mycelial plugs of P. ultimum were transferred to new plates of PDA. The 
cornmeal/sand-based medium, as adapted from Williams and Asher (1996), was 
prepared in 500 ml Schott bottles and consisted of 247.5 g autoclaved, air-dried, and 
sieved river sand (<2 mm diameter particles), 2.5 g cornmeal (Sigma C6304), and 40 ml 
tap water. The bottles were shaken and autoclaved two times at 120°C for 20 minutes 
each time, with 24 hours rest in between. The bottles were cooled to room temperature 
before adding 15 mycelial plugs of P. ultimum from one PDA plate to the cornmeal/
sand-based medium in each bottle. The bottles were closed tightly and incubated at 
25°C for four weeks in darkness. Every week, the bottles were shaken and aerated in a 
biosafety cabinet. For the P. ultimum treatment, P. ultimum inoculum was added at a 
dose of 2.5, 5, 10, or 20%. The inoculum dose was based on the total substrate weight, 
including the dry weight of the substrate mixture and the fresh weight of the inoculum, 
before adding tap water to reach 50% WHC, resulting in approximately 27 to 28% 
water content of the total substrate weight.

Experimental conditions of the pre-emergence damping off assay
For the first experiments in which optimal substrate mixture and moisture level was 
determined, trays (380 mm x 240 mm x 55 mm) were each filled with 3000 g (excluding 
water) of one of the previously described substrate mixtures. The first experiment included 
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sand:peat (3:1), sand:peat:perlite (2:1:1, 2:1:2), and sand:perlite (1:1) with 50% and 
60% WHC. The second experiment included sand:peat (3:1), sand:peat:perlite (2:1:2), 
and sand:perlite (1:1) with 50% WHC. In each tray, 40 seeds from Novico-B (2.75 to 
4.25 mm seed size) and Novico-C (3 to 5 mm seed size) were sown in two rows with 45 
mm space between rows and 15 mm between adjacent seeds, planted 10 mm deep, and 
covered with the same substrate mixture. There were no replicated trays within the two 
experiments. The trays were distributed randomly in a climate-controlled room set at 
15°C with a 16/8-hour light/dark cycle (Philips Master TL-D 36W/840). 

In follow-up experiments where a P. ultimum treatment was included, 100 g of the 
prepared substrate was evenly divided over the 25 cells of transparent polystyrene dishes 
(100 mm x 100 mm x 18 mm, Greiner-Bio One, Item No.: 638102). Two of these 
dishes were placed in a stackable tray (210 mm x 150 mm x 30 mm, DBP Plastics, 
Belgium), resulting in 50 cells per tray. One seed lot was sown per tray, with a single 
seed in each cell placed on the bottom of the tray, covered with the substrate, and 
pressed 3 mm deep. Trays were stacked with all seed lots in a stack placed in random 
order (15 trays each stack for 15 seed lots), with the control treatment and P. ultimum 
treatment separately. Each stack was wrapped in a plastic bag to prevent contamination 
between the control and P. ultimum treatment, and to limit dehydration. One replicate 
of control and one replicate of P. ultimum treatment together formed a time block, 
which was replicated three times. This resulted in a split-plot design with complete 
blocks including stacks as main plot units and P. ultimum treatment as main plot factor, 
and trays (within stack) as subplot units with seed lot as subplot factor. The three blocks 
were distributed randomly in a climate-controlled cabinet at 15°C in the dark, and the 
positions of the blocks and trays within each stack were switched daily. Spinach seedling 
emergence was assessed daily until the end of the experiment, 10 to 14 days after sowing 
(shown in figure caption). When scoring, we applied the rule “once emerged, always 
emerged”, to assess primarily the pre-emergence damping off and not post-emergence 
damping off.

Data analysis
Statistical analyses were performed using R version 3.6.3 and RStudio version 1.2.5042 
(RStudio Team, 2020). Count data of emerged, non-emerged and diseased seedlings 
were obtained at the end of the experiments. Mean percentages and standard deviations 
of these dependent variables were calculated for data visualizations. For statistically 
testing differences among cultivars or treatments, a generalised linear mixed model 
(glmm) was applied, assuming a binomial distribution of the count data. A logit link 
function was used to link the probability of emergence or diseased seedlings to the 
different independent variables, including fixed and random factors. Fixed factors 
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included the block, cultivar, treatment, and cultivar-by-treatment interaction. Random 
factors included the seed lot within cultivar, the seed lot-by-treatment interaction, and 
we included a random stack effect in case of a split-plot design, and a random tray effect 
to correct for potential overdispersion, as each tray within the developed assay contained 
a single seed lot. To compare individual seed lots, modified glmm’s with seed lot and 
seed lot-by-treatment interaction as fixed factors, and necessary random factors, were 
applied. For each dataset, the fit of models was evaluated by residual plots with Pearson’s 
residuals on the y-axis and fitted values on the x-axis. For data obtained from the field 
and greenhouse trials, binomial overdispersion was observed, so we replaced the binomial 
distribution with the betabinomial distribution using the glmmTMB package. Type II 
Wald Chi2-tests were used to test effects of fixed factors. Using a logistic regression, the 
fixed and random effects were specified on a log odds scale. The odds were defined as 
the probability of successful emergence divided by the probability of non-emergence. 
Tukey’s comparisons were performed to compare the log odds among the levels of fixed 
factors that showed significant differences (α=0.05). 

To quantify the P. ultimum treatment effect in the pre-emergence damping-off assay, odds 
ratios (OR) were obtained from the logistic glmm output, showing the estimates for the 
P. ultimum treatment effect on emergence per seed lot on log scale, hence OR = e estimate.  
This OR was used as a measure of pre-emergence damping-off tolerance level, defined as 
the odds of emergence in the substrate with P. ultimum versus the odds of emergence in 
the non-inoculated control substrate: 

Tolerance level=OR= emergence in P. ultimum substrate / non-emergence in P. ultimum substrate
emergence in control substrate / non-emergence in control substrate

An OR smaller than 1 indicated sensitivity to P. ultimum: The closer the OR to 1, 
the greater the tolerance level. An OR of 1 or higher indicated complete tolerance 
to P. ultimum. For each OR estimate, the 95% confidence intervals were calculated  
(e (estimate ±1.96.SE)). To test for significant differences (ɑ=0.05) in tolerance levels 
among the seed lots, pairwise multiple comparisons with single-step adjusted p-values 
were performed on differences among estimates for the P. ultimum treatment effect on 
emergence per seed lot.
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Results

Isolation and characterization of damping-off pathogens
When Chevelle-B was sown in the four field soils and in a pathogen-free control soil, 
incubated at three temperatures, 35% (±14%) of seeds did not emerge in the field soils 
compared to 10% (±5%) in the control soil. Post-emergence damping-off incidence was 
on average 21% (±17%) and was not observed in the control soil (no replications). From 
the non-emerged seeds and diseased seedlings sampled in the four field soils, 43 fungal 
and oomycete isolates were obtained, of which 25 were identified as P. ultimum, a species 
obtained from all four field soils at all three incubation temperatures (Supplemental Table 
1). Of these 25 P. ultimum isolates, 23 were pathogenic on spinach, with 16 causing pre- 
and post-emergence damping off, two causing only pre-emergence damping off, and five 
causing only post-emergence damping off. Other pathogenic Pythium isolates included 
P. terrestris (five isolates) and P. sylvaticum (two isolates), of which P. terrestris was isolated 
from the Voorst B field soil, and P. sylvaticum from the Voorst K and Oosterdijk field soils. 
In addition, non-pathogenic Pythium isolates were obtained from the Oosterdijk field 
soil, including two P. oligandrum isolates and one P. attrantheridium isolate. A few fungal 
isolates were obtained from the Dutch soils, including Rhizoctonia solani and Mortierella 
spp. The R. solani isolate was highly pathogenic on spinach, inducing post-emergence 
symptoms. The Mortierella spp. isolates were not pathogenic or weakly pathogenic. From 
the Uchaud soil from France, only P. ultimum isolates were obtained. DNA sequences 
of all isolates are included in the NCBI database (MZ026493-MZ026534 for ITS and 
MZ151994-MZ152022 for COI) (https://www.ncbi.nlm.nih.gov/). 

A selection of 14 P. ultimum and two P. terrestris isolates were retested for their pathogenicity 
on spinach after storage in liquid nitrogen (Supplemental Table 2). Twelve P. ultimum 
isolates were highly pathogenic, inducing pre-emergence and post-emergence damping 
off. Isolates of P. terrestris appeared to be less pathogenic than the P. ultimum isolates. 
Because of the abundance in all four field soils and the relatively high pathogenicity on 
spinach, P. ultimum isolate 8b (ITS: MZ026502; COI: MZ152003) was selected for the 
development of a pre-emergence damping-off phenotyping assay. In the pathogen-free 
control soils, a relatively high percentage (34%) of seeds did not emerge, illustrating the 
need for an optimised substrate when evaluating spinach seedling emergence.

Field trials
The overall incidence of emerged seedlings from the seed lots of eight spinach cultivars 
sown at the Voorst, Oosterdijk, and Uchaud field sites, was 58.3% (±13.6%) at Voorst 
B; 66.6% (±13.6%) at Voorst K; 83.9% (±11.4%) at Oosterdijk A; 82.8% (±9.2%) 
at Oosterdijk B; and 75.8 % (±24.5%) at Uchaud. The overall incidence of post-
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emergence damped-off seedlings was 26.3% (±14.9%) at Voorst B; 7.0% (±6.4%) at 
Voorst K; 24.2% (±12.0%) at Oosterdijk A; 19.4% (±10.8%) at Oosterdijk B; and 
13.0% (±19.7%) at Uchaud. At the Uchaud field site, the relatively low incidences 
of emerged seedlings and post-emergence damped-off seedlings did not show any 
significant differences among the cultivars or among the seed lots (data not shown).

At the four field sites in the Netherlands, variation was observed among cultivars and 
field trials, and among seed lots, even of the same cultivar (Figure 1A to 1D). A significant 
interaction effect was observed between the field trials and cultivars (p<0.001). For 
both field trials at Voorst, fewer seedlings of Chevelle emerged compared with Cronos 
(Voorst B: p=0.006; Voorst K: p<0.001), Mirage (Voorst B and K: p=0.004), and 
Shelby (Voorst B: p=0.021; Voorst K: p=0.008). At Voorst B, Chevelle also showed less 
emergence compared with Hudson (p=0.004). However, when comparing the seed lots 
(treating them as fixed instead of random factor), Chevelle-C did not significantly differ 
from any of the seed lots of those cultivars that showed greater emergence compared 
with the cultivar Chevelle. Only Chevelle-A and Chevelle-B showed fewer emerged 
seedlings compared with Cronos-B, Hudson-A, Mirage-A, and Mirage-C (p<0.05) at 
the Voorst B field site, and compared with Cronos-A, Cronos-B, Hudson-B, Mirage-A, 
Mirage-C, Novico-B, Progress-C, Shelby-A, and Shelby-C (p<0.01), at the Voorst K 
field site. Chevelle-C even showed more emerged seedlings than Chevelle-A (p<0.001) 
in both field trials at Voorst, and at Oosterdijk B. When comparing cultivar differences 
in both Oosterdijk field trials, Carmel showed less emergence compared with Cronos 
(Oosterdijk A and B: p=0.005), Hudson (Oosterdijk A and B: p=0.002), and Mirage 
(Oosterdijk A: p=0.012; Oosterdijk B: p=0.003). At Oosterdijk B, Carmel also emerged 
less than Novico (p=0.009) and Progress (p=0.018). When comparing the seed lots in 
the Oosterdijk A field trial, only Carmel-A showed fewer emerged seedlings compared 
with both seed lots of Cronos and seed lots B and C of Hudson (p<0.01), and only 
Carmel-C differed from Mirage-C (p=0.047). In the Oosterdijk B field trial, Carmel-A 
and Carmel-B only differed from Cronos-B (p=0.03), Hudson-B (p=0.02) and 
Novico-C (p=0.01), whereas Carmel-C differed from almost all other cultivar seed lots 
with a lower emergence (p<0.01).
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Figure 1. (A-D) Mean incidence (%) of emerged seedlings from two or three seed lots (coded ‘A’, ‘B’, ‘C’) 
of each of eight spinach cultivars three weeks after sowing in two field trials at Voorst (‘Bongerd’=Voorst B 
and ‘Kamp’=Voorst K) and Oosterdijk (A and B) (The Netherlands), and (E-H) mean incidence (%) of 
emerged seedlings with post-emergence damping-off symptoms. Error bars represent standard deviations 
(n=8, replicated plots with 60 seeds each plot). Same letters indicate no significant differences between 
means (p>0.05), based on Tukey’s pairwise comparisons of the log of odds of emergence (emergence vs. non-
emergence) or post-emergence damping off (healthy vs. diseased seedlings) between cultivars (with seed lots 
treated as random factor) or seed lots (treated as fixed factor).
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When comparing the incidence of post-emergence damping off among cultivars, results 
were inconsistent (Figure 1E to 1H). At the Voorst B field site, Cronos showed more 
diseased seedlings than Carmel (p=0.002), Mirage (p=0.005), Novico (p=0.001), and 
Progress (p<0.001), which was not shown at Voorst K. When comparing individual seed 
lots, Cronos-A and Cronos-B differed from Chevelle-A (p<0.001), Mirage-B (p<0.05) 
and Novico-C (p<0.05). At Voorst K, the incidence of post-emergence damping off was 
less than at Voorst B (p<0.001), and there were no significant differences among seed 
lots. When comparing the cultivars, only Progress showed less post-emergence damping 
off than Hudson (p=0.006) at Voorst K. Also, within the field trials at Oosterdijk, there 
were no significant differences among cultivars or among seed lots. Only in field trial 
A at Oosterdijk, less post-emergence damping off was observed for Novico compared 
with Carmel (p=0.040), Chevelle (p=0.013), Cronos (p=0.009), Progress (p=0.003), 
and Shelby (p=0.003).

Greenhouse trial with field soil
The same cultivar seed lots were tested under more standardised conditions in a 
greenhouse with an overall emergence of 71.4% (±17.4%), and an overall incidence 
of 28.0% (±15.2%) post-emergence damping off. When comparing the means of the 
cultivars, emergence of Chevelle was less compared with the other cultivars (p<0.05), 
except Carmel (Figure 2A). Carmel emerged less than Mirage (p=0.001) and Shelby 
(p=0.022). However, when comparing the individual seed lots, Carmel-B and Carmel-C 
did not significantly differ from Shelby-A. Large variation also existed among the seed 
lots of Chevelle and Novico, with Chevelle-A that showed fewer emerged seedlings 
than Chevelle-C (p<0.001), and Novico-A that showed fewer emerged seedlings than 
Novico-B and Novico-C (p<0.001). 

When evaluating post-emergence damping off, Chevelle showed a higher incidence of 
damped-off seedlings than Carmel (p=0.034). Shelby showed fewer damped-off seedlings 
compared with Chevelle (p<0.001), Cronos (p=0.015), Hudson (p=0.003), and Mirage 
(p=0.018) (Figure 2B). When evaluating individual seed lots, differences were confirmed 
statistically for Shelby-A and Shelby-C compared with the Chevelle seed lots (p<0.02), 
except for Shelby-A vs. Chevelle-C (p=0.06), for Shelby-A and Shelby-C compared with 
Cronos-A (p=0.033; p=0.009), Hudson-C (p=0.002; p<0.001), Novico-A (p=0.023; 
p=0.006), and Mirage-B (p=0.020; p=0.005). Large variation among seed lots and 
replicates (p<0.001) remained, as was also the case in the field trials.

Since the incidence of post-emergence damping off was relatively low, with less variation 
among seed lots in the field and greenhouse trials compared to the incidence of seedlings 
that did not emerge, pre-emergence damping off was expected to be more discriminating 
for differences among cultivars than post-emergence damping off. 
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Figure 2. (A) Mean incidence (%) of emerged seedlings from two or three seed lots (coded ‘A’, ‘B’, ‘C’) 
of each of eight spinach cultivars, 11 days after sowing in soil sampled from Voorst B in the greenhouse, 
and (B) mean incidence (%) of emerged seedlings with post-emergence damping-off symptoms. Error 
bars represent standard deviations (n=8, replicated rows with 30 seeds each row). Same letters indicate no 
significant differences between means (p>0.05), based on Tukey’s pairwise comparisons of the log of odds of 
emergence (emergence vs. non-emergence) or post-emergence damping off (healthy vs. diseased seedlings) 
between cultivars (with seed lots treated as random factor) or seed lots (treated as fixed factor).

Optimization of seedling emergence in a pre-emergence damping-off assay
Seedling emergence from the two Novico seed lots was, on average, greater (p<0.001) 
at 50% WHC (68.4% ±15.9% emergence) than at 60% WHC (55.9% ±14.0% 
emergence). In addition, average emergence from both Novico seed lots was greater 
(p<0.001) in the substrate mixtures with more perlite; 66.2% ±6.61% emergence in 
sand:peat:perlite (2:1:2), 80.6% ±10.1% emergence in sand:perlite (1:1), compared 
to 48.1% (±8.0%) emergence in sand:peat (3:1) mixture. A repeat of this experiment 
with three substrates maintained at 50% WHC also showed a greater emergence in 
the mixtures with perlite than in the sand:peat mixture (p<0.001) (Figure 3B), with 
an average emergence of 86.2% (±4.8%) in the sand:peat:perlite mixture, and 82.5% 
(±18.5%) in the sand:perlite mixture, compared to an average emergence of 38.8% 
(±11.1%) in the sand:peat mixture. In a later experiment, the addition of vermiculite 
to the sand:perlite mixture showed slightly greater emergence for some seed lots in the 
sand:perlite:vermiculite (1:1:1) mixture compared with the sand:perlite (1:1) mixture 
(data not shown). With the sand:perlite:vermiculite mixture maintained at 50% WHC, 
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the 15 tested seed lots showed an emergence of 88% to 98%, which was reproduced 
over the experiments (as example, see Figure 6A, 0% P. ultimum dose).
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Figure 3. Incidence (%) of emerged seedlings 14 days after sowing 40 seeds of Novico seed lots B and C in 
(A) four different substrate mixtures (on volume basis): sand:peat (s:p) 3:1, sand:peat:perlite (s:p:per) 2:1:1 
and 2:1:2, sand:perlite (s:per) 1:1, with different moisture levels: 50% and 60% WHC, and (B) a repeat with 
three substrate mixtures maintained at 50% WHC. Bars with same letters indicate no significant differences 
(p>0.05) with Tukey’s pairwise comparisons between treatments (with seed lots treated as a random factor).

Dose effect of P. ultimum inoculum
When three concentrations of P. ultimum inoculum (5, 10, and 20%) were added to 
a sand:perlite:vermiculite mixture maintained at 50% WHC, the seedling emergence 
of two seed lots of cultivars Chevelle and Novico was less in the substrates with P. 
ultimum inoculum compared with the emergence in the control treatment without P. 
ultimum inoculum (p<0.001) (Figure 4A). In the control treatment, Novico showed 
fewer emerged seedlings than Chevelle (p<0.001), but their emergence did not differ in 
the three inoculated treatments. The repeat of this experiment with the same seed lots 
of cultivar Chevelle, but with seed lots B and C of cultivar Shelby, and a P. inoculum 
dose of 2.5 and 5%, resulted in fewer emerged seedlings in the 2.5% and 5% P. ultimum 
treatments than in the control treatment (p<0.001) (Figure 4B). The emergence of 
seedlings did not differ between the two cultivars in the control treatment or in the P. 
ultimum treatments.
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Figure 4. Mean incidence (%) of emerged seedlings 10 days after sowing 50 seeds of each of two seed lots of 
spinach cultivars Chevelle seed lots B and C and (A) Novico seed lots A and C or (B) Shelby seed lots B and 
C, in a substrate with sand:perlite:vermiculite mixture (1:1:1 volume basis) maintained at 50% WHC, with 0, 
2.5, 5, 10, or 20% Pythium ultimum inoculum dose (% fresh weight inoculum / (dry weight mixture + fresh 
weight inoculum)). Error bars represent standard deviations (n=3, replicated trays with 50 seeds each tray). 
Bars with the same letter indicate no significant differences (p>0.05) among the cultivar and treatment means 
based on Tukey’s pairwise comparisons between the log odds of emergence of cultivars within treatments (with 
seed lots treated as random factor).

Assessing pre-emergence damping-off tolerance using emergence odds ratios
The reproducibility of the phenotyping assay was assessed by evaluating two or three 
seed lots of spinach cultivars Chevelle and Shelby in four independent experiments 
(Figure 5). The overall emergence in the control treatment was 92.0% (±7.1%) in Exp. 
1; 88.7% (±11.2%) in Exp. 2; 90.7% (±6.1%) in Exp. 3; and 93.0% (±4.5%) in Exp. 
4, indicating good emergence conditions of the assay (>85% emergence). The overall 
emergence in the P. ultimum treatment was 48.7% (±9.8%) in Exp. 1; 26.3% (±11.3%) 
in Exp 2; 9.2% (±7.9%) in Exp 3; and 9.9% (±8.5%) in Exp 4, indicating sufficient 
infection levels but variation in effectiveness of the P. ultimum inoculum. The odds ratios 
between the emergence in the P. ultimum treatment and the emergence in the non-
inoculated control treatment, calculated as a measure of pre-emergence damping-off 
tolerance level, showed similar results for the Chevelle and Shelby seed lots, indicating 
reproducibility of the developed assay. Shelby-B was more tolerant than Chevelle-B 
in all four experiments (p<0.001), and Shelby-B was more tolerant than Shelby-C 
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in experiments 1, 3 (p<0.001), and 4 (p=0.005), not in experiment 2 (p=0.055). In 
experiments 3 and 4, Shelby-A was more tolerant than Chevelle-B (p<0.001). Chevelle-A 
was also more tolerant than Chevelle-B in both 2020 experiments (p<0.01).
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Figure 5. Pre-emergence damping-off tolerance levels of two or three seed lots of spinach cultivars 
Chevelle and Shelby, displayed as emergence odds ratios between seedling emergence in substrate with 
sand:vermiculite:perlite mixture (1:1:1 volume basis) maintained at 50% WHC and 5% Pythium ultimum 
dose, and emergence in the non-inoculated control substrate (n=3, replicated trays with 50 seeds each tray), 
in each of four experiments conducted in 2019 (Exp. 1 and 2) and 2020 (Exp. 3 and 4). Exp. 4 was part of a 
larger experiment with the rest of the data shown in Figure 6. Error bars show the upper and lower limits of 
the 95% confidence interval. Bars with the same letter indicate no significant differences (p>0.05) in tolerance 
levels among the seed lots based on pairwise multiple comparisons (with seed lots treated as a fixed factor).
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Assessing seed lot variation in pre-emergence damping-off tolerance
Based on the reproducibility of the assay with sufficient infection in a substrate with 
5% P. ultimum dose, the experiment was repeated with three seed lots of each of five 
spinach cultivars, sown in the developed assay with 0% (control) and 5% P. ultimum 
dose. Overall, seedling emergence in the control treatment was 92.2% (±4.6%). With 
a 5% P. ultimum dose, the seedling emergence of all five cultivars was reduced to an 
average emergence of 11.7% (±9.2%) (Figure 6A). When the seed lots were treated as 
a random factor in the analyses, there was no significant variation in pre-emergence 
damping-off tolerance levels among the five cultivars (Figure 6B). When the seed lots 
were treated as a fixed factor, they showed variation in tolerance levels (p<0.001), even 
within the same cultivar. Carmel-C was more tolerant compared with the three seed 
lots of Chevelle (A: p=0.042, B: p<0.001, C: p<0.001), the three seed lots of Mirage 
(A: p<0.001, B: p=0.002, C: p=0.005), Novico-B (p=0.005), and Shelby-C (p<0.001). 
However, Carmel-A and Carmel-B did not show greater tolerance levels compared with 
the other cultivar seed lots, and Carmel-C was more tolerant than Carmel-A (p=0.002). 
Chevelle-A was also more tolerant than Chevelle-B (p=0.030), and Shelby-C was less 
tolerant than Shelby-A (p=0.018) and Shelby-B (p=0.028). Tolerance levels did not 
significantly differ among the seed lots of Mirage and Novico. 
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Figure 6. (A) Mean incidence (%) of emerged seedlings (n=3) 10 days after sowing 50 seeds of each of 
three seed lots of five cultivars in a substrate with sand:perlite:vermiculite mixture (1:1:1 volume basis) 
with 0% (control treatment) or 5% Pythium ultimum inoculum dose (P. ultimum treatment). Error bars 
represent standard deviations (n=3, replicated trays with 50 seeds each tray). Means with same letters indicate 
no significant differences (p>0.05) based on Tukey’s pairwise comparisons among the cultivars (with seed 
lots treated as a random factor); and (B) pre-emergence damping-off tolerance levels for the same seed lots 
displayed as the emergence odds ratio, between emergence in P. ultimum treatment and emergence in control 
treatment. Error bars show the upper and lower limits of the 95% confidence interval. Bars with the same 
letter indicate no significant differences (p>0.05) in tolerance levels among the seed lots based on pairwise 
multiple comparisons (with seed lots treated as a fixed factor).

Discussion

Identification of isolates from field soils
From three field locations in the Netherlands with a history of spinach cultivation, and 
one field location in France, several Pythium spp., Mortierella spp., and Rhizoctonia solani 
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were isolated. We did not identify any species of the genus Fusarium, Phytophthora or 
Aphanomyces, whereas these pathogens have previously been isolated from spinach fields 
with damping off in other locations (Green et al., 2012). For instance, F. oxysporum has 
been isolated from wilting spinach seedlings in Sweden (Larsson & Olofsson, 1994), 
Japan (Naiki & Kanoh, 1978), Georgia in the USA (Sumner et al., 1976), Canada (Reyes, 
1977), and Australia (Trimboli, 1977). P. ultimum was most abundant in evaluated field 
soils in the present study, and showed to be highly pathogenic on spinach, inducing both 
pre- and post-emergence damping off, similar to what was reported in Sweden (Larsson, 
1994). Therefore, we chose P. ultimum as the pathogen to use in a phenotyping assay to 
screen for damping-off tolerance in spinach cultivars. According to the NCBI, Pythium 
ultimum has also been named Globisporangium ultimum (Uzuhashi et al., 2010). 

Another species that we isolated was P. sylvaticum, which was also the second most 
abundant pathogenic Pythium species detected in Sweden (Larsson, 1994), followed by 
P. ultimum var. ultimum and P. heterothallicum. Two other pathogenic Pythium species 
isolated in this study were P. terrestris, described as a new species by Paul (2002), which 
showed various levels of pathogenicity on spinach in our pathogenicity trials, and 
Pythium sp. CAL-2011f, which was weakly pathogenic on spinach. To our knowledge, 
both species have not previously been reported as spinach damping-off pathogens. P. 
terrestris has recently been isolated from soybean and wheat seedlings, and the soils 
in which the plants were growing, and were highly pathogenic on wheat (Feng et al., 
2020). Also, Pythium sp. CAL-2011f has been isolated recently from rhizosphere soils of 
soybean seedlings (Navarro-Acevedo et al., 2021). In addition, we isolated some Pythium 
strains that were non-pathogenic on spinach, including P. oligandrum, of which strains 
have been found to be a biocontrol agent against P. ultimum (Martin & Hancock, 1987), 
and P. attrantheridium, which induces cavity spot in carrots, and cavity lesions on apple 
and cherry seedlings (Allain-Boulé et al., 2004). Another group of interesting isolates 
that we identified, was the Mortierella spp., zygomycetes commonly isolated along with 
Pythium spp. in soybean fields with damping off (Zitnick-Anderson & Nelson Jr, 2015). 
Apparently, Mortierella species are the most abundant filamentous fungi in soils around 
the world, of which some have plant-growth-promoting abilities, and may even provide 
protection of agricultural plants from pathogens, such as Fusarium spp. (Ozimek & 
Hanaka, 2020).

Damping-off evaluations in the field and greenhouse trials
Among the five field trials, we observed large variation in non-emergence and post-
emergence damping off. At the Uchaud field site in France, without a history of spinach 
cultivation, no differences among cultivars or seed lots were found in the relatively low 
incidences of emergence and post-emergence damping off. At the Dutch field sites at 
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Voorst and Oosterdijk, cultivar differences were found that were relatively consistent 
among the trials. At the two Voorst sites, seedlings of cultivar Chevelle emerged less 
compared with the other cultivars, whereas Carmel had the poorest emergence at 
Oosterdijk. However, there was large variation among seed lots of Chevelle, with 
Chevelle-A showing the least emergence at all field sites, even below 40% in both field 
trials at Voorst. The poorer emergence of cultivars Chevelle and Carmel compared with 
the other cultivars could be a result of greater pre-emergence infection by damping-off 
pathogens, but other environmental conditions may also have played a role (e.g., high soil 
moisture levels). When comparing post-emergence damping off, no differences among 
cultivars were found or results were inconsistent among seed lots or among field trials. 
At the Voorst K and Uchaud field sites, the infection levels were relatively low compared 
with other sites. Inconsistency among field sites could be related to various biotic (e.g., 
microbial species composition, abundance, and diversity in the soil, including pathogen 
species) and abiotic conditions (e.g., moisture, temperature, organic matter content, 
and soil texture). Variable abiotic conditions among field sites (e.g., soil properties), 
among field trials (e.g., weather conditions), and even among rows within fields (e.g., 
soil moisture level and soil compaction) complicated assessment of cultivar effects on 
seedling emergence and post-emergence damping off. Therefore, the same seed lots were 
evaluated under more standardised conditions in the greenhouse with field soil collected 
from the Voorst B field site, where the incidence of non-emergence was highest and 
differences among seed lots most visible. 

Similar patterns in emergence were found among the cultivars and seed lots in the 
greenhouse and field trials. For instance, seed lots of the cultivar Chevelle showed 
less emergence compared with seed lots of other cultivars, except Carmel. These 
observations indicated that cultivars Carmel and Chevelle were most sensitive to pre-
emergence damping-off infection and/or other factors influencing their germination 
and emergence. When comparing post-emergence damping off among cultivars in the 
greenhouse trial, only cultivar Shelby showed fewer damped-off seedlings compared 
with cultivars Chevelle, Cronos, Hudson, and Mirage. This indicated a potentially 
greater post-emergence damping-off tolerance of the cultivar Shelby. However, when 
comparing individual seed lots, we could not confirm these differences for all Shelby 
seed lots compared with the seed lots of other cultivars due to large variation among seed 
lots of the same cultivar. Variation in levels of infection among trials, among seed lots 
of the same cultivar, and among replicates, made clear that the development of a more 
standardised phenotyping assay was necessary. Therefore, we continued developing a 
more standardised assay that could be conducted in a climate-controlled cabinet. The 
results from the naturally-infested soils in the field and greenhouse indicated that 
measuring pre-emergence damping off of spinach was more discriminatory among 
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cultivars than post-emergence damping off. Therefore, the requirements were set for a 
more standardised pre-emergence damping-off assay and included: good and uniform 
germination and emergence in the absence of damping-off pathogen(s), the use of a 
pathogenic inoculum with reliable effectiveness, and minimal environmental variation 
to give reproducible results.

Optimizing a phenotyping assay for spinach pre-emergence damping off
To phenotype pre-emergence damping-off tolerance in spinach, it was crucial to optimise 
seedling emergence so that the incidence of non-emergence could be ascribed (mostly) 
to pre-emergence infection. With the sand:perlite:vermiculite (1:1:1 volume) substrate 
mixture maintained at 50% WHC, emergence of spinach seedlings by at least 85% was 
achieved in the pathogen-free control treatment. Since variation in emergence still existed 
among seed lots, a control treatment was necessary to correct for this variation and to 
assess the responses of cultivars towards P. ultimum. The choice of substrate was partly 
based on a study of Kear et al. (2005), who used a mixture of sieved peat moss, dolomitic 
limestones and vermiculite (called ‘peatlite’). We excluded peat from the substrate in this 
study because emergence of spinach seedlings was greater with perlite instead. Also, peat 
can be highly variable among batches and can have P. ultimum-suppressive properties 
(Bongiorno et al., 2019). In addition, a low moisture level was preferred since spinach 
seed germination can be sensitive to high moisture levels, especially for relatively larger 
seeds (Chapter 2). The choice of a low substrate moisture level and a loosely structured 
substrate was based primarily on the optimization of spinach seed germination and 
seedling emergence rather than on P. ultimum development and infection. P. ultimum 
prefers high soil moisture conditions, e.g., in compacted soils, for infection of seeds, 
young roots, or seedlings (Hendrix & Campbell, 1973). Spinach seed germination does 
not tolerate low oxygen levels, whereas P. ultimum is less affected by poor gas exchange 
under high moisture levels (Griffin, 1963). The temperature of 15°C used in the assay 
was potentially good for both spinach seedling emergence and P. ultimum infection.

Reproducibility of the phenotyping assay
When comparing emergence results of the lab assay with emergence results in the 
field and greenhouse assays, seed lots were discriminated more clearly in the lab assay, 
especially for the Carmel and Shelby seed lots. The lab assay also showed a more 
reproducible pattern in emergence across the seed lots. For instance, comparable results 
for pre-emergence damping-off tolerance levels of seed lots of Chevelle and Shelby were 
obtained from the four experiments with the lab assay. However, the effect of the same 
P. ultimum inoculum dose on pre-emergence damping off in the 2020 experiments was 
greater than in 2019 and earlier experiments, despite using the same P. ultimum isolate, 
emphasising the importance of evaluating at least two doses when phenotyping spinach 
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pre-emergence damping off caused by P. ultimum. One potential reason for variable 
effectiveness of P. ultimum inoculum on spinach pre-emergence damping off could be 
the seed quality. Seeds used in the later experiments might have had slightly lower quality 
despite storage at 30% relative humidity and 13°C. There are several advantages of the 
developed phenotyping assay compared to the field and greenhouse trials. These include 
the capacity for detailed evaluations of pre-emergence damping-off tolerance due to 
the correction for non-emergence in a control treatment. The assay was optimised in 
small trays that could be stacked, each with 50 cells, so that less space was needed. 
The standardised environmental conditions also enabled evaluation of pre-emergence 
damping off in a relatively short time (10 days). Moreover, the set-up with a single seed 
per cell enabled the assessment of emergence from individual seeds over time, which 
created the possibility of relating seedling emergence to other seed characteristics that 
are measured individually. This system was less suitable for assessing post-emergence 
damping off because no light was provided, and no nutrients were added to the medium 
for seedling development. Our recommendations on the primary conditions of a pre-
emergence damping-off assay for screening spinach cultivars are listed in Table 2.

Table 2. Recommended conditions for a pre-emergence damping-off assay for spinach cultivars, based on existing 
literature and the results described in this study.

Assay component Condition

Substrate sand:perlite:vermiculite 1:1:1 (volume basis) 

Moisture 50% WHC (27-28% water of total substrate weight)

Temperature and light 15°C and dark (constant)

Pathogen isolate Pythium ultimum (highly pathogenic)

Inoculum 1% cornmeal in sand (Williams & Asher, 1996)
+ 15 mycelial plugs of five-day-old P. ultimum, incubated for four weeks at 25°C in the 
dark (shaken and aerated weekly)

Inoculum dose 5% fresh weight inoculum out of dry weight substrate plus fresh weight inoculum
Two doses (e.g., 2.5 and 5.0%) recommended as effectiveness of inoculum may vary

Relevance of phenotyping multiple seed lots with a standardised lab assay
With the phenotyping assay developed in this study, seed lots differed significantly in 
pre-emergence damping-off tolerance levels. If the seed lots were treated as random 
samples of each cultivar, there was no significant variation in tolerance levels among 
cultivars. Different seed lots of the same cultivar responded differently towards P. 
ultimum, which confounded the search for genotypic-based pre-emergence damping-
off tolerance in spinach that is necessary for breeding purposes. Cultivar variation may 
be masked by large variation among seed lots due to varying environmental conditions 
during seed production, post-harvest treatments, or seed storage conditions, that can 
all contribute to the variation in seed quality among those seed lots. Additionally, the 
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indeterminate growth pattern of spinach can cause a high degree of variation in seed 
sizes, seed maturity, and seed quality within seed lots (Deleuran et al., 2013). Although 
quality differences can be expected within and among seed lots, in most studies just 
one seed lot per cultivar was used. Only Green et al. (2012) tested two seed lots of each 
of two spinach cultivars, and they indicated that the differences observed may have 
been the result of seed lot differences rather than cultivar differences. Therefore, we 
included three seed lots of each of five spinach cultivars. The seed lots that we used in 
the development of the phenotyping assay had similar seed size ranges, e.g., Chevelle-B, 
Chevelle-C, Novico-A, Shelby-A and Shelby-B with a seed size range of 2.50 to 3.75 mm 
diameter. This enabled us to check for cultivar and seed lot variation without a potential 
seed size effect. Shelby-A and Shelby-B showed a greater tolerance than Chevelle-B and 
Chevelle-C, indicating a potential cultivar effect. We also tested seeds with a diameter 
of 3.0 to 5.0 mm, such as Novico-C and Shelby-C. Shelby-C showed less tolerance 
compared with the other Shelby seed lots, suggesting that seed size may play a role. Also, 
Chevelle-A, with the smallest seed size (2.25 to 2.75 mm diameter), showed greater 
tolerance than Chevelle-B. However, an effect of seed size on pre-emergence damping-
off tolerance levels was not observed for the Novico and Carmel seed lots. The Novico 
seed lots differed in seed size, but not in tolerance levels and the Carmel seed lots differed 
in tolerance levels even though their seed size did not differ. This implies that other seed 
lot differences may contribute to the large variation among seed lots in pre-emergence 
tolerance to P. ultimum. More research is needed to evaluate seed quality aspects or seed 
traits that contribute to pre-emergence damping-off tolerance in spinach, and whether 
genetic variation for certain traits exist. This is necessary to develop spinach cultivars 
with improved damping-off tolerance. For this research purpose, we recommend using 
the phenotyping assay that was developed in this study. 
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Supplemental

Supplemental Table 1. Characteristics of 43 isolates obtained from diseased spinach seed or seedling material of cultivar 
Chevelle seed lot B, grown in soil sampled from four field sites: Voorst ‘de Bongerd’ (B), Voorst ‘de Kamp’ (K), Oosterdijk 
(O) in the Netherlands; and Uchaud (U) in southern France. Species names show closest hit obtained from the Basic 
Local Alignment Search Tool (BLAST) of the National Center for Biotechnology Information (NCBI), with accession 
numbers based on the ITS- and COI-primers-based sequences. Isolates were tested for pathogenicity in pre- and post-
emergence stage of spinach seedlings, defined as non-pathogenic, weakly, or highly pathogenic in the pre- or post-
emergence pathogenicity trial at different soil incubation temperatures (°C).

Species (closest 
hit BLAST tool)

ITS accession 
no. at NCBI a

COI accession 
no. at NCBI a

# Field site °C Pathogenicity b

Pythium ultimum MZ026494
MZ026495
MZ026496
MZ026497
MZ026498
MZ026499
MZ026500
MZ026502
MZ026503
MZ026508
MZ026510
MZ026511
MZ026512
MZ026513
MZ026515
MZ026521
MZ026522
MZ026526
-
MZ026527
MZ026528
MZ026529
MZ026530
MZ026534
MZ026493

MZ151995
MZ151996
MZ151997
MZ151998
MZ151999
MZ152000
MZ152001
MZ152003
MZ152004
MZ152009
-
MZ152011
MZ152012
-
-
MZ152014
MZ152015
MZ152016
MZ152017
-
-
MZ152018
MZ152019
MZ152022
MZ151994

25 B, K, O, U 15, 20, 25 2 non-pathogenic

23 weakly to highly 
pathogenic: 
16 in pre- and 
post-emergence 
stage, 2 in only 
pre- and 5 in only 
post-emergence stage

P. terrestris MZ026505
MZ026509
MZ026516
MZ026514
MZ026520

MZ152006
MZ152010
MZ152013
-
-

5 B 15, 25 Weakly to highly

P. sylvaticum MZ026504
MZ026533

MZ152005
MZ152021

2 K, O 15 Non-pathogenic to 
weakly

Pythium sp. CAL-
2011f

MZ026519
MZ026531

-
MZ152020

2 O 15, 20 Weakly

P. oligandrum MZ026506
MZ026507

MZ152007
MZ152008

2 O 20 Non-pathogenic

P. attrantheridium MZ026501 MZ152002 1 O 15 Non-pathogenic

Mortierella spp. MZ026517
MZ026523
MZ026524
MZ026525
MZ026532

- 5 B, K, O 15, 20, 25 Non-pathogenic to 
weakly

Rhizoctonia solani MZ026518 - 1 O 15 Highly: only post-
emergence

a https://www.ncbi.nlm.nih.gov/
b Non-pathogenic means 0 to 33%, weakly pathogenic means 34 to 66%, and highly pathogenic means 67 to 100% 
non-emerged spinach seedlings in pre-emergence pathogenicity trial or seedlings with post-emergence damping-off 
symptoms in post-emergence pathogenicity trial.
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Supplemental Table 2. Identity of 16 Pythium isolates obtained from diseased spinach seed or seedling material of 
cultivar Chevelle seed lot B, grown in soil sampled from four field sites: Voorst ‘de Bongerd’ (B), Voorst ‘de Kamp’ 
(K), Oosterdijk (O) in the Netherlands, and Uchaud (U) in southern France, with isolate number in this study and 
species names showing closest hit with the Basic Local Alignment Search Tool (BLAST) of the National Center for 
Biotechnology Information (NCBI), with accession numbers based on the ITS- and COI-primers-based sequences. 
Results of pre- and post-emergence pathogenicity trials with, respectively, incidences of non-emerged seedlings (% non-
emerged) and emerged seedlings with wilting symptoms (% diseased).

Species (closest hit 
BLAST tool)

Isolate 
no.

ITS accession 
no. at NCBI a

COI accession 
no. at NCBI a

Field 
site

% non-emerged % diseased

P. ultimum var. ultimum
P. ultimum
P. ultimum
P. ultimum
P. ultimum
P. ultimum
P. ultimum
P. ultimum
P. ultimum
P. ultimum
P. ultimum
P. ultimum
P. ultimum
P. ultimum
P. terrestris
P. terrestris (P. sylvaticum)
Control
LSD α=0.05

1
2b
3a
3b
4
5
8b
8c
15
20a
36b
41
53
68
20c
34

MZ026493
MZ026495
MZ026496
MZ026497
MZ026498
MZ026499
MZ026502
MZ026503
MZ026510
MZ026515
MZ026521
MZ026522
MZ026526
MZ026530
MZ026516
MZ026520
-

MZ151994
MZ151996
MZ151997
MZ151998
MZ151999
MZ152000
MZ152003
MZ152004
-
-
MZ152014
MZ152015
MZ152016
MZ152019
MZ152013
-
-

K
K
K
K
K
B
O
O
B
B
B
K
U
U
B
B

85
85
63
58
88
81
88
94
81
79
88
48
65
31
54
35
34
18

92
92
83
42
75
92
100
92
92
83
83
92
83
8
58
25
0
34

a https://www.ncbi.nlm.nih.gov/
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Previous studies showed a large variation in pre-emergence damping-off tolerance 
levels among seed lots of the same spinach cultivars when evaluated in Pythium 
ultimum-inoculated versus non-inoculated substrates. Based on another study 
with mainly single seed lots per spinach cultivar, the hypothesis was that faster 
germinating and emerging seed lots show greater pre-emergence damping-off 
tolerance than slower seed lots. To test this hypothesis, seed priming or pericarp 
removal (dehulling) was applied prior to sowing, and the effects on germination, 
emergence, and pre-emergence damping-off tolerance were evaluated for three 
seed lots per cultivar.  With both seed treatments, the rate and uniformity of 
seed germination improved. After priming, rate of seedling emergence and pre-
emergence damping-off tolerance levels improved. Priming also reduced the 
variation in emergence rate and tolerance levels among the 15 seed lots tested. 
However, when pre-emergence damping-off tolerance levels of these seed lots 
was correlated with their rate of emergence in non-inoculated control substrates, 
a positive correlation could not be confirmed. After dehulling, some seed lots 
showed an increased rate of seedling emergence as well as an improved tolerance, 
while other seed lots of the same cultivars showed only one of the two effects. 
These results indicated that, besides rate of germination and seedling emergence, 
and the genotype (cultivar), other mechanisms or seed traits may be involved in 
pre-emergence damping-off tolerance in spinach. 

Keywords: damping off, pericarp, Pythium ultimum, seedling emergence, seed 
vigour, Spinacia oleraceaAb
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Introduction

Global spinach (Spinacia oleracea L.) production faces increasing problems with non-
uniform seedling establishment due to damping-off diseases. This is especially the case in 
the production of baby-leaf spinach, which requires dense and uniform stands (Correll 
et al., 1994; Koike et al., 2011). The increasing restrictions of using synthetic, chemical 
treatments, also in conventional production, emphasises the need for other methods to 
improve damping-off tolerance (United Nations Environment Programme (UNEP), 
2006; European Commission, 2021). 

Damping-off symptoms include seed decay and root rot before emergence, resulting in 
pre-emergence damping off, and root rot or seedling wilt after emergence, resulting in 
post-emergence damping off (Lamichhane et al., 2017). These symptoms can be caused 
by several soilborne pathogens, including species from the fungal genera Fusarium and 
Rhizoctonia, and oomycete genera Aphanomyces, Phytophthora and Pythium (Lamichhane 
et al., 2017). Studies have characterised Pythium ultimum as the most prevalent damping-
off causing pathogen in spinach fields in Sweden (Larsson, 1994), California (Koike et 
al., 2011), and the Netherlands (Chapter 3). Generally, the severity of damping off is 
not only influenced by the pathogen, but also by the presence and absence of other 
microorganisms, the host plant genotype (or cultivar), soil moisture, soil temperature, 
soil pH, light intensity, and cropping history (Hendrix & Campbell, 1973; Green et al., 
2012). 

Our previous studies on pre-emergence damping-off tolerance in spinach cultivars 
showed larger variation among seed lots than among cultivars, confounding the expected 
differences in tolerance levels among cultivars (Chapter 3). Large variation in tolerance 
levels among seed lots may be a result of variation in seed lot quality. Varying environmental 
conditions during seed production, post-harvest treatments, or seed storage conditions 
can contribute to that variation. Also variation in seed quality within seed lots occurs 
due to the indeterminate flowering pattern of spinach, resulting in various seed sizes 
and maturity levels within a seed lot (Deleuran et al., 2013). Seed quality is intertwined 
with seed vigour, which comprises those seed properties that determine the potential for 
rapid and uniform germination and emergence of healthy seedlings under a wide range 
of environmental conditions (International Seed Testing Association (ISTA), 2021). Seed 
vigour mainly affects the early stages of vegetative growth and is, therefore, especially 
important for baby-leaf spinach production, where the crop is harvested early (TeKrony & 
Egli, 1991). The effects of seed vigour on seedling establishment may be direct, through 
physical properties (e.g., seed size and pericarp intactness) and seed health, or indirect, 
through rate and uniformity of seedling emergence. Seed vigour may also play a role in 
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biotic stress tolerance, especially with diseases that affect the seed or young seedling, e.g., 
pre-emergence damping off. Seeds with lower vigour showed an increased sensitivity to 
Pythium spp., for example in wheat (Das Gupta & Austenson, 1973), soybean (Schlub & 
Schmitthenner, 1978; Hamman et al., 2002), pea (Stasz & Harman, 1980), and lucerne 
(Hawthorne, 1988). A previous study with spinach indicated that slower germinating seed 
lots were more prone to damping off than faster germinating seed lots (Green et al., 2012). 
However, this was only confirmed for two seed lots of two cultivars, and other cultivars were 
represented by a single seed lot only. Based on this study, the hypothesis arose that faster 
germination and faster seedling emergence results in greater pre-emergence damping-off 
tolerance, which was tested by using multiple seed lots of five cultivars and by treating the 
seeds to deliberately improve the rate of germination and emergence.

Spinach seed priming with hydrogen peroxide increased the rate and uniformity of 
seed germination in a hydroponic system at 18°C (Katzman et al., 2001). In general, 
priming methods are based on the process of hydrating seeds in a controlled manner to 
initiate germination related processes, while preventing root protrusion by limiting the 
extent of water uptake, which would otherwise result in a loss of desiccation tolerance. 
A limited water uptake can result from soaking seeds in a low-water-potential solution 
(osmopriming), by restricting the duration of soaking seeds in water (hydropriming) 
(Heydecker et al., 1975), or by applying a limited amount of water to the seeds (in this 
study). After priming, seeds are dried and seeds within a seed lot that would otherwise 
germinate relatively slow will germinate faster, thereby increasing the uniformity of 
germination. Repair of damage, restoration of seed vigour, or a faster germination, 
resulting in a potential escape of pathogen attack, or a combination of those priming 
effects, may result in an increased tolerance towards pre-emergence infection.

In addition to the pathogen and plant genotype, abiotic conditions in the field play 
a role in damping-off severity (Lamichhane et al., 2017) and germination capacity 
(Chapter 2). For instance, infection by P. ultimum is worse at high soil moisture levels 
and temperatures that are optimal for its growth and development, but less optimal for 
the host plant (Agrios, 2005c). Spinach seed germination is hampered by high moisture 
levels at relatively warm temperatures (>15°C), interfering with oxygen availability 
to the seed embryo (Chapter 2), whereas P. ultimum tolerates low oxygen conditions 
(Schmitthenner, 1970). The spinach seed is botanically an indehiscent fruit with a true 
seed surrounded by dry perianth tissue, the fruit coat, or so-called pericarp (Sifton, 
1927). Previous studies indicated that after pericarp removal (also called dehulling), 
spinach seed germination becomes less sensitive to low oxygen levels and dehulled seeds 
germinated better than untreated seeds under high moisture conditions (Heydecker 
& Orphanos, 1968; Chapter 2) and at relatively warm temperatures (Sifton, 1927; 
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Atherton & Farooque, 1983; Suganuma & Ohno, 1984; Leskovar et al., 1999). Hence, 
we hypothesised that with dehulling of spinach seeds, rate of germination and seedling 
emergence, and pre-emergence damping-off tolerance levels will increase.

To test the relation between pre-emergence damping-off tolerance and rate of seedling 
emergence, we evaluated the effects of seed priming and dehulling on seed germination, 
seedling emergence and pre-emergence damping-off tolerance. The use of three seed lots 
of each of five spinach cultivars enabled us to correlate rate of seedling emergence with 
pre-emergence damping-off tolerance levels of those seed lots.

Materials & Methods

Plant materials
Five spinach cultivars, with three independent seed lots of each (coded ‘A’, ‘B’, ‘C’), were 
used in this study: ‘Carmel’, ‘Chevelle’, ‘Mirage’, ‘Novico’, and ‘Shelby’ (Table 1). For 
the readability when describing a seed lot of a cultivar, the cultivar name was hyphenated 
with the seed lot letter, e.g., Carmel-A. Seeds were stored at 30% relative humidity (RH) 
and 13°C after they were received in 2015 until they were used from 2017 to 2020. 
Seeds were randomly picked from the bags for the experiments, except for the ‘intact’ 
seeds that were obtained by selecting against seeds with a damaged pericarp, detected by 
using a binocular microscope. To obtain seeds without a pericarp (‘dehulled’ seeds), the 
pericarp was manually removed using liquid nitrogen when gently crushing the seeds 
with a mortar in a pestle, and undamaged dehulled seeds were selected. 

Table 1. Information on the spinach seed lots used in this study. Seed size is the range in millimetres (mm) covering 95% 
of the approximately 1200 measured seeds and thousand seed weight (TSW) in grams (g), measured by the providing 
companies.

Cultivar Seed lot Seed size (mm) TSW (g) Providing company (country)

Carmel A
B
C

2.75–3.75
2.75–3.75
2.50–3.75

11.2
12.6
12.7

Pop Vriend Seeds (The Netherlands)

Chevelle A
B
C

2.25–2.75
2.50–3.75
2.50–3.75

5.5
10.0
10.8

Enza Zaden/Vitalis (The Netherlands)

Mirage A
B
C

2.75–3.75
2.50–3.75
2.75–3.75

9.8
9.9
10.5

Sakata Seeds (France)

Novico A
B
C

2.50–3.50
2.75–4.25
3.00–5.00

9.7
12.6
17.2

Nunhems/BASF (The Netherlands)

Shelby A
B
C

2.50–3.75
2.50–3.75
3.30–4.50

9.5
11.0
16.1

Enza Zaden/Vitalis (The Netherlands)
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Seed priming method
To obtain primed seeds, 5.5 g of seeds were moistened in 194 ml glass jars, each closed 
with a metal lid containing a 1 mm hole to provide sufficient oxygen for the seeds. Tap 
water was added to obtain a seed moisture content between 35 and 36%. This seed 
moisture content was chosen based on a pilot experiment with a seed lot of cultivar 
Carmel fractionated into five seed sizes, resulting in a more uniform seed germination 
on paper as compared to untreated seeds (data not shown). The jars were placed in 
a climate-controlled cabinet at 20°C in the dark and shaken daily. After seven days, 
the few seeds (0.4%) that had already germinated (protruded radicle) or that became 
mouldy (1.1%) were discarded. The remaining seeds were dried back to the initial seed 
moisture content of 8 to 9% water content versus seed fresh weight, by spreading the 
seeds in trays with filter paper for three days in a climate-controlled cabinet set at 20°C 
and 30% relative humidity.

Seed germination test
Seed germination was tested using a floating germination system described earlier 
(Chapter 2).  Seeds were sown on germination papers (ø 100 mm, 300 g m-2, Allpaper 
B.V., Zevenaar, the Netherlands). Standardised moisture conditions were obtained by 
placing moistened germination papers on top of 150 mm thick polystyrene foam that 
floated on the water in a plastic tray (600 mm x 400 mm x 80 mm). The germination 
papers were connected to the water with long folded paper wicks (460 mm by 30 mm, 
235 g m-2). On each germination paper, 25 or 50 seeds of a seed lot were sown (Table 
2), with nine germination papers randomly distributed over each tray. This resulted 
in a randomised complete block design with trays as blocks and germination papers 
within trays as experimental units, with seed lot as the experimental factor. Tests were 
performed in triplicate on a Jacobsen germination table set at 20°C with 16/8-hour 
light/dark cycle (Exp. 1 and 2), or in a climate-controlled cabinet at 15°C in the dark 
(Exp. 3). Spinach seed germination was assessed daily until the end of the experiment 
(Table 2). On day 1 to 3, germination was assessed at least at two different times per day, 
with 8 hours difference to generate a more accurate estimation of the germination rate. 

Pre-emergence damping-off assay
Pre-emergence damping-off tolerance was tested as described previously (Chapter 3). 
One day before each experiment, the substrates were prepared, consisting of autoclaved, 
dried, and sieved (< 5 mm diameter particles) river sand (IJssel, the Netherlands), perlite 
and vermiculite (both nr. 2, ≤ 3 mm, Pull B.V., Rhenen, the Netherlands) at a volume-
based ratio of 1:1:1 (sand:perlite:vermiculite), and moistened with tap water to reach 
50% of the maximum water holding capacity of the substrate. The cornmeal/sand-based 
inoculum of P. ultimum isolate 8b (see Chapter 3) was added to the substrate at a dose 
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of 0, 5, 10 or 20% (Table 2). Each treatment was replicated three times. For each 
experiment, a new batch of inoculum was prepared using the same P. ultimum isolate 
(8b) that was stored in liquid nitrogen in the form of mycelium PDA plugs in Cryotubes 
with 15% DMSO. The mycelium plugs were always regenerated on PDA. 

The experiment started when the seeds were sown in the substrate. 200 g of the prepared 
substrate was divided evenly over the 50 cells of two transparent polystyrene dishes (100 
mm x 100 mm x 18 mm, Item No.: 638102, Greiner-Bio One B.V., Alphen aan den 
Rijn, the Netherlands) that were placed in a stackable tray (210 mm x 150 mm x 30 
mm, DBP Plastics N.V., Antwerpen, Belgium). One replicate of the control treatment 
and one replicate of the P. ultimum treatment together formed a block, resulting in a 
split-plot design with complete blocks including stacks as main plot units and P. ultimum 
treatment as the main plot factor, and trays (within stack) as subplot units with seed lot 
as the subplot factor. The three blocks were distributed randomly in a climate-controlled 
cabinet at 15°C in the dark and the positions of the blocks and trays within each stack 
were switched daily. Spinach seedling emergence was assessed daily until the end of the 
experiment (Table 2), and rotten seeds or seedlings were identified in compartments of 
the P. ultimum-inoculated substrate without emerged seedlings.

Table 2. Overview of the nine experiments (Exp. 1-9) used in this study with information on tested spinach seed lots, 
applied seed treatment (untreated, selected intact, primed or dehulled), number of seeds per replicate (n=3), substrate 
on which the seeds were sown (filter paper in floating germination system or substrate in damping-off assay containing 
moistened (50% WHC) sand:perlite:vermiculite mixture, 1:1:1 volume ratio), incubation temperature (°C), Pythium 
ultimum inoculum dose (Dose), and final day of the experiment. 

Exp. Seed lots Seed treatment Seeds 
(n=3)

Sowing 
substrate

°C Dose Final 
day

1 Chevelle-A/B/C Novico-A/B/C
Shelby-A/B/C

untreated 50 filter paper 20 - 9

2 All 15 seed lots primed 25 filter paper 20 - 8

3 Chevelle-C Shelby-B selected intact,
dehulled

50 filter paper 15 - 11

4 Chevelle-C
Shelby-B

untreated, primed 50 substrate 15 0, 20% 10

5 All 15 seed lots untreated 50 substrate 15 0, 5% 10

6 All 15 seed lots primed 50 substrate 15 0, 10% 11

7 All 15 seed lots primed 50 substrate 15 0, 20% 11

8 Chevelle-C
Mirage-B
Novico-A
Shelby-B

selected intact, 
dehulled

50 substrate 15 0, 5% 14

9 Chevelle-A/B/C Shelby-A/B/C untreated, dehulled 50 substrate 15 0, 5% 11
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Data analysis
Count data of germinated seeds on filter paper and emerged seedlings in substrate 
were obtained over time. With the GERMINATOR curve fitting tool (Joosen et al., 
2010), parameters for seed germination and seedling emergence were calculated: 1) total 
germination or emergence as fitted maximum percentage; 2) rate of germination or 
emergence as the time point (t50) when 50% of the fitted maximum percentage was 
reached; and 3) uniformity of germination or emergence as time between 16 and 84% 
germination or emergence (u8416). Further statistical analyses were performed using R 
version 4.0.4 and RStudio version 1.2.5042 (RStudio Team, 2020). A log transformation 
on the u8416 data was necessary to improve the homogeneity and normality of residuals. 
On the t50 data and log transformed u8416 data, an ANOVA was performed to check 
for effects (ɑ=0.05) of fixed factors: replicate, seed lot by cultivar or seed treatment by 
seed lot by cultivar combination when different seed treatments were included. In case 
of significant effects, post hoc multiple comparisons among seed lots and treatments were 
carried out based on Tukey’s pairwise comparisons (ɑ=0.05). 

For statistically testing differences in total germination or total emergence at the end 
of the experiments, a generalised linear mixed model (glmm) was applied, assuming 
a binomial distribution of the count data. A logit link function was used to link the 
probability of germination or emergence to the different independent variables as a 
linear predictor, including fixed and random factors. The fixed factors included block 
(three blocks consisting of one stack of trays with control treatment and one stack of 
trays with P. ultimum treatment), cultivar seed lot, substrate treatment (control and 
P. ultimum treatment), seed treatment (untreated vs. primed, intact vs. dehulled, 
or untreated vs. dehulled), and treatment by cultivar seed lot (by seed) interaction. 
The random factors included stack (for the split-plot design) and tray (to correct for 
potential binomial overdispersion). Type II Wald Chi2-tests were used to test the effect 
of fixed factors. Tukey’s pairwise comparisons were performed on the estimated means of 
significant fixed effects. For the total germination of primed seeds, 100% germination of 
Chevelle-B limited the use of the Wald test. For that case, pairwise likelihood ratio tests 
were performed manually between seed lots, and multiple comparisons were performed 
with Bonferroni-corrected p-values.

To quantify the P. ultimum treatment effect in the pre-emergence damping-off assays, 
odds ratios (OR) were obtained from the logistic glmm output, showing the estimates 
for the P. ultimum treatment effect on emergence per seed lot on a log scale, hence 
OR = e estimate. This OR was used as a measure of damping-off tolerance level, defined 
as the odds of emergence in substrate with P. ultimum versus the odds of emergence in 
control substrate: 
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Tolerance level=OR= emergence in P. ultimum substrate / non-emergence in P. ultimum substrate
emergence in control substrate / non-emergence in control substrate

An OR smaller than 1 indicated sensitivity to P. ultimum: The closer the OR to 1, 
the greater the tolerance level. An OR of 1 or higher indicated complete tolerance 
to P. ultimum. For each OR estimate, the 95% confidence intervals were calculated  
(e (estimate ±1.96.SE)). To test for significant differences (ɑ=0.05) in tolerance levels, 
pairwise multiple comparisons with single-step adjusted p-values were performed on 
the differences among the estimates for the P. ultimum treatment effect on emergence. 
Pearson’s correlations were calculated to correlate rate of emergence (t50) with the 
tolerance level (OR) of the spinach seed lots tested.

Results

Germination of untreated, primed and dehulled seeds
With untreated seeds, the rate and uniformity of germination on paper showed large 
variation among seed lots of cultivars Chevelle, Novico and Shelby (Table 3, Exp. 1). The 
Chevelle seed lots germinated faster (smaller t50) and more uniform (smaller u8416) 
than most of the other cultivar seed lots (p<0.05). Shelby-C germinated slowest and least 
uniform (longest duration between 16 and 84% total germination). Total germination 
of Chevelle-B and Chevelle-C was greater than total germination of Novico-B 
(p<0.001), Novico-C (p<0.001), and Shelby-C (p=0.018). Novico-C germinated less 
than Chevelle-A (p<0.001), Chevelle-B (p<0.001), Chevelle-C (p<0.001), Shelby-A 
(p<0.001), Shelby-B (p=0.003), and Novico-A (p=0.003).

Primed seed lots showed more uniform germination (shorter duration between 16% 
and 84% total germination) with less significant differences among seed lots than 
among untreated seeds. Primed seeds of Carmel-A germinated slower than primed seeds 
of all other seed lots (p<0.01), and primed Mirage-B seeds germinated faster compared 
to Mirage-C (p=0.02), Shelby-B (p<0.001) and Shelby-C (p<0.001). Total germination 
still showed variation among seed lots, with the greatest germination for Chevelle-B 
and least germination of Shelby-A (Table 3, Exp. 2). The effect of dehulling (pericarp 
removal) on germination of Chevelle-C and Shelby-B, which had similar seed sizes, 
showed that dehulled seeds germinated faster and more uniform than the selected seeds 
with an intact pericarp (p=0.003 and p<0.001 respectively) (Table 3, Exp. 3). Dehulling 
did not result in greater total germination of Chevelle-C or Shelby-B, as under the 
applied germination conditions the germination was already high for untreated seeds of 
these seed lots. Important to note is that the rate of seedling emergence of the selected 
intact seeds was relatively slow due to the lower temperature of 15°C used in experiment 
3 compared to 20°C in experiment 1.



86   |   Chapter 4

Table 3. Germination results of untreated (Exp. 1) and primed (Exp. 2) seeds of three seed lots of each spinach cultivar, 
and of selected intact and dehulled seeds of Chevelle-C and Shelby-B (Exp. 3) on germination paper. Rate of germination 
as time point when 50% of seeds had germinated (t50) and uniformity of germination as duration of time between 16 
and 84% germination (u8416), obtained from the curve fitting tool, were analysed by ANOVA on t50 data and log-
transformed u8416 data. Total germination at the end of the experiments, shown as mean percentages of three replicates 
of 50 seeds (Exp. 1 and 3) or 25 seeds (Exp. 2), was analysed by a generalised linear model with binomial distribution and 
logit link function. Results are on response scale with standard error of means (SEM) based on the model. Same letters 
indicate homogeneous subsets according to Tukey’s pairwise comparisons within Exp. 1 and within Exp. 3, and according 
to Bonferroni-corrected p-values from Likelihood Ratio tests within Exp. 2. 

Exp. Seed 
treatment

Cultivar –
seed lot

t50 ± SEM (hours) u8416 ± SEM (hours) Total germination ± 
SEM (%)

1a untreated Chevelle-A
Chevelle-B
Chevelle-C
Novico-A
Novico-B
Novico-C
Shelby-A
Shelby-B
Shelby-C

34.3
35.5
44.1
54.2
61.3
62.1
57.0
51.3
81.4

±2.6
±2.6
±2.6
±2.6
±2.6
±2.6
±2.6
±2.6
±2.6

d
d
cd
bc
b
b
bc
bc
a

24.6
12.9
19.7
52.0
58.4
52.1
33.2
29.4
79.4

±3.2
±1.7
±2.6
±6.8
±7.6
±6.8
±4.3
±3.8
±10.4

de
e
de
abc
ab
abc
bcd
cd
a

93.0
98.7
98.7
91.7
83.9
73.9
94.9
91.7
85.9

±2.0
±0.9
±0.9
±2.2
±3.0
±3.6
±1.8
±2.2
±2.8

ab
a
a
ab
bc
c
ab
ab
bc

average 53.3 40.2 90.3

2 primed Carmel-A
Carmel-B
Carmel-C
Chevelle-A
Chevelle-B
Chevelle-C
Mirage-A
Mirage-B
Mirage-C
Novico-A
Novico-B
Novico-C
Shelby-A
Shelby-B
Shelby-C

34.0
20.3
20.4
18.7
17.5
20.2
18.5
15.0
20.8
19.8
18.7
16.8
19.3
27.8
24.7

±1.0
±1.0
±1.0
±1.0
±1.0
±1.0
±1.0
±1.0
±1.0
±1.0
±1.0
±1.0
±1.0
±1.0
±1.0

a
cde
cde
de
de
cde
de
e
cd
cde
de
de
de
b
bc

18.9
17.1
16.9
9.7

10.4
10.9
10.7
6.5

13.2
9.6
7.3

14.2
7.1

17.3
14.4

±3.0
±2.7
±2.7
±1.5
±1.7
±1.7
±1.7
±1.0
±2.1
±1.5
±1.2
±2.3
±1.1
±2.7
±2.3

a
a
a
ab
ab
ab
ab
b
ab
ab
b
ab
b
a
ab

89.3
89.3
88.0
90.7

100.0
92.0
96.0
97.3
90.7
86.7
98.7
98.7
76.0
94.7
85.3

±3.6
±3.6
±3.8
±3.4
±0.0
±3.1
±2.3
±1.9
±3.4
±3.9
±1.3
±1.3
±4.9
±2.6
±4.1

ac
ac
bc
ac
a
ac
ab
ab
ac
bc
ab
ab
c
ac
bc

average 20.8 12.3 91.6

3 selected intact

dehulled

Chevelle-C
Shelby-B
Chevelle-C
Shelby-B

62.5
95.6
44.0
47.0

±2.1
±2.1
±2.1
±2.1

b
a
c
c

21.4
60.5
13.2
28.3

±5.3
±14.9
±3.3
±6.9

ab
a
b
ab

98.7
94.1
98.7

100.0

±0.9
±1.9
±0.9
±0.0

a
a
a
a

a Data on t50 and total germination of untreated seeds (Exp. 1) were also used in Chapter 2 (Table 3) but are re-analysed.

Priming effects on emergence and pre-emergence damping-off tolerance
Testing the effect of priming on emergence and pre-emergence damping-off tolerance 
with two untreated and two primed seed lots, Chevelle-C and Shelby-B (with similar 
seed sizes), showed that the primed seed lots emerged faster (p<0.001) and had greater 
pre-emergence damping-off tolerance (p<0.001 for Chevelle-C and p=0.018 for 
Shelby-B) (Table 4, Exp. 4). Tolerance levels of primed seed lots even exceeded 1 due to 
a slightly but not significantly greater emergence in P. ultimum treatment compared to 
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the control treatment. Untreated seeds of Chevelle-C emerged faster but with less pre-
emergence damping-off tolerance than untreated Shelby-B seeds. After priming, these 
differences in emergence rate and tolerance disappeared. 

To correlate the emergence rate with pre-emergence damping-off tolerance levels, all 
15 seed lots were evaluated in an assay with either untreated or primed seeds. For the 
15 untreated seed lots, 50% total emergence was reached around six days after sowing 
in the control substrate (Table 4, Exp. 5). Primed seeds emerged faster, with 50% total 
emergence around day four, and more uniform, without differences in uniformity 
among seed lots (Table 4, Exp. 7). The total emergence from untreated seeds sown 
in the substrate inoculated with 5% P. ultimum inoculum dose was less than the total 
emergence in the non-inoculated control substrate, and this difference was significant 
(p<0.001) (Table 4, Exp. 5). With primed seeds, a higher inoculum dose was necessary 
to obtain a significant emergence reduction. The total emergence of primed seeds in 
the substrate inoculated with 10% P. ultimum inoculum dose did not significantly 
differ from the emergence in the control substrate (Figure 1A, Exp. 6). In the substrate 
with 20% inoculum dose, the total emergence of primed seed lots was reduced, and 
the differences were significant (p<0.007), except for Carmel-C (p=0.95), Shelby-A 
(p=0.56), Shelby-B (p=0.057), and Shelby-C (p=0.057) (Figure 1B; Table 4, Exp. 7). 
The variation in total emergence in the non-inoculated substrate was larger among the 
primed seed lots than among the untreated seed lots, whereas the variation in emergence 
rate in the control substrate and the variation in tolerance levels among the primed seed 
lots was smaller. The correlation between emergence rate and pre-emergence damping-
off tolerance among the untreated seed lots was not significant (Pearson’s r=-0.11, 
p=0.70), and similarly for the primed seed lots (Pearson’s r=0.087, p=0.76).
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Figure 1. Mean incidence (%) of emerged seedlings 10 days after sowing 50 primed seeds of each of three 
seed lots of five spinach cultivars in a substrate with sand:perlite:vermiculite mixture (1:1:1 volume basis) 
maintained at 50% WHC, with 0% (control) and 10% (A, Exp. 6) or 0% and 20% (B, Exp. 7) Pythium 
ultimum inoculum dose. Error bars represent standard deviations (n=3, replicated trays with 50 seeds each 
tray). Bars with the same letter indicate no significant differences among seed lots and treatments based on 
Tukey’s pairwise comparisons (ɑ=0.05).
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Rate of seedling emergence is not the only driver of pre-emergence damping-off tolerance in spinach   |   91

Seed dehulling effect on emergence and pre-emergence damping off tolerance
Dehulled seeds of seed lots Chevelle-C, Mirage-B, Novico-A, and Shelby-B (with similar 
seed sizes) differed significantly from the selected intact seeds of the same seed lots, 
with a greater pre-emergence damping-off tolerance of the dehulled seeds of Chevelle-C 
(p<0.001), Mirage-B (p<0.001), and Novico-A (p=0.006), but there was no significant 
difference for Shelby-B (p=0.078) (Table 5, Exp. 8). Dehulled seeds of Mirage-B and 
Shelby-B also emerged faster than the intact seeds of Mirage-B (p=0.004) and Shelby-B 
(p<0.001), respectively. Shelby-B was the slowest emerging seed lot and showed least 
effect of dehulling on damping-off tolerance compared to the other three seed lots. A 
replicate experiment (Exp. 9) with dehulled and (non-selected) untreated seeds from 
three seed lots of Chevelle and Shelby showed no or hardly any influence of dehulling 
on the rate of emergence and on the total emergence of seedlings in the non-inoculated 
substrate (Table 5). In the P. ultimum-inoculated substrate, emergence was greater for 
the dehulled seed lots than for the untreated seed lots, but the difference was only 
significant for Chevelle-B, Chevelle-C, and Shelby-C (p<0.001). Similarly, the pre-
emergence damping-off tolerance was improved for all seed lots after dehulling, but 
the difference was only significant for Chevelle-B and Chevelle-C (p<0.001). Dehulled 
seeds of Shelby-B emerged faster than untreated seeds of Shelby-B (p=0.005), but the 
tolerance of the Shelby seed lots did not improve after dehulling.
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Discussion 

Priming of spinach seeds resulted in an increased uniformity of seed germination and 
seedling emergence compared to untreated seeds. Primed seed lots emerged faster and 
showed increased pre-emergence damping-off tolerance levels compared to untreated 
seed lots, which was in accordance with our hypothesis. Priming can induce seed 
metabolic activities that prepare the seed for radicle protrusion, but can also induce repair 
and protection mechanisms (Rajjou et al., 2012; Sano et al., 2015). Those mechanisms 
include abiotic stress tolerance during germination, such as drought and salinity (Chen 
& Arora, 2013). Also, biotic stress tolerance may be induced by priming. For instance, 
priming of taxonomically and morphologically-related sugar beet seeds resulted in 
reduced exudation of soluble carbohydrates during seed germination, which resulted 
in reduced seed colonization by P. ultimum (Osburn & Schroth, 1988). In addition, 
the seed microbiome may be activated by priming, like with seed imbibition, activating 
dormant endophytic (in the seed) or epiphytic (on the pericarp) microorganisms 
(Nelson, 2018). These microorganisms could be antagonists of P. ultimum and thereby 
enhance tolerance of spinach seeds towards infection (Osburn & Schroth, 1988). The 
pericarp surrounding the spinach seed also contains phenolic compounds, such as water-
soluble polyphenols (e.g., tannins) with antimicrobial activity (Scalbert, 1991). Since 
our priming method only moistened the spinach seeds to a limited extent and the seeds 
were redried, it is not likely that the priming removed these water-soluble compounds.

Although priming reduced the variation in pre-emergence damping-off tolerance levels 
among seed lots, variation in emergence in the absence of P. ultimum still existed among 
primed seed lots. This emphasised the need for a control treatment without P. ultimum 
when predicting pre-emergence damping-off tolerance levels of seed lots. The reduced 
variation in tolerance levels among cultivars limits the usefulness of priming as a tool 
in the search for cultivar variation in pre-emergence damping-off tolerance in spinach.

When seeds were dehulled prior to sowing, positive effects were found on pre-emergence 
damping-off tolerance levels for four out of eight spinach seed lots tested. For only 
one seed lot, positive effects of seed dehulling were found on both the rate of seedling 
emergence and the pre-emergence damping-off tolerance. For the other seed lots, only 
one of the two effects occurred. In these cases, other mechanisms than rate of seedling 
emergence alone must have played a role. For instance, genotypic effects could play a 
role in the case of Shelby-B that showed greater damping-off tolerance than Chevelle-B, 
despite faster emergence of Chevelle-B. Also, other seed lot effects than seed vigour 
alone might be involved for Shelby-C, which showed less damping-off tolerance than 
Shelby-B, despite the faster emergence of Shelby-C. 
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The effects of seed dehulling on emergence and pre-emergence damping-off tolerance 
may be related to the removal of germination inhibitors, such as abscisic acid (ABA) 
and phenolic compounds, that are present in the pericarp. Phenolic compounds bind 
oxygen and, when present in large quantities, may hamper seed germination, as shown 
for birch (Betula spp. L.) and sugar beet (Beta vulgaris L.) seeds (Black & Wareing, 
1959; Heydecker et al., 1971). For sugar beet seeds, polishing and washing improved 
the germination rate as well as total germination by reducing the physical and chemical 
barriers for oxygen diffusion (Ignatz et al., 2019). With these techniques, especially 
when used in combination, the concentration of germination inhibitors was reduced, 
increasing the rate of germination and emergence. Instead of complete removal of the 
pericarp, removal of the operculum (the ovary cap of the fruit) already promoted radicle 
emergence of sugar beet seeds (Coumans et al., 1976). For spinach seeds, an open or 
thinner pericarp also promoted germination through increased oxygen availability 
to the seed embryo (Chapter 2). Similar to sugar beet seeds, the pericarp of spinach 
seeds contains biologically active compounds that regulate seed germination, or have 
antibacterial or antifungal effects that may improve biotic stress tolerance during the 
early stages of seedling development (Oksana & Artur, 2019). Therefore, removing the 
pericarp may, on one hand, increase the ability of seeds to germinate and emerge faster, 
and provide potential escape from P. ultimum infection, but on the other hand, it can 
also reduce antimicrobial capacity, which was not expected with the priming method 
used in this study.

In conclusion, spinach seeds that were primed were more tolerant to pre-emergence 
damping off, with less variation among the primed seed lots than among the untreated 
seed lots. Dehulling of seeds resulted in improved tolerance for some seed lots and 
was not always accompanied by an improved rate of seedling emergence. Although 
we generally found a positive relationship between emergence rate and damping-off 
tolerance when seed lots were treated compared to untreated, we did not find a positive 
correlation between emergence rate and damping-off tolerance for untreated seed lots. 
This was not in accordance with our hypothesis that faster emerging seed lots will have 
greater pre-emergence damping-off tolerance. For the seed lots with faster emergence 
and less tolerance to P. ultimum than slower emerging seed lots, other mechanisms must 
be involved. So, we presume that rate of seedling emergence is not the only driver for 
spinach pre-emergence damping-off tolerance. Further studies on the effects of other 
vigour-related seed traits may aid in the development of more damping-off tolerant 
spinach cultivars.
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With the growing demand for baby-leaf spinach (Spinacia oleracea L.) and 
increasing ban on chemical seed treatments, problems of damping-off diseases 
become more apparent. Pythium ultimum has been shown to be the most common 
damping-off pathogen of spinach. Previous studies showed a large variation in pre-
emergence damping-off tolerance levels among seed lots of five spinach cultivars 
that did not correlate with their variation in rate of seedling emergence. We 
hypothesised that other seed vigour-related traits, such as seed size and maturity, 
can influence tolerance towards pre-emergence infection by P. ultimum. To study 
this, individual seeds of the same seed lots were measured for their morphological 
and multispectral properties. The seedling emergence from those individual seeds 
was assessed at different P. ultimum doses. The results showed that chlorophyll 
fluorescence (a reliable predictor for seed maturity according to previous studies) 
had a negative relationship with emergence success. With increasing P. ultimum 
dose, the seed size and light reflectance from the pericarp, particularly with 
violet-blue light, showed an increasingly negative association with emergence. 
This indicated that smaller seeds and seeds that reflected less (violet-blue) light 
were more tolerant towards P. ultimum infection. A validation study with seed 
size and maturity fractions of a single seed lot (excluding potential genotypic and 
seed production effects) confirmed that seed maturity had a positive association 
with emergence in the presence or absence of P. ultimum, and that seed size had a 
negative association with emergence in the presence of P. ultimum. Seed size and 
light reflectance accounted for a small part of the variation in P. ultimum tolerance 
among the seed lots. Further research is needed to understand the negative effects 
of violet-blue light reflectance and associated secondary metabolites. Selecting the 
most mature seeds with relatively less light reflectance (darker pericarp) or smaller 
seed size, is recommended to obtain seed lots with improved pre-emergence 
damping-off tolerance levels.

Keywords: chlorophyll fluorescence, damping off, multispectral imaging, light 
reflectance, Spinacia oleracea

Abbreviations: AIC, Aikaike’s information criterion; AU, arbitrary units; Blue, 
reflectance at 420-480 nm; CF, chlorophyll fluorescence; Dose, P. ultimum dose; 
glmm, generalised linear mixed model; Green, reflectance at 535-585 nm; Hue, 
colour reflectance; Int, light reflection intensity; Red, reflectance at 602.5-677.5 
nm; RefA, reflectance on a scale between green and red; RefB, reflectance on a 
scale between blue and yellow; RefL, luminescence; RC, regression coefficient; 
Sat, saturation; SD, standard deviation.Ab
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Introduction

The production of fresh-market baby-leaf spinach requires uniform seedling 
establishment since the leaves are harvested within three to six weeks after sowing (Koike 
et al., 2011). Damping-off diseases can cause non-uniform seedling establishment and 
severe losses of spinach yields. Damping off symptoms can occur in the seed germination 
or seedling stages, either causing seed or root rot before the seedling emerges above soil 
level (pre-emergence damping off), or seedling root rot or wilting after emergence (post-
emergence damping off) (Lamichhane et al., 2017). These symptoms can be caused 
by multiple soilborne microorganisms, of which Pythium ultimum has been shown to 
be the most prevalent at causing spinach pre-emergence damping off (Larsson, 1994; 
Koike et al., 2011; Chapter 3). Management of damping off includes seed treatments 
with synthetic fungicides, many of which are increasingly banned worldwide (United 
Nations Environment Programme (UNEP), 2006; European Commission, 2021) and 
not allowed in organic production. As the demand for non-chemically treated seeds 
increases, issues with pre-emergence damping off and the need for alternative solutions, 
e.g., cultivars with improved tolerance levels, are increasing too. In this study, the aim 
was to find certain seed traits that can improve pre-emergence damping-off tolerance in 
spinach.

Previous studies on pre-emergence damping-off tolerance demonstrated large variation 
among seed lots, confounding the search for potential genotypic variation (Chapter 3). 
The standardised lab assay resulted in 92.2% (±4.6%) emergence in the control treatment, 
without significant differences among the 15 tested seed lots, and 11.7% (±9.2%) 
emergence in the treatment with a 5% P. ultimum dose, with significant differences 
among the seed lots that could not be explained by their variation in rate of emergence 
(Chapter 4). Therefore, we hypothesised that other seed traits may be involved. The 
spinach seed is botanically an indehiscent, dry fruit with a true seed covered by a fruit 
coat, the so-called pericarp (Sifton, 1927). Due to the indeterminate growth habit of 
spinach and once-over harvest of the seeds, the produced spinach seeds may differ in 
seed size and/or maturity levels (Deleuran et al., 2013). Also, seed lots originating from 
different production environments may differ in some seed characteristics. 

The general observation is that larger seeds result in greater germination and emergence 
capacity, more vigorous seedlings, higher survival rates, and greater crop yields (i.e., as 
shown for wheat (Das Gupta & Austenson, 1973), broccoli (Heather & Sieczka, 1991), 
olive (Rey et al., 2004), legumes (Arellano & Peco, 2012), soybean (Vange et al., 2016), 
and ginseng (Zhang et al., 2018)). Seed size may relate to biotic stress tolerance, as a 
study on lucerne seeds showed that seedlings that developed from heavier seeds grew 
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more vigorously in Pythium-infected soils than seedlings from lighter seeds (Hawthorne, 
1988). Also for spinach, a positive correlation between seed size and germination has 
been reported, although other additional factors seemed to be involved (Shetty et al., 
2012). Seed size can be influenced by the seed maturity level, the genotype and the 
environment (Fenner, 1992). Generally, under relatively dry conditions, seeds may 
become larger as the plant develops fewer branches and can allocate resources to fewer 
individual seeds, whereas under wet conditions, seeds may remain smaller (Baker, 1972). 
So, larger seeds are not more mature per se when they originate from different genotypes 
or seed production environments. Within a seed lot, however, seed size is expected 
to correlate positively with maturity. Hence, seed size and maturity levels were both 
investigated in this study, using seed lots from different genotypes and productions. In 
addition, seed size and maturity fractions were obtained from a single seed lot, excluding 
potential genotypic and environmental effects.

During seed maturation, the amount of chlorophyll content in the seed coat of many 
seed species decreases (Steckel et al., 1989; Ward et al., 1995). The chlorophyll content 
of a seed can be determined by its fluorescent properties, and for cabbage, pepper, and 
tomato seeds, chlorophyll fluorescence (CF) level has shown to be a good marker for 
the seed maturity level, with an inverse correlation with seed germination (Jalink et al., 
1998). Also for spinach seeds, when fluorescence of the pericarp was measured instead of 
the seed coat, CF has been demonstrated to correlate negatively with seed germination 
(Deleuran et al., 2013). CF can be measured after emitting light onto the seed at 450 
or 660 nm and measuring excitation from the seed at 730 nm (Jalink et al., 1998). This 
non-destructive technique is highly specific so that CF measurements are not likely to 
be influenced by other substances colouring the seed coat or pericarp. Several studies 
showed a relation between seed coat colour and seed quality, including abiotic stress 
tolerance, e.g, salt tolerance in red clover (Atis et al., 2011), and biotic stress tolerance, 
e.g., damping-off tolerance in pine seeds (Grzywacz & Rosochacka, 1980). Pericarp 
colour, measured by light reflectance, was also a good marker for the presence of fungal 
infection of spinach seeds (Olesen et al., 2011) and barley seeds (Boelt et al., 2018). 
This has triggered our interest in studying pericarp colour in relation to pre-emergence 
damping-off tolerance. 

In this study, we investigated the potential effects of seed size, seed maturity, and pericarp 
colour on pre-emergence damping-off tolerance by measuring the seed area, length and 
width, roundness, CF levels, and light reflectance along the visible and near-infrared 
light spectrum of individual seeds, prior to sowing them in a P. ultimum-inoculated 
or non-inoculated (control) substrate. Seedling emergence from individual seeds was 
recorded and related to the different seed characteristics. Individual seeds of three 
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commercially produced seed lots of each of five spinach cultivars were used to determine 
which seed traits correlate significantly and in which direction with emergence success in 
the presence of different P. ultimum inoculum doses. Eventually, we generated a model 
to study the contribution of each predictor in relation to P. ultimum dose. Seed size 
fractions and maturity fractions of a single seed lot were screened to validate a potential 
seed size and/or maturity effect without the influence of a potential genotype-by-
environment effect. Seed characteristics, such as seed size, rate of ripening and pericarp 
colour, are determined by both the genotype and the environment of the mother plant. 
Therefore, the hypothesis was that the large variation in tolerance levels among seed lots 
originating from different genotypes and environments, could be explained (partly) by 
one or more of these seed traits. 

Materials & Methods

Plant materials
Untreated seeds of three independent seed lots (coded ‘A’, ‘B’, ‘C’) of five spinach 
cultivars, including ‘Carmel’, ‘Chevelle’, ‘Mirage’, ‘Novico’, ‘Shelby’, were used for 
experiments A and B (Table 1). For readability when describing a seed lot of a cultivar, 
the cultivar name was hyphenated with the seed lot letter, e.g., Carmel-A. Untreated 
seeds of a fourth seed lot (coded ‘D’) of the cultivar Carmel were obtained, fractionated 
by the supplier into five different seed size ranges (1-5), from which three fractions (1, 3 
and 5) were used in experiment C. All seeds were stored at 30% relative humidity (RH) 
and 13°C between receipt in 2015 and use in 2020 (experiments A and B) and in 2021 
(experiment C). A week before the experiment, part of size fraction Carmel-D.1 was 
sorted into maturity classes, based on their chlorophyll fluorescence (CF) level. Low CF 
seeds had a level below 6000 CF and high CF seeds had a level above 12000 CF (see 
seed trait measurements). 
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Table 1. Information on the spinach seed lots used in this study, including the seed size fractions of seed lot D of cultivar 
Carmel (D.1, D.3, D.5), and subfractions of Carmel-D.1 seeds with low and high chlorophyll fluorescence levels (low 
CF and high CF). 

Experiment Cultivar Seed lot Seed size (mm) Thousand seed weight (g) Providing company 
(country)

A and B Carmel A
B
C

2.75–3.75
2.75–3.75
2.50–3.75

11.2
12.6
12.7

Pop Vriend Seeds 
(The Netherlands)

C Carmel D.1
D.1 low CF
D.1 high CF
D.3
D.5

2.50–2.75
2.50–2.75
2.50–2.75
3.50–4.25
4.50–5.00

7.4
not determined
not determined
20.0
29.2

A and B Chevelle A
B
C

2.25–2.75
2.50–3.75
2.50–3.75

5.5
10.0
10.8

Enza Zaden/Vitalis 
(The Netherlands)

A and B Mirage A
B
C

2.75–3.75
2.50–3.75
2.75–3.75

9.8
9.9
10.5

Sakata Seeds (France)

A and B Novico A
B
C

2.50–3.50
2.75–4.25
3.00–5.00

9.7
12.6
17.2

Nunhems/BASF (The 
Netherlands)

A and B Shelby A
B
C

2.50–3.75
2.50–3.75
3.30–4.50

9.5
11.0
16.1

Enza Zaden/Vitalis 
(The Netherlands)

Seed trait measurements
Before sowing, seeds were individually measured for several seed traits, including 
area, roundness, and colour, with the VideometerLab instrument (Videometer A/S, 
Herlev, Denmark, version 3.12.27 with software revision 7311). Fruit (or seed) area 
was measured by the number of pixels in an image, and roundness was calculated by 
circumference2 x (4π x area)-1 with a number ≥1: the closer to one, the more round the 
seed. Colour was determined by measuring light reflectance in arbitrary units (AU) 
at 19 unique wavelengths, ranging from 375 (violet light) to 970 nm (near-infrared). 
Also, total colour reflectance (Hue), saturation (Sat), and light reflection intensity (Int) 
were measured in addition to CIE*LAB (here specified as RefL, RefA, RefB), which 
represents a 3D colour space defined by the International Commission on Illumination 
(Commission Internationale de l’Eclairage (CIE), www.cie.co.at). RefL stands for 
luminescence, corresponding to a number between 0 (dark) and 100 (bright), RefA 
stands for reflectance on a scale between green and red, and RefB stands for reflectance 
on a scale between blue and yellow. In addition, reflectance of red, green, and blue (RGB) 
light and chlorophyll fluorescence level (CF) were measured with the PathoScreen™ 
(PhenoVation Life Sciences, Wageningen, the Netherlands). After exposing seeds to 
white light, RGB reflectance from the seed was measured through a colour filter that 
filtered for specific wavelength ranges: 602.5-677.5 nm (‘Red’), 535-585 nm (‘Green’), 
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and 420-480 nm (‘Blue’). CF, as an indicator of seed maturity, was measured after 
exposing seeds to light of 660 nm and measuring fluorescence at 730 nm. Low CF seeds 
were selected after setting the CF mask at 6000 CF in AU. High CF seeds were selected 
after setting the CF mask at 12000 CF in AU.

Pre-emergence damping-off assay
Three experiments were performed with an in-house developed phenotyping assay 
containing different doses of the cornmeal/sand-based P. ultimum inoculum: 0% and 
5% (Experiment A, 1.25 and 2.50% (Experiment B), and 0, 1.9 and 2.5% (Experiment 
C) of inoculum fresh weight versus total substrate weight before the addition of tap 
water. The preparation of the P. ultimum inoculum and the phenotyping assay was 
based on previously described methods (Chapter 3), using P. ultimum isolate 8b (NCBI 
accession no. MZ026502 for ITS and MZ152003 for COI). For experiments A and 
B, the two P. ultimum inoculum doses were positioned in a different stack, but seeds 
were sown within the same time frame, so that the two stacks together formed a time 
block, which was performed three times. This resulted in a split-plot design with three 
complete blocks, including stacks as main plot units and P. ultimum treatment as main 
plot factor, and trays (within stack) as subplot units with seed lot as subplot factor. For 
experiment C, all trays were randomly stacked, including the three P. ultimum treatments 
(0, 1.875%, and 2.5% P. ultimum dose), resulting in a randomised complete block 
design with five blocks. For each experiment, the blocks were randomly distributed 
in a climate-controlled cabinet set at 15°C in the dark. The positions of the blocks 
were switched daily, as was the order of the trays within each stack. Spinach seedling 
emergence was assessed daily until 10 days after sowing. 

Statistical analysis
The combined binary data of emergence (1) versus non-emergence (0), and continuous 
data of the individual seed traits, including the experimental design, cultivars, and seed 
lots, were analysed in R version 4.0.4 and RStudio version 1.2.5042 (RStudio Team, 
2020). All seed trait variables showed reasonably symmetrical distributions, except CF, 
which needed a log-transformation. Seed trait data were standardised by subtracting 
the overall mean and dividing by the standard deviation. To examine the collinearity 
among the seed traits, we first calculated the Pearson’s correlations among the seed traits, 
measured from a total of 8950 seeds (50 seed of a single tray were not measured for 
RGB). For the development of a model for pre-emergence damping-off tolerance, we 
applied a generalised linear mixed model (glmm), assuming a binomial distribution 
of the binary emergence data. A logit link function was used to link the probability of 
emergence to the diverse independent variables, including fixed and random factors. 
The fixed factors included block, cultivar, and treatment. The random factors included 
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seed lot, stack (only for the split-plot designs of experiments A and B) and tray. With 
Type II Wald Chi2-tests, we tested for significant effects of the fixed factors.

To determine which seed traits contributed most to the emergence success, we first split 
the data for the four separate P. ultimum treatments (0, 1.25, 2.5 or 5% P. ultimum 
dose). Modified glmm’s, without the P. ultimum treatment factor and with seed lot as a 
random factor, were fitted to the four datasets. Due to the high collinearity among the 
measured seed trait variables, we followed a forward regression approach to find those 
seed traits that associated most with emergence (on a logit scale). With each P. ultimum 
dose, the general model was extended by a single seed trait variable at a time with the 
“dredge” function of package MuMIn in R. Submodels were sorted by the Aikaike’s 
information criterion (AIC) value, which is an indicator of the model fit: The lower the 
AIC, the better the fit of the model. The model improved when the AIC was reduced by 
at least 2 units (∆AIC≥2). The variables that improved the model with less than 2 units 
were also taken into consideration for the selection of regressors (Arnold, 2010).

These steps led to the selection of the most contributing seed traits that were further 
analysed with the complete dataset with all four P. ultimum doses. For this purpose, 
P. ultimum dose was included as a quantitative explanatory variable and inserted as a 
fixed main effect, and in interaction with the selected seed traits. Again, the model fit 
was evaluated by the AIC, following a forward regression approach with the “dredge” 
function. The most contributing traits with their interactions with P. ultimum were 
selected and an all-possible subset approach was used to find the best model fit according 
to the AIC. The regression coefficients of these traits and their interactions with P. 
ultimum dose were used to develop a model estimating the emergence from spinach 
seeds with specific traits, depending on the P. ultimum dose. The effects of seed size and 
CF were validated in Experiment C. The contributions of these two quantitative traits as 
main effects and their interaction with P. ultimum treatment were evaluated again using 
the AIC and their regression coefficients. 

As a quantification of the amount of variation among seed lots that could be explained 
by seed traits, we looked at the reduction in the variance component of seed lot after 
the addition of a single seed trait to the model. A reduction in the variance component 
of seed lot was expected after the inclusion of a seed trait that causes seed lot variance. 

Results

Correlations among seed trait variables measured from individual seeds
From all individual seeds used in Experiments A and B (n=8950), the morphological 
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trait variables Area, Length, and Width showed a large collinearity, with correlations 
close to 1 (Figure 1). Roundness (Round) did not correlate with Area but correlated 
positively with Width and Length. Also, there was strong collinearity among the 
spectral measurements. RefL and RefA did not show significant correlations with the 
morphological seed traits. RefB and CF showed a negative correlation (-0.2) with Area. 
CF was correlated positively with all other spectral measurements (0.4 to 0.7). 

Figure 1. Visualization of Pearson’s correlation coefficients among seed trait variables of individual seeds of 15 
spinach seed lots tested (n=8950). All variables were standardised by subtracting the overall mean and dividing 
by the standard deviation, and CF was log-transformed before standardization. Colour and colour intensity 
are proportional to the correlation coefficients with positive correlations displayed in green and negative 
correlations displayed in orange. Insignificant correlations (p<0.01) were left blank. 



106   |   Chapter 5

Pre-selection of seed traits that correlated with seedling emergence at the four P. 
ultimum doses
For the development of a model for emergence dependent on P. ultimum dose, pre-
selection of seed trait variables was necessary due to the high collinearity among variables. 
For this purpose, the datasets of the two experiments were first split into the four separate 
P. ultimum doses. For emergence in the substrate without P. ultimum, the addition of 
Area (seed size) to the general model resulted in the greatest model fit, with 7.5 AIC 
units difference, compared to the other models with a single trait variable (Supplemental 
Table 1B). The addition of reflection measurements from 405 nm (violet) to 470 nm 
(blue) resulted in a slight improvement of the model fit compared to the general model, 
with positive regression coefficients (Supplemental Table 1A). Only for 405 nm, the 
∆AIC was more than 2 units. The addition of any other variable to Area and reflectance 
at 405 nm did not substantially improve the model (∆AIC<2) (Supplemental Table 
2). The extended model with Area and reflectance at 405 nm demonstrated a positive 
regression coefficient of 0.34 and 0.19 respectively, with emergence (on a logit scale) in 
the substrate without P. ultimum (Table 2).

Table 2. Contributions of seed traits to the fitting of a model for seedling emergence for each of the four Pythium 
ultimum doses. The model fit measured by Aikaike’s information criterion (AIC) of the general models (including fixed 
effects of cultivar and replicate, and random effects of seed lot) and of the extended models is shown. The coefficients 
correspond to the variables in bold obtained from the model that showed the best fit with an AIC reduction of ≥2 
compared to the reduced model. CF was log-transformed, and all trait variables were standardised by subtracting the 
overall mean and dividing by the standard deviation.

P. ultimum dose model model fit (AIC) coefficient of additional trait variable

0.00% general 
general + Area
general + Area + 405nm

1204.5
1197.0
1194.5

+0.34
+0.19

1.25% general 
general + elog(CF)
general + elog(CF) + RefA
general + elog(CF) + Hue

2453.1
2442.7
2440.5
2440.6

-0.22*	 -0.25**
-0.11
+0.12

2.50% general 
general + elog(CF)

2654.4
2639.4 -0.22 

5.00% general 
general + Blue

1538.7
1520.8 -0.37

*coefficient for elog(CF) in model with RefA
**coefficient for elog(CF) in model with Hue

When P. ultimum was added at a 1.25% inoculum dose, the addition of CF to the 
general model resulted in the best model fit with more than 10 AIC units difference 
compared to the other models (Supplemental Table 1B). In addition, reflection 
measurements ranging from 700 nm (red) to 970 (near-infrared) improved the model 
fit by at least 2 AIC units compared to the general model. In addition to CF, RefA (red-
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yellow) or Hue contributed to a better fit of the model compared to the model with CF 
alone (Supplemental Table 2). The extended model had negative coefficients for CF and 
RefA of -0.22 and -0.11, respectively, with seedling emergence (on a logit scale) in the 
substrate with a 1.25% P. ultimum dose (Table 2). With the extended model containing 
CF and Hue, CF had a negative coefficient of -0.25 and Hue had a positive coefficient 
of 0.12 with seedling emergence (on a logit scale).

With a 2.5% P. ultimum dose, 27 out of the 32 seed trait variables improved the model 
fit compared to the general model (∆AIC≥2) (Supplemental Table 1B). The addition of 
CF had the greatest contribution to the model fit with at least 3.9 AIC units difference 
compared to the other models. Compared to the general model, all reflectance 
measurements from 375 nm to 970 nm improved the model individually with negative 
regression coefficients, except for RefA. Since CF showed the greatest contribution, this 
trait was added first to the model. In addition to CF, the reflectance measurements 
ranging from 435 nm to 525 nm, RefA and RefB only slightly improved the model fit 
by 1.2 AIC units or less (Supplemental Table 2). The model with CF showed a strong 
negative regression coefficient of -0.22 with seedling emergence (on a logit scale) in the 
substrate with a 2.5% P. ultimum dose (Table 2).

With a 5% P. ultimum dose, 26 out of the 32 seed trait variables improved the model fit 
compared to the general model (∆AIC≥2), including CF with a regression coefficient of 
-0.28, and all spectral measurements, each with a negative regression coefficient, except 
RefA (Supplemental Table 1A). The addition of Blue (420-480 nm) resulted in the 
greatest model fit (∆AIC=17.8) compared to the general model (Supplemental Table 
1B). However, the addition of 470 nm (blue) and 450 nm (blue) fell within the 2-unit 
range, indicating an equal contribution to the model fit as Blue. When Blue was added 
to the model at first, no other trait variable further improved the model fit. The model 
extended with Blue showed a negative coefficient of -0.37 with seedling emergence (on 
a logit scale) in the substrate with a 5% P. ultimum dose (Table 2). 

Based on these results, Area, reflectance at 405 nm (violet), 435 nm (indigo), 450 
nm (blue), 470 nm (blue), Blue (420-480 nm), RefA, Hue, and CF were selected as 
potential candidate seed traits for estimating emergence from a spinach seed, depending 
on P. ultimum dose.

Generating a model for spinach seedling emergence depending on selected seed 
traits and P. ultimum dose
To study the effects of the selected seed trait variables in interaction with P. ultimum 
inoculum dose, the next step in the analyses concerned combining the individual seed 
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trait and emergence data from the two experiments while treating P. ultimum dose as 
a quantitative explanatory variable (=Dose) with four values. The pre-selected traits 
were first evaluated individually for the main effects on emergence and the interaction 
with P. ultimum. The model with the addition of a main effect of CF and a CF-by-
Dose interaction effect showed the greatest improvement of the model fit (Table 3A, 
grey-shaded area). When adding Area and Area:Dose interaction there was a slight 
improvement of the model fit, but only the interaction effect was significant. The model 
fit also improved when RefA, reflectance at 405 nm, 435 nm, 450 nm, 470 nm, or 
420-480 nm (Blue), and their interactions with P. ultimum dose were included. Since 
these violet to blue reflection variables gave the greatest improvement of the model fit 
and showed the strongest interaction and main effects (p<0.001), we chose Blue as 
overarching trait to be included in the full model with a main and interaction effect. As a 
second step, an all-possible subset approach with Area, Area:Dose, Blue, Blue:Dose and 
CF, CF:Dose, with CF as a fixed candidate in the model, was performed. CF, Blue and 
Area and the interactions for Blue and Area with P. ultimum dose resulted in the final 
model (Table 3B, grey-shaded area). 

Table 3. Overview of the contributions of selected seed traits to fitting of a model with Pythium ultimum dose as a 
quantitative treatment variable (Dose = P. ultimum dose) and fixed effects of experiment, blocks within experiment, 
cultivar, cultivar-by-treatment interaction; and random effects of seed lot, seed lot-by-treatment interaction and tray. 
Seed trait variables include seed size (Area), reflectance at 420-480 nm (Blue) and other reflectance measurements, 
chlorophyll fluorescence (CF), colour (Hue), reflectance between green and red (RefA), and their interactions with P. 
ultimum dose. CF was log-transformed and all seed trait variables were standardised by subtracting the overall mean and 
dividing by the standard deviation. A) First step: evaluating the model fit by Aikaike’s information criterion (AIC) after 
the addition of a single trait and trait:Dose interaction, and p-values corresponding to the main seed trait and trait:Dose 
interaction effects based on the Type II Wald Chi2 test. B) Second step: evaluating the model fit by AIC of the best 
possible combinations of the most significantly contributing traits in addition to CF. Models were sorted by AIC from 
high to low. The grey-shaded areas highlight the best fitting models in the first and second steps.

A) First step full model selection model fit 
(AIC) 

p-value 
trait effect

p-value trait: 
Dose effect

General
General + Area + Area:Dose
General + Hue + Hue:Dose
General + RefA + RefA:Dose
General + 405nm + 405nm:Dose
General + 435nm + 435nm:Dose
General + 450nm + 450nm:Dose
General + Blue+ Blue:Dose
General + 470nm + 470nm:Dose
General + elog(CF) + elog(CF):Dose

7863.9
7863.6
7859.5
7852.8
7843.0
7834.2
7832.1
7831.9
7831.8
7828.8

0.696
0.023
0.070
0.011
<0.001
<0.001
<0.001
<0.001
<0.001

0.040
0.088
0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.049

B) Second step full model selection model fit (AIC) 

General + elog(CF) + CF:Dose + Area + Area:Dose
General + elog(CF) + CF:Dose + Blue + Blue:Dose + Area
General + elog(CF) + Area + Blue + Blue:Dose
General + elog(CF) + CF:Dose + Blue + Blue:Dose
General + elog(CF) + CF:Dose + Area + Area:Dose + Blue + Blue:Dose
General + elog(CF) + Blue + Blue:Dose
General + elog(CF) + Area + Area:Dose  + Blue + Blue:Dose  

7827.7
7815.5
7813.9
7813.6
7813.5
7811.9
7811.6
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The coefficients for the main and interaction effects of the selected model parameters 
were determined (Table 4). CF had a significantly negative correlation with emergence. 
The positive correlation between Area and emergence, independent of P. ultimum dose, 
was not significant, but the negative interaction between Area and P. ultimum dose 
was significant. An even stronger negative interaction was found between Blue and P. 
ultimum dose, whereas Blue correlated positively with emergence, independent of P. 
ultimum dose. The effect of P. ultimum dose increased with increasing seed size and with 
increasing reflectance at 420-480 nm.

Table 4. Coefficients for main and interaction effects of each seed trait and seed trait-by-treatment (Dose = Pythium 
ultimum dose, as a quantitative variable) interaction in the model with fixed effects of experiment, blocks within 
experiment, cultivar, cultivar-by-treatment (as a quantitative variable), and the quantitative trait variables for log-
transformed chlorophyll fluorescence (elog(CF)), seed size (Area), reflectance at 420-480 nm (Blue), and their interaction 
effects with P. ultimum dose. All seed trait variables were standardised by subtracting the overall mean and dividing by 
the standard deviation.

Fixed effect Coefficient p-value

Intercept
Dose
elog(CF)
Area
Blue
Area:Dose  
Blue:Dose  

+2.43
-1.05
-0.17
+0.11
+0.23
-0.05
-0.13

<0.001
<0.001
<0.001
0.12
<0.001
0.04
<0.001

The coefficients from Table 4 were used to generate a formula for estimating the natural 
logarithm of the odds of emergence of an individual spinach seed:

with:
Area:	 seed size in standard deviations, with 0 equals mean=9.59 mm2 and 1 

SD=2.57 mm2, 

elog(CF):	 natural logarithm of chlorophyll fluorescence, with 0 equals mean=9.05 
elog(CF) in AU and 1 SD=0.27 elog(CF) in AU,

Blue: 	 reflectance at 420-480 nm in standard deviations, with 0 equals mean=6230.1 
reflectance in AU and 1 SD=1831.7 reflectance in AU,

Dose:	 P. ultimum dose in %.

elog( ) = 2.43 + 0.11 x Area – 0.17 x elog(CF) + 0.23 x Blue −

(1.05 + 0.05 x Area + 0.13 x Blue) x Dose,

emergence 
non-emergence 
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In other words, in the substrate without P. ultimum and independent of seed trait, 
the probability of seedling emergence was 0.92 (=e2.43 x (1+e2.43)-1). In this situation, 
all variables were set to zero, which corresponded to the mean values of the seed traits 
measured in the substrate with a 0% P. ultimum dose. With an increase of the natural 
logarithm of CF by 1 standard deviation, the probability of emergence was 0.91 (=e2.43-

0.17 x (1+e2.43-0.17)-1). With a 3% P. ultimum dose, the probability of emergence decreased 
to 0.33 (=e2.43-1.05x3 x (1+e2.43-1.05x3)-1). With a 3% P. ultimum dose in addition to an 
increase in Area or Blue by 1 SD, the probability of emergence further decreased to 0.32 
with the larger seed size (=e2.43+0.11-(1.05+0.05)x3 x (1+e2.43+0.11-(1.05+0.05)x3)-1, and to 0.29 with the 
higher reflectance at violet-blue light (=e2.43+0.23-(1.05+0.13)x3 x (1+e2.43+0.23-(1.05+0.13)x3)-1).

Validating seed size and maturity effects on tolerance to P. ultimum
Since seed size correlated negatively with CF (Figure 1), but only showed a negative 
effect on seedling emergence in the presence of P. ultimum, a validation study with seed 
size and CF-sorted fractions was conducted to validate whether seed size or seed maturity 
contributed most. The three seed size fractions from seed lot Carmel-D showed little 
overlap in seed size (Area) (Figure 2A). The size fractions D.3 and D.5 did not differ 
in their CF distributions, while fraction D.1, the smaller seeds, contained relatively 
more seeds with higher CF levels (Figure 2B). Beside seed size and CF, individual seeds 
showed considerable overlap among the size fractions in the distributions of RefLAB, 
and RGB levels (Figure 2C-H). The two CF-sorted subfractions of the smallest seeds 
(fraction D.1) showed clear morphological distinctions in pericarp intactness and colour 
(Figure 3). Most of the high CF seeds showed a damaged pericarp, exposing the true 
seeds, which was less the case with the low CF seeds. The low CF seeds were darker in 
appearance (Figure 3A) and had a lower light reflectance (RefL) (Figure 2D), including 
Red, Green, and Blue light reflectances (Figure 2C, 2E, 2G).
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Figure 2. Distributions of standardised continuous data of (A) seed size (Area), (B) log-transformed chlorophyll 
fluorescence (elog(CF)), (C) reflectance at 602.5-677.5 nm (Red), (D) lightness (RefL), (E) reflectance at 
535-585 nm (Green), (F) reflectance from red to green (RefA), (G) reflectance at 420-480 nm (Blue), and 
(H) reflectance from blue to yellow (RefB) of the five (sub)fractions of Carmel-D spinach seed lot, used in 
Experiment C: Carmel-D.1 (2.50–2.75 mm); Carmel-D.3 (3.50–4.25 mm); Carmel-D.5 (4.50–5.00 mm); 
unsorted = randomly selected seeds; D.1 high = high CF level (low maturity); and D.1 low = low CF level 
(high maturity). The area under each curve is 1.
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Figure 3. Seeds from Carmel fraction D.1 sorted by chlorophyll fluorescence (CF) with (A) low CF seeds 
(<6000 CF arbitrary units), and (B) high CF seeds (>12.000 CF arbitrary units).

The Carmel-D (sub)fractions were tested simultaneously in an assay with 0, 1.9, and 
2.5% P. ultimum doses. The statistical analysis confirmed significant main effects of the 
CF fractions, seed size fractions, and P. ultimum dose (p<0.05). On average, emergence 
was 85.2% (±7.7%) in the control substrate, 31.3% (±12.1%) in the substrate with a 
1.9% P. ultimum dose, and 19.4% (±8.9%) in the substrate with a 2.5% P. ultimum 
dose. Carmel-D.1 (smallest seeds) showed greater emergence than Carmel-D.5 (largest 
seeds) in the presence of P. ultimum (Table 5). Seed size had no effect on emergence 
in the control substrate without P. ultimum, but had a negative effect on emergence in 
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the presence of P. ultimum. For Carmel-D.1, the emergence from the low CF seeds was 
greater in all three substrates compared to the high CF seeds. In the control substrate, 
these small mature seeds emerged comparable to the fractions D.3 and D.5 with larger 
seeds. In the presence of P. ultimum, the smallest seeds even showed a greater emergence 
than the largest seeds.

Table 5. Mean ± standard deviations (SD) of the incidences of emergence 10 days after sowing spinach seeds of the seed 
size fractions of Carmel-D, and subfractions with high and low chlorophyll fluorescence (CF) levels of Carmel-D.1, 
averaged over five replicates of 50 seeds.

P. ultimum dose (%) Size fraction CF level Mean (±SD) % emergence

0
0
0

Carmel-D.1 high
low
unsorted

72.8 
89.2
88.0

±5.8
±4.1
±4.0

0 Carmel-D.3 unsorted 89.6 ±3.8

0 Carmel-D.5 unsorted 86.4 ±4.8

1.9
1.9
1.9

Carmel-D.1 high
low
unsorted

23.6
43.0
37.6

±9.5
±10.1
±7.4

1.9 Carmel-D.3 unsorted 32.8 ±11.6

1.9 Carmel-D.5 unsorted 22.0 ±10.9

2.5
2.5
2.5

Carmel-D.1 high
low
unsorted

11.6
29.2
21.2

±2.6
±8.1
±4.6

2.5 Carmel-D.3 unsorted 21.6 ±8.9

2.5 Carmel-D.5 unsorted 12.0 ±5.9

Instead of looking at seed size and CF fractions as factors, the quantitative seed 
measurements of seed size and CF were evaluated with the model. The results confirmed 
a significant main effect of CF on the emergence, with a regression coefficient of -0.27 
(p<0.001). In addition, there was a significant interaction between seed size and P. 
ultimum dose (p=0.007). Emergence in the absence of P. ultimum was not affected by 
increasing seed size, but in the presence of P. ultimum, emergence was affected negatively, 
with a regression coefficient of -0.30 at the 1.9% inoculum dose, and -0.28 at the 2.5% 
dose. In accordance with our previously developed model based on the data from 15 
seed lots, this result confirmed a negative main effect of CF on seedling emergence 
independent of P. ultimum dose, whereas the seed size effect depended on the P. ultimum 
dose and CF level.

Seed lot variation in emergence and other seed traits
With P. ultimum doses of 1.25% and 2.5% (Experiment B), the average emergence over 
the 15 seed lots was 76.1% (±8.6%) and 29.5% (±12.6%), respectively. These averages 



114   |   Chapter 5

fell between those of the previous experiment with 0% and 5% P. ultimum doses 
(Experiment A), as described in the introduction. In the previous analyses, the individual 
seed traits and the emergence response to the various doses of P. ultimum were studied 
independently of spinach cultivar, allowing a random variation for seed lots. However, 
large variation among the seed lots and cultivars was possibly related to certain seed 
traits. When comparing the 15 individual seed lots, significant differences in emergence 
were found in the presence of 2.5% P. ultimum dose (Figure 4). For instance, Carmel-C 
showed greater emergence than Carmel-A, Chevelle-A showed greater emergence than 
Chevelle-B, and Shelby-A showed greater emergence than Shelby-C. With the 1.25% 
P. ultimum dose, no or few differences were found in emergence among the seed lots.
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Figure 4. Mean incidence (%) of emerged seedlings 10 days after sowing three seed lots of five cultivars in a 
substrate with sand:perlite:vermiculite mixture (1:1:1 volume basis) with 1.25% or 2.5% Pythium ultimum 
dose. Error bars represent standard deviations (n=3, replicated trays with 50 seeds each tray). Bars with same 
letters indicate no significant differences based on Tukey’s pairwise comparisons among the seed lots for 
emergence on a logit scale.

In an attempt to explain the large variation in emergence among the 15 seed lots in 
the substrate with a 2.5% P. ultimum dose, we compared the variance components of 
seed lot between the model without and with each individual seed trait. The seed lot 
variance became smaller when Blue, Intensity, RefL, Green, Red, or Area was added to 
the general model (Table 6). The inclusion of the individual reflectance measurements 
(from 375 nm to 970 nm) also caused a reduction in seed lot variance (data not shown), 
comparable to the reduction when adding Red, Green, or Blue.
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Table 6. Variance components of spinach seed lot effects in the general regression model estimating emergence in the 
substrate with a 2.5% Pythium ultimum dose, and extended models with individual seed traits (including fixed effects 
for cultivar and replicate, and random effects for seed lot and seed lot-by-replicate interaction). Grey-shaded seed traits 
caused a reduction in seed lot variance compared to the general model.

Model Seed lot variance

General model
+ Blue
+ Int
+ RefL
+ Green
+ Red
+ Area
+ Round
+ Sat
+ elog(CF)
+ RefB
+ RefA
+ Hue

0.1253
0.1084
0.1086
0.1118
0.1143
0.1149
0.1185
0.1246
0.1253
0.1271
0.1306
0.1337
0.1470

The box-and-whiskers plots of the continuous data for seed measurements showed 
considerable overlap among the 15 seed lots tested (Figure 5). Light reflectance from 
the pericarp of Chevelle-A seeds was, on average, lower than that of seeds of Chevelle-B 
and Chevelle-C. Chevelle-A also showed greater emergence in the presence of 2.5% P. 
ultimum dose (Figure 4). Light reflectance from the pericarp of Carmel-A seeds was, on 
average, higher than that of seeds of Carmel-B and Carmel-C. Carmel-A also showed 
less emergence in the presence of 2.5% P. ultimum dose (Figure 4). Chevelle-A with, 
on average, smaller seeds, and Novico-C and Shelby-C with, on average, larger seeds, 
particularly deviated in size from the other seed lots, even within the same cultivar 
(Figure 5F). Shelby-C also showed less emergence in the presence of 2.5% P. ultimum 
dose than Shelby-A (Figure 4). The Novico seed lots showed large variation in seed size, 
with greater variation among individual seeds when the seed size was, on average, larger. 
They did not show differences in emergence (Figure 4).
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Figure 5. Box-and-whiskers plots of non-scaled data of (A) light reflectance at 420-480 nm (Blue), (B) light 
reflectance intensity (Intensity), (C) reflectance at 535-585 nm (Green), (D) lightness (RefL), (E) reflectance 
at 602.5-677.5 nm (Red), and (F) seed size (Area) of individual seeds (n=600) from each seed lot, with same 
colours for seed lots of the same spinach cultivar. The boxes are the interquartile ranges (IQR). The horizontal 
lines inside the boxplots display the median, and white dots display the mean. The vertical lines (whiskers) 
go from the minimum value to the 25% quantile and from the 75% quantile to the maximum value, with 
minimum and maximum values within the range of -1.5.IQR to +1.5.IQR.
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Discussion

Variation in pre-emergence damping-off tolerance levels and seed traits among seed 
lots
Since the seedling emergence incidences in substrate without P. ultimum did not 
significantly differ among the 15 spinach seed lots, we presumed that the emergence 
with 2.5% P. ultimum dose was indicative for the pre-emergence damping-off tolerance 
levels, as calculated for the same 15 seed lots before (Chapter 3). According to the 
current study, the variation in tolerance levels among the seed lots could only be partly 
explained by seed size and light reflectance differences, as reflected by a few seed lots. 
For instance, Chevelle-A contained the smallest seeds and showed greater P. ultimum 
tolerance compared with Chevelle-B that contained larger seeds. Also, Shelby-C, which 
had larger seeds, showed a lower tolerance level than the other Shelby seed lots that had 
smaller seeds. The Chevelle seed lots also contained relatively more seeds with higher 
light reflectance compared to other seed lots, and the tolerance level of Chevelle-B was 
lower. Similarly, Carmel-C seeds had, on average, a lower light reflectance and a greater 
P. ultimum tolerance than Carmel-A, which is in accordance with the results from the 
analysis on individual seeds. However, the large variation in tolerance levels among 
seed lots may have resulted also for a large part from differences in seed production, 
harvesting, and seed storage conditions. The differences in seed traits among seed lots 
emphasised the importance of characterizing seed lots before conducting genotypic 
studies on variation in P. ultimum tolerance in spinach. The large variation within seed 
lots triggered our interest to zoom in on the individual seed level.

Seed traits in relation to seedling emergence in the absence of P. ultimum
An increased seed maturity level (measured by a lower level of chlorophyll fluorescence 
(CF) of the pericarp) showed a positive effect on emergence of spinach seedlings. This 
is in accordance with previous studies that described a positive effect of seed maturity 
on the germination potential for many plant species, including spinach (Jalink et al., 
1998; Deleuran et al., 2013; Song et al., 2021). The data from the 15 seed lots sown in 
the control substrate showed that, under optimal temperature and moisture levels, larger 
spinach seeds had higher emergence incidence than smaller seeds. A positive correlation 
between seed size and the germination potential of spinach seeds was also shown in 
other studies (Shetty et al., 2012). However, when Carmel-D was size-fractionated, seed 
size did not show an effect on emergence in the control substrate. Also, when analysing 
the CF-sorted subfractions of the small and mature Carmel-D seeds, emergence was 
comparable with or even higher than emergence from the unsorted, larger seeds of 
Carmel, indicating a negative instead of a positive effect of seed size on emergence. 
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The less mature seeds of the small Carmel-D seeds had lower emergence than the more 
mature seeds of the same seed lot in the control substrate. This indicated that the initial 
seed size effect that we found in the control substrate with the 15 seed lots was more of 
an effect of the seed maturity than of seed size.

Seed traits in relation to P. ultimum tolerance
Overall, a high CF level for a seed had a negative relationship with seedling emergence 
in the presence and the absence of P. ultimum. The relationship of seedling emergence 
with seed size reversed from positive in the control substrate to negative in the presence 
of P. ultimum. These results were confirmed by the validation experiment, except for a 
positive seed size effect in the control substrate. Even after selecting for high maturity 
level, the smaller Carmel seeds showed greater P. ultimum tolerance than the larger 
Carmel seeds. This may relate to the pericarp thickness. As smaller seeds have a thinner 
pericarp, there is less physical obstruction for the radicle to protrude as well as higher 
oxygen diffusion, allowing for faster germination (Chapter 2). Such fast germination 
may enable an ‘escape’ of the seedling from P. ultimum infection (Agrios, 2005a). The 
higher P. ultimum tolerance of the low CF seeds compared to the high CF seeds of the 
smaller seeds was expected to be related to the maturity of the seed, but the effect may 
also be influenced by the intactness of the pericarp. A large number of the immature, 
high CF seeds had an open or damaged pericarp with the true seed visible, so these seeds 
may also be more accessible to infection by P. ultimum. A greater sensitivity of the less 
mature seeds within the fraction of smallest seeds might also be related to lower seed 
vigour. Although studies on seed vigour in relation to biotic stress tolerance are limited, 
in some studies seeds with lower vigour were observed to have increased sensitivity 
towards soilborne pathogens, including P. ultimum, for example, seeds of wheat (Das 
Gupta & Austenson, 1973), soybean (Schlub & Schmitthenner, 1978; Hamman et al., 
2002), pea (Perry, 1973; Stasz & Harman, 1980), and lucerne (Hawthorne, 1988).

Light reflectance over a broad range of wavelengths, from 375 to 970 nm, showed a 
negative association with seedling emergence from seeds of the 15 seed lots tested in the 
presence of P. ultimum. This indicated that the darker (less light-reflecting) seeds were 
more tolerant towards infection. We found the strongest effects with light reflectance 
at 405 to 480 nm (violet-blue). Without P. ultimum, reflectance was correlated 
positively with emergence, but with an increasing P. ultimum dose, the effect was 
reversed from positive to increasingly negative. The low CF seeds of Carmel-D also 
had a lower reflectance of light as they were darker, indicating that a darker pericarp 
colour is associated with higher seed maturity. With sugar beet seeds, CF has also been 
demonstrated to correlate positively with reflectance from the pericarp in the visible 
to NIR light spectrum (Boelt et al., 2018). In another study, the maturity of sugar 
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beet seeds was associated with reduced lightness and increased germination (Mirzaei & 
Rajabi, 2021). The colour of the pericarp may also be associated with the presence and 
concentration of secondary metabolites. With sugar beet seeds, the pericarp contains 
various secondary metabolites with different biological activities, e.g., regulation of 
seed germination and seedling emergence, and antimicrobial activity (Oksana & Artur, 
2019). Studies on pericarp extracts from sugar beet and red beet seeds showed that 
they contain phenolic compounds that can inhibit germination by absorbing oxygen 
(Junttila, 1976; Chiji et al., 1980; Morris et al., 1984). When sugar beet seeds were 
polished and washed, the removal of water-soluble germination inhibitors resulted in 
an increased germination (Ignatz et al., 2019; Salimi & Boelt, 2019a). The pericarp can 
also contain phenolic compounds that have anti-pathogenic effects, such as condensed 
tannins (Scalbert, 1991). Further studies are needed to unravel which specific secondary 
metabolites are present in the spinach pericarp that are associated with violet-blue 
light absorbance, and their potential positive effects on P. ultimum tolerance should be 
validated. 

With the 8950 seeds measured in this study, we found no correlation between light 
reflectance and seed size, indicating that the light reflectance effect was independent of 
seed size. However, a strong positive correlation was found between CF and (violet-blue) 
light reflectance (higher CF levels, more reflectance), and a negative correlation was 
found between CF and seed size (larger seeds, lower CF). High values for CF, violet-blue 
light reflectance, and seed size had negative effects on the pre-emergence damping-off 
tolerance level. Apparently, these three parameters have a complex interaction effect on 
pre-emergence damping-off tolerance of spinach seeds. With this complexity, it should 
be considered that pericarp light reflection may be associated with a broad range of 
secondary metabolites with different, and potentially contrasting, biological activities.

Conclusion

This study indicated that spinach seed maturity is a main trait for providing better 
emergence of seedlings from the seeds and greater tolerance to pre-emergence infection 
by P. ultimum. More research is needed to understand the negative effects of violet-blue 
light reflectance and associated secondary metabolites on pre-emergence damping-off 
tolerance. Other researchers have suggested that the production of high-quality spinach 
seed lots could benefit from sorting out the less mature seeds by colour-grading (Salimi 
& Boelt, 2019a) or by chlorophyll fluorescence sorting (Deleuran et al., 2013). In line 
with these suggestions, our results indicated that the production of spinach seed lots 
with a greater tolerance to P. ultimum will benefit from additional sorting of mature 
seeds in favour of less light-reflecting (darker) seeds and smaller seeds.
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Supplemental

Supplemental Table 1. A) The regression coefficients (RC) of single seed trait variables, and B) Aikaike’s information 
criterion (AIC) of the general and extended models for each dataset with emergence in substrate with 0, 1.25, 2.5, or 5% 
Pythium ultimum dose. ∆AIC displays the difference in AIC between the extended model with a single seed trait variable 
and the general model. The colour scale of the RC goes from orange (negative) to green (positive) over all P. ultimum 
doses. The colour scale of ∆AIC goes from orange (no improvement of model fit) to green (highest improvement of 
model fit) for each P. ultimum dose separately. 

A) Regression coefficients

General model + Pythium ultimum dose

0% 1.25% 2.5% 5%

Intercept 2.53 1.19 -0.94 -2.30
Area 0.37      
Round       0.11
375nm     -0.19 -0.33
405nm 0.20   -0.15 -0.29
435nm 0.18   -0.19 -0.34
450nm 0.17   -0.20 -0.35
470nm 0.16   -0.20 -0.35
505nm     -0.20 -0.32

525nm     -0.20 -0.31
570nm   -0.08 -0.19 -0.30
590nm   -0.08 -0.19 -0.28
630nm   -0.09 -0.19 -0.27
645nm   -0.09 -0.19 -0.27
660nm   -0.09 -0.17 -0.26
700nm   -0.11 -0.19 -0.26
780nm   -0.14 -0.19 -0.24
850nm   -0.15 -0.18 -0.22
870nm   -0.15 -0.18 -0.21
890nm   -0.15 -0.17 -0.20
940nm   -0.14 -0.17 -0.18
970nm   -0.14 -0.16 -0.17
Red   -0.09 -0.15 -0.28
Green     -0.17 -0.31
Blue     -0.17 -0.37
RefL     -0.19 -0.29
RefA -0.13   0.12 0.22
RefB -0.17 -0.12    
Hue     -0.14 -0.14
Int     -0.20 -0.31
Sat -0.04 -0.12 -0.14 -0.15
CF   -0.19 -0.22 -0.28
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Supplemental Table 1. Continued.

B) Aikaike’s information criterion (AIC)

General 
model +

Pythium ultimum dose

0% 1.25% 2.5% 5%

AIC ∆AIC AIC ∆AIC AIC ∆AIC AIC ∆AIC

1204.51 0.00 2453.14 0.00 2654.37 0.00 1538.67 0.00

Area 1196.97 7.54            
Round             1538.22 0.45
375nm         2644.82 9.55 1524.63 14.03
405nm 1202.09 2.42     2648.95 5.42 1528.95 9.72
435nm 1203.04 1.47     2645.30 9.07 1523.81 14.86
450nm 1203.46 1.04     2644.06 10.31 1522.73 15.93
470nm 1203.76 0.75     2643.61 10.76 1522.70 15.97
505nm         2643.35 11.02 1524.75 13.91
525nm         2643.39 10.99 1525.80 12.86
570nm     2453.08 0.05 2643.85 10.53 1526.81 11.86
590nm     2452.78 0.36 2644.08 10.29 1527.83 10.84
630nm     2452.42 0.72 2644.83 9.55 1528.72 9.95
645nm     2452.38 0.75 2644.94 9.43 1528.68 9.99
660nm     2452.48 0.66 2646.32 8.05 1529.65 9.01
700nm     2450.98 2.16 2644.83 9.54 1529.76 8.91
780nm     2448.90 4.24 2644.34 10.03 1530.78 7.89
850nm     2447.94 5.19 2644.93 9.44 1531.93 6.73
870nm     2447.90 5.24 2645.46 8.91 1532.51 6.15
890nm     2447.97 5.17 2646.00 8.37 1532.93 5.73
940nm     2448.41 4.73 2646.65 7.72 1534.14 4.52
970nm     2448.92 4.21 2646.86 7.51 1535.07 3.59
Red     2452.51 0.62 2649.50 4.88 1528.96 9.71
Green         2648.24 6.13 1525.74 12.93
Blue         2647.86 6.52 1520.86 17.80
RefL         2643.99 10.38 1526.10 12.57
RefA 1204.14 0.37     2650.56 3.82 1532.55 6.11
RefB 1202.87 1.64 2449.94 3.19        
Hue         2648.95 5.42 1537.32 1.35
Int         2643.76 10.61 1525.89 12.77
Sat 1206.32 -1.81 2450.27 2.86 2650.03 4.35 1537.17 1.50
CF     2442.71 10.43 2639.42 14.95 1528.20 10.47
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Supplemental Table 2. The regression coefficients of each seed trait variable of spinach seeds in relation to the Pythium 
ultimum dose of the substrate in which they were sown, when this variable was added to the model in addition to the 
trait variable selected from Supplemental Table 1. Models were sorted by Aikaike’s information criterion (AIC), which 
corresponds to the model fit. ∆AIC is the difference between the model with the first selected seed trait and the model 
with a second seed trait. The grey-shaded models were selected for further analysis.

P. ultimum dose Seed trait variables Model fit

0% Intercept Area 405nm 435nm 450nm 470nm RefA RefB     AIC ∆AIC
2.54 0.34 0.19               1194.49 2.48
2.54 0.34           -0.16     1195.29 1.68
2.54 0.34   0.17             1195.40 1.57
2.54 0.34     0.16           1195.77 1.20
2.54 0.35       0.15         1196.04 0.93
2.53 0.36         -0.13       1196.22 0.75
2.53 0.37                 1196.97 0.00

1.25% Intercept CF RefA Hue             AIC ∆AIC
1.20 -0.22 -0.11               2440.50 2.21
1.20 -0.25   0.12             2440.62 2.09
1.19 -0.19                 2442.71 0.00

2.50% Intercept CF 435nm 450nm 470nm 505nm 525nm Int RefA RefB AIC ∆AIC
-0.94 -0.17     -0.12           2638.22 1.21
-0.94 -0.17   -0.11             2638.27 1.15
-0.94 -0.18 -0.11               2638.73 0.69
-0.94 -0.21             0.09   2638.83 0.59
-0.94 -0.16       -0.11         2638.93 0.50
-0.94 -0.16         -0.10       2639.20 0.22
-0.94 -0.27               0.10 2639.29 0.13
-0.94 -0.17           -0.10     2639.35 0.07
-0.94 -0.22                 2639.42 0.00

5% Intercept Blue                 AIC ∆AIC
-2.31 -0.37                 1520.86 0.00
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This chapter provides an overview of the main findings of the present study on 
spinach damping-off tolerance in relation to seed vigour and underlying traits of 
the spinach seed. First, a brief introduction is provided about the background 
and main results of this study, as covered in previous chapters. In the following 
paragraphs, the results are discussed in more detail in relation to each other and 
to existing literature, which is also visualised in a concept map (Figure 1). In 
the final paragraphs, recommendations for further research and development 
are provided based on the knowledge gained on specific seed traits of spinach 
seeds that related to a greater tolerance to stressful conditions (low oxygen levels 
or Pythium ultimum presence) during spinach seed germination and seedling 
emergence. The possibilities for integrated damping-off management with an 
emphasis on increasing seed vigour through seed selection, non-chemical seed 
treatments, and breeding are discussed, ending with some concluding remarks.
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Background and main results of this study

Both organic and conventional cultivation face increasing challenges to meet the growing 
demand for leafy vegetables, such as spinach (Spinacia oleracea L., Amaranthaceae family). 
These challenges include crop diseases, an increasing ban on chemical disease treatments, 
and more extreme weather events due to climate change (e.g., longer periods of drought 
and/or excessive rainfalls), leading to severe losses in field crop production. For instance, 
spinach production can suffer serious losses due to damping-off diseases, which include 
seed or seedling rot before emergence, called pre-emergence damping off, and seedling rot 
at the root or stem base resulting in wilting symptoms or death after emergence, called 
post-emergence damping off. Infection can be caused by soilborne pathogens from the 
fungal genera Fusarium and Rhizoctonia, or oomycete genera Aphanomyces, Phytophthora 
and Pythium. High soil moisture conditions and high temperatures can stimulate spinach 
damping off. Damping off can be particularly devastating with baby-leaf spinach, 
because the production requires uniform stand establishment in a short period of time, 
and frequent and dense sowing can promote the spread of infection. In conventional 
spinach production, damping-off diseases are usually controlled by chemical seed and 
field treatments, as genetic-based resistance has not yet been found in spinach. However, 
synthetic fungicide treatments are not allowed in organic spinach production and there is 
an increasing ban of such treatments in conventional production as well, due to potential 
risks of phytotoxicity, pathogen resistance to fungicides, and potential negative impacts 
on human and environmental health. Therefore, alternative solutions, including the use 
of damping-off tolerant spinach cultivars, are becoming more urgent. Since damping off 
mainly occurs in the early stages of seed germination and seedling emergence, seed vigour 
and underlying seed traits were hypothesised to play an important role in pre-emergence 
damping-off tolerance. Seed vigour can be defined as the sum of seed properties that 
determine the ability of viable seeds to germinate fast and uniformly, and to produce 
healthy seedlings with rapid and uniform emergence under both optimal and suboptimal 
environmental conditions.

The main research question of this study was whether improvements in damping-
off tolerance in spinach are possible through plant breeding or through seed vigour 
enhancement by selecting for specific seed traits. For breeding, the existence of genotypic 
variation for the desired characteristic, e.g., damping-off tolerance or specific seed traits, 
is required. Under field and greenhouse conditions, pre-emergence damping off appeared 
to be more discriminatory among spinach cultivars than post-emergence damping off, but 
consistent genotypic variation could not be confirmed (Chapter 3). The large variation 
among fields and replicates emphasised the need for more standardised phenotyping 
assays, which I developed for assessing pre-emergence damping off, using a substrate 
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inoculated with a pathogenic P. ultimum isolate. This isolate was chosen based on its 
occurrence in all studied field soils and its high pathogenicity on spinach. Despite the 
more reproducible results for pre-emergence damping-off tolerance levels within seed 
lots, the variation among seed lots remained larger than the variation among cultivars 
(Chapter 3). This research further focused on pre-emergence damping-off tolerance, as 
a considerable variation in sensitivity occurred in the pre-emergence stage, which should 
be overcome first, and a relationship with seed vigour was hypothesised. Using in-house 
developed methods of spinach seed priming and pericarp removal (dehulling), more 
uniform performance of seed lots was found, but genotypic variation for the evaluated 
cultivars, still could not be confirmed. However, positive effects of priming and dehulling 
on the rate of germination and emergence, and on pre-emergence damping-off tolerance 
levels were promising (Chapter 4). These results indicated that seed vigour enhancement 
by priming or dehulling can improve pre-emergence damping-off tolerance levels and that 
greater seed vigour, e.g., a faster emergence, underlies this improvement. However, rate of 
emergence was not the only driver of increased damping-off tolerance levels, as priming 
and dehulling also improved tolerance levels without causing increased rates of emergence. 
Also, the rate of emergence of the tested seed lots did not correlate with the tolerance levels. 
Other seed vigour related traits, such as seed maturity, seed size, and pericarp colour, also 
contributed to pre-emergence damping-off tolerance in spinach (Chapter 5). Seeds with 
a relative higher maturity (measured by a lower chlorophyll fluorescence), smaller size and 
darker pericarp (measured by less light reflectance), were generally more tolerant. These 
results are discussed in relation to oxygen stress tolerance, that was already considered 
in Chapter 2. Larger seeds, which have a thicker and more intact pericarp, were more 
sensitive to high moisture in terms of less germination than smaller seeds. Seed dehulling 
and elevated oxygen levels improved seed germination at high moisture levels (Chapter 2).  
Smaller seeds and dehulled seeds were also more tolerant to pre-emergence damping off 
(Chapters 4 and 5). Hence, seed vigour enhancements through seed sorting after seed 
harvest could also improve pre-emergence damping-off tolerance levels in spinach seed 
lots. In the next paragraphs, these results will be discussed in more detail in relation to 
each other and in relation to existing literature, with connections visualised in a concept 
map (Figure 1). 
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Figure 1. Concept map of factors with confirmed (solid lines) and hypothetical (dashed lines) interactions 
between those factors, with arrows indicating stimulative effects and flat ends indicating inhibitory effects. 
Green marked factors are studied in this research, grey marked factors are suggested based on published 
literature.
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Genotypic variation in damping-off tolerance

The general observation from spinach growers is that spinach cultivars can differ in 
their tolerance to damping-off diseases, and that there is also variation among years, 
fields, and seed lots. To explore the potential of genotypic variation in damping-off 
tolerance, several cultivars that were expected to differ in their tolerance levels based on 
the experience of growers, were evaluated in this study. Multiple seed lots were used that 
were obtained from various seed productions. It was hypothesised that when the seed 
lots of each genotype perform similarly, the performance is likely to be genotypic-based. 
Despite the variation in damping-off tolerance among cultivars, observed in field and 
greenhouse trials, more variation was observed among seed lots, even among seed lots 
of the same cultivars, as demonstrated in Chapter 3. Also, large variation was observed 
in the incidence of non-emergence and post-emergence damping off among field trials. 
The use of a more standardised assay in a climate-controlled cabinet made it possible to 
assess pre-emergence damping-off tolerance with more reproducible results. Still, large 
variation was observed among the spinach seed lots, even among seed lots of the same 
cultivar. Another study on spinach damping off also found large variation among seed 
lots and the researchers suggested that the differences they found among cultivars could 
be due to variation among the seed lots rather than genotypic variation (Green et al., 
2012). Until now, genotypic variation for spinach damping-off tolerance has not been 
demonstrated.

In other plant species, genotypic variation for resistance to specific damping-off pathogens 
has been confirmed, often with the use of single seed batches of different genotypes. 
For family-related sugar beet (Beta vulgaris L.) cultivars and Amaranthus accessions, 
resistance to Rhizoctonia solani (Scholten et al., 2001) and Pythium myriotylum (Sealy et 
al., 1988) was reported. Resistance towards pre-emergence infection by P. ultimum and 
Aphanomyces cochlioides was also found in Beta accessions (Luterbacher et al., 2005). 
Studies have been performed on resistance to Pythium spp. in legume crops, including 
alfalfa (Altier & Thies, 1995), chickpea (Kumar et al., 1991), common bean (Namayanja 
et al., 2014), pea (Stasz et al., 1980), and soybean (Urrea Romero, 2015; Klepadlo et 
al., 2019). For instance, resistance genes have been characterised for common bean 
(Namayanja et al., 2014) and soybean (Klepadlo et al., 2019). Some studies stated 
that the P. ultimum resistance in legumes is a polygenic, quantitative trait (Dickson & 
Abawi, 1974; Kumar et al., 1991), while others stated that the inheritance of P. ultimum 
resistance could also be due to a single dominant gene (Rosso et al., 2008; Namayanja 
et al., 2014), or the inheritance could be both quantitative and qualitative (Campa et 
al., 2010). Even for the more extensively studied legume crops, the genetic background 
of damping-off resistance is still uncertain, as is the defence mechanism against Pythium 
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spp., i.e., monogenic (complete) resistance, polygenic (partial) resistance, tolerance 
towards infection, or escape from infection (Agrios, 2005a). The present study explored 
the existence of genotypic-based resistance or tolerance towards P. ultimum infection of 
spinach. Based on the research results (Chapter 3 and 4) and on published literature, I 
hypothesised that the time between sowing and emergence is the most crucial phase for 
infection, and that an escape from infection is a possible strategy for rapidly emerging 
seedlings to tolerate certain levels of P. ultimum and other damping-off pathogens 
(Agrios, 2005a). If P. ultimum resistance exists in spinach, I expect the resistance to 
be partial, polygenic, and influenced by multiple environmental factors. Therefore, I 
preferred the term spinach damping-off tolerance rather than resistance.

Seed lot variation: a burden and opportunity

Despite the burden of large seed lot variation confounding the search for genotypic 
variation in spinach damping-off tolerance, the seed lot variation also gave an opportunity 
to zoom in on the seed lot level and to study different seed characteristics in relation 
to damping-off tolerance levels. Based on the results of seed priming, the hypothesis 
was that a higher rate of germination resulted in a higher tolerance level, suggesting 
that faster germinating seed lots are more tolerant than slower germinating seed lots, as 
suggested from an earlier spinach damping-off study (Green et al., 2012). Despite the 
variation in rate of emergence and tolerance levels among the studied spinach seed lots, 
a positive correlation between these traits could not be confirmed. Also, in a study with 
Beta accessions, no correlations were found between the rate of seedling emergence and 
P. ultimum tolerance (Luterbacher et al., 2005). This suggested that rate of emergence 
may be a driver but is not the only driver of P. ultimum tolerance. Other seed traits could 
also be involved that may relate to seed vigour.

Some of the spinach seed lots tested in this study differed in specific seed traits, e.g., 
seed size, seed maturity, and pericarp colour, that could have an influence on P. ultimum 
tolerance, as was observed with the phenotyping assay developed for use in a climate-
controlled cabinet (Chapter 5), and there may be a relationship with seedling emergence 
rate (Chapter 4). For instance, the smallest seeds of the spinach cultivar Chevelle had 
a greater P. ultimum tolerance and germinated faster than larger seeds of Chevelle. The 
largest seeds of cultivar Shelby also showed less tolerance and slower germination than 
the other two Shelby seed lots that had relatively smaller seeds. In contrast, the Novico 
seed lots differed in seed size distributions, but not in tolerance levels, possibly due 
to the large variation in seed sizes among the seeds within these seed lots or strong 
genotypic effects. Also, the variation among the three Carmel seed lots could not be 
associated with differences in seed size or seed maturity, and only partly by pericarp light 
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reflectance. The Carmel seed lot with the highest tolerance level contained relatively 
more seeds with less light reflectance compared to the other two seed lots. Also, seeds 
of the cultivar Chevelle, particularly for two of the three seed lots, showed relatively 
more light reflectance (lighter-coloured pericarp) and were relatively less tolerant to P. 
ultimum compared to the other seed lot and seed lots of the other cultivars. However, 
most of the seed lot variation could not be explained by any of the measured seed 
characteristics. Differences in seed characteristics among seed lots could also be due to 
differences in seed lot production conditions. For instance, in dry environments seeds, 
may become larger as the plant develops fewer branches and allocates resources to fewer 
seeds (Baker, 1972). In nutrient-deficient environments, seeds may remain smaller, as 
the resources for seed filling become limited (Fenner & Thompson, 2005). The variation 
in seed lot production conditions may also have caused some variation in seed vigour 
among the studied seed lots, whereas seed vigour might have partly been genotypic 
as well. To unravel genotypic-based seed vigour effects, seed lots should have been 
produced under the same environmental, harvesting, and storage conditions. Also, large 
variation was observed among seeds within the seed lots. This could be the result of the 
indeterminate seed maturation pattern on spinach plants and once-over seed harvest. 
For other crops that show an indeterminate seed maturation pattern, the large variation 
among harvested seeds should, therefore, be considered when studying diseases that 
occur in the early stages of seed germination until emergence. This is, for instance, the 
case with Beta vulgaris (including sugar beet, beet root, and chard), and for many species 
within the Fabaceae family (e.g., alfalfa, soybean, and pea), for which damping off is 
a common disease as well. To our best knowledge, studies on these crops in relation 
to damping-off tolerance have not included the interactions with seed morphological 
traits, as was done in this study.

Seed traits in relation to abiotic stress and pre-emergence damping off

The large variation in damping-off tolerance levels among seed lots and the variation 
among and within seed lots for seed maturity, size and colour urged to zoom in on 
the individual seed level. I hypothesised that some seed characteristics influence 
the sensitivity of spinach seeds to abiotic stress and, directly or indirectly, their pre-
emergence damping-off tolerance. The developed phenotyping assay with seeds sown in 
individual cells made it possible to relate seed trait measurements from individual seeds 
to emergence in substrate with or without the pathogen. A seed lot fractionated into 
seed sizes and maturity levels excluded the potential genotype-by-seed lot interaction 
effect. The effects of seed size, pericarp structure, and pericarp colour on pre-emergence 
damping-off tolerance are discussed below and in relation to oxygen sensitivity and seed 
vigour.
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Seed size in relation to stress tolerance
The studied seed lots had large variation in seed sizes and maturity levels, probably due to 
the non-uniform seed development on spinach plants and once-over seed harvest. This 
may result in large variation in seed quality among seeds within spinach seed lots, as was 
demonstrated before (Deleuran et al., 2013). In the present study, a large variation was 
found in seed germination under abiotic stress (high moisture levels during germination, 
Chapter 2) and seedling emergence under biotic stress (presence of P. ultimum, Chapter 
5), even for seed lots that contained similar seed sizes and maturity levels. Seed size is 
also influenced by the maternal genotype and environment. Therefore, the seed size 
effect was also analysed from seed size fractions that were obtained from a single seed 
lot. Results showed that smaller seeds were less sensitive to high moisture levels than 
larger seeds (Chapter 2). When temperatures were lowered, the rate of germination was 
reduced but the total germination of the seeds, particularly of larger seeds, increased. 
Total germination of differently-sized spinach seeds also improved when atmospheric 
oxygen levels were increased, indicating that oxygen availability to the seed embryo was 
the main limiting factor at high moisture levels. Apparently, seed embryos of smaller 
seeds are less sensitive to lower oxygen levels surrounding the seed. This finding is in 
line with previous studies that indicated that the availability of oxygen to spinach or 
sugar beet seeds with a pericarp is a limiting factor for germination at high moisture 
levels (Heydecker & Orphanos, 1968; Coumans et al., 1976). The smaller, mature seeds 
were also more tolerant towards pre-emergence infection by P. ultimum than the larger, 
mature seeds (Chapter 5). Stressful conditions, in the presence of high moisture levels or 
P. ultimum, seem to give smaller (mature) seeds an advantage over larger (mature) seeds. 
The faster germination of smaller spinach seeds, as was observed on filter paper, may 
have resulted in an ‘escape’ from P. ultimum infection when they were sown in substrate.

Pericarp structure and composition in relation to stress tolerance
Seed size was mostly determined by the pericarp thickness. When comparing the weight 
of the pericarp and true seeds of the seed size fractions of one seed lot of cultivar Carmel, 
the pericarp thickness increased relatively more than the true seed size with increasing 
whole seed size (Chapter 2). Smaller spinach seeds also contained more frequently 
openings in the pericarp compared with larger seeds. These two factors may have resulted 
in better oxygen diffusion to the embryo, which is necessary for germination, resulting 
in a greater tolerance to low oxygen levels by the smaller seeds. After removal of the 
pericarp, both small and large seeds showed improved germination on filter paper, and 
the sensitivity to low oxygen was reduced, particularly for the larger seeds. Moreover, 
pericarp removal reduced the sensitivity to P. ultimum in substrate (Chapter 4). The 
thicker, more intact pericarp of the larger seeds may have had a stronger germination-
inhibitory effect due to a potential physical and/or chemical barrier of the pericarp. 
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Removal of the operculum of the pericarp or placing the basal pore facing up improved 
the germination of sugar beet seeds due to less physical constraint as well as increased 
water and oxygen uptake (Coumans et al., 1976). Also with spinach seeds, removal of 
the entire pericarp improved the germination at warmer temperatures, confirming the 
physical barrier of the pericarp to germination (Leskovar et al., 1999). 

The presence of the plant hormone ABA in the pericarp has been shown to inhibit 
germination of spinach seeds (Leskovar et al., 1999) as well as sugar beet seeds (Hermann 
et al., 2007; Ignatz et al., 2019). There is also evidence that other chemical germination-
inhibitors are present in the sugar beet seed pericarp, such as phenolic compounds 
and inorganic salts (Ignatz et al., 2019; Oksana & Artur, 2019). The pericarp also 
consists of an inner layer of thick-walled sclerenchyma cells containing lignin, and 
a more porous outer layer of thin-walled parenchyma cells containing chlorophyll 
(Ignatz et al., 2019). Lignin is a water-insoluble polyphenolic compound that is 
synthesised during seed ripening through enzymatic dehydrogenation and oxidation 
of phenylpropanoids (Katahira et al., 2018). Lignin plays a role in seed hardness and 
resistance to mechanical seed damage, reducing water and oxygen permeability and, 
thereby, inhibiting germination (Mohamed-Yasseen et al., 1994; Debeaujon et al., 
2007). In addition to lignin, other germination-inhibiting phenolic compounds are 
formed via the phenylpropanoid pathway, such as flavonoids (Dardick & Callahan, 
2014). Flavonoids are a large group of polyphenolic compounds that can protect seeds 
from pathogen attack (e.g., condensed tannins), UV-B radiation by scavenging free 
radicals, imbibitional damage by decreasing the permeability for water uptake, and by 
inhibiting germination through oxygen-binding (Debeaujon et al., 2007). The outer-
layer of the pericarp contains chlorophyll, which is a water-insoluble photosynthetic 
pigment that degrades during late seed maturation. Therefore, the level of chlorophyll 
remaining in the pericarp can be used as a marker for seed maturity, which can be linked 
directly to germination performance and abiotic stress tolerance of seeds (Jalink et al., 
1998; Smolikova et al., 2011). Polishing of sugar beet seeds removed the outer layer 
of the pericarp, while the inner layer remained unaffected and germination improved, 
especially after washing, due to the reduced content of ABA, secondary metabolites, 
and inorganic salts (Ignatz et al., 2019). There may also be compounds in the pericarp 
that have an anti-pathogenic function, as was demonstrated with water-soluble pericarp 
extracts from Acer saccharum that inhibited germination of sporangia of P. irregulare 
(Webb & Agnihotri, 1970). For instance, condensed tannins are described as anti-
pathogenic phenolic compounds (Scalbert, 1991).

In summary, the pericarp of achenes like spinach and sugar beet seeds seems to 
regulate seed germination in multiple ways: by creating a mechanical barrier for radicle 
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protrusion; a permeability barrier for water uptake and oxygen diffusion to the seed 
embryo; and a chemical barrier with hormones and secondary metabolites that regulate 
germination directly (ABA) or indirectly through oxygen binding. For larger spinach 
seeds, germination may be inhibited by the thicker pericarp and a higher content of 
germination-inhibiting compounds. This inhibitory effect was observed only under 
stressful conditions of high moisture levels or in the presence of P. ultimum, possibly 
due to interference with low oxygen levels, which is explained later.

Pericarp colour in relation to maturity and stress tolerance
In addition to pericarp thickness and intactness, pericarp colour was associated with P. 
ultimum tolerance of spinach seed lots (Chapter 5). Studies on spinach or beet pericarp 
colour have mainly focused on the association with seed health or pericarp damage and 
germination potential under optimal conditions. For instance, a reduced intensity of 
light reflectance in the visible and near-infrared light spectrum indicated the presence of 
seedborne pathogens on spinach seeds (Olesen et al., 2011), and different levels of pericarp 
damage of sugar beet seeds could be discriminated by multispectral imaging (Salimi & 
Boelt, 2019b). In the present study, light reflectance of the spinach seed pericarp was 
examined in relation to seedling emergence in the presence of soilborne P. ultimum, with 
less light reflectance indicating darker seeds were more tolerant to the pathogen. Light 
reflectance was also associated with the seed maturity level. The more mature spinach 
seeds reflected less light over the whole visible light spectrum, as they were darker brown 
compared with less mature seeds (Chapter 5). A similar observation was reported with 
different maturity classes of sugar beet seeds (Boelt et al., 2018). Mature sugar beet seeds 
reflected relatively less light in the visible to NIR light spectrum. The wash-water of 
mature sugar beet seeds, however, had higher reflectance of light compared to the seed 
wash solutions of the lower maturity classes, with the largest difference in the ultraviolet 
(UV) to blue spectrum, between 260 and 420 nm (Boelt et al., 2018; Salimi & Boelt, 
2019a). This indicates that, during seed maturation, the concentration of water-soluble 
phenolic compounds that absorb UV to blue light declines. Based on the measured 
reflectance (375 to 970 nm) of the pericarp of spinach seeds, reflectance in the violet-
blue range showed the strongest negative association with seedling emergence in the 
presence of P. ultimum (Chapter 5). Less violet-blue reflectance, hence higher violet-
blue absorbance, related positively to P. ultimum tolerance of spinach seeds. Higher 
violet-blue light absorbance (at 375 to 480 nm) may be associated with the presence 
of flavonoids or other secondary metabolites. In other studies, flavonoid content was 
associated with light absorbance at various wavelengths within that range and below, 
between 250 and 430 nm (Tsimogiannis et al., 2007; da Silva et al., 2015; Oksana & 
Artur, 2019). Therefore, to draw conclusions, more research is needed on the presence 
and composition of specific secondary metabolites in the spinach seed pericarp, their 
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association with light absorbance, and their specific biological activities.

More studies have been conducted on the association between seed coat (instead of seed 
pericarp) colour and seed vigour. For instance, white-coloured varieties of legumes (e.g., 
chickpea, cowpea) had lower total germination, faster water uptake and higher electrical 
conductivity than coloured varieties (Peksen et al., 2004; Lamichaney et al., 2016). 
Generally, a higher leakage of compounds from seeds has been associated with a lower 
seed vigour as a result of cell membrane damage, which is measured by a higher electrical 
conductivity (ISTA, 2021). Another example is that brown seeds of watermelon were 
relatively larger and showed lower electrical conductivity and water uptake ratios, and 
greater germination and emergence, resulting in greater seedling weights compared to 
yellow seeds (Mavi, 2010). Possibly, darker melon seeds were more mature, similar to 
the darker-coloured cabbage seeds with lower chlorophyll fluorescence levels and greater 
seed vigour (Jalink et al., 1998). With rapeseed, a darker seed coat colour was associated 
with a slower water uptake and greater tolerance to excessive water (Zhang et al., 2008). 
The darker seeds also suffered less from mechanical seed coat injury during harvest than 
yellow seeds of rapeseed. Although the darker seeds germinated slower, they had a higher 
seedling emergence than the yellow seeds (Neubert et al., 2003). Also, brown seeds 
of flax had higher seed vigour than yellow seeds, probably due to a higher content of 
tannins (Saeidi & Rowland, 1999). Few studies have investigated the relationship of seed 
coat colour with susceptibility to P. ultimum infection. For instance, darker seeds of pine 
(Grzywacz & Rosochacka, 1980) and soybean (Campa et al., 2010) had higher resistance 
to P. ultimum infection than lighter-coloured seeds. Higher seed exudation levels of, e.g., 
carbohydrates and amino acids, stimulated P. ultimum mycelium growth and infection, 
as demonstrated for pea (Matthews, 1971), soybean (Schlub & Schmitthenner, 1978), 
and cotton (Nelson & Craft, 1989). With less mature spinach seeds that showed less P. 
ultimum tolerance, higher exudation levels can be expected due to less vigour and more 
openings in the pericarp, resulting in greater leakage of sugars that may have stimulated 
P. ultimum infection. 

Oxygen sensitivity as a potential driver of stress tolerance

The sensitivity of larger and more intact seeds and seeds with a thicker pericarp towards 
high moisture levels was thought to be related to reduced oxygen availability to the 
embryo, which inhibits germination. In experiments with germination on filter papers, 
higher moisture levels of the filter papers may have resulted in a more saturated pericarp, 
restricting oxygen diffusion through the pericarp to the embryo, particularly for seeds 
with a thicker and more intact pericarp. The air surrounding seeds on the filter papers 
was assumed to be at normal atmospheric oxygen levels due to the opening in the cover. 
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Another possibility is that compounds in the pericarp form a mucilage layer around the 
embryo at excessive moisture levels, which restricts oxygen diffusion to the embryo, as 
was described previously for spinach seeds (Heydecker & Orphanos, 1968). However, 
with the tested seed lots I did not observe the formation of a mucilage layer. At high 
moisture level, the germination of seeds increased when atmospheric oxygen levels were 
elevated or when temperatures were lowered. At lower temperatures, the seed metabolic 
activity and, hence, oxygen consumption is lower, while the solubility of oxygen in water 
is higher. This, or the combination of both, may explain the higher total germination 
observed at high moisture levels with lower temperatures, despite the slower germination 
(Chapter 2). 

In the field, high soil moisture conditions and soil compaction result in reduced oxygen 
levels and increased severity of damping off (Agrios, 2005c; Lamichhane et al., 2018). 
Reduced oxygen levels are harmful for spinach seed germination and seedling emergence, 
whereas P. ultimum can withstand low oxygen levels and favours high soil moisture for 
production and motility of zoospores (Griffin, 1963; Agrios, 2005c). When spinach 
seeds were sown in the field trials in the present study, I could not exclude potential 
moisture (hence oxygen) stress levels that interfered with emergence success and 
damping-off severity. The same seeds were also sown in samples of these field soils in the 
greenhouse where the soil moisture content was kept relatively constant. Comparable 
results from the field and greenhouse trials suggest that there was no substantial oxygen 
stress. In the lab assay, the substrate in which the seeds were sown was relatively dry 
(50% water-holding capacity) compared to the field. In addition, the substrate had a 
loose structure, enabling good aeration and drainage with sufficient water and oxygen 
supply to the seeds to obtain at least 85% germination. The trays were not closed tightly, 
and were opened daily to take photos, which allowed fresh air to enter. In presence of P. 
ultimum inoculum, there may be reduced oxygen levels in the substrate due to oxygen 
consumption by the mycelium. Therefore, it may be possible that there was, temporarily, 
a lower oxygen level in the substrate with P. ultimum, especially during the first three or 
four days after sowing when the trays were not photographed. This may have affected 
germination of seeds, increasing the sensitivity towards pre-emergence infection by P. 
ultimum. At the end of the experiments, it was hard to determine whether the seeds 
rotted before or after germination, or before seedling emergence above substrate level. 
Reduced oxygen levels alone may limit germination rate and capacity of seeds (Yasin 
& Andreasen, 2016). Platenius (1943) already determined that an oxygen level below 
20.9% is limiting for respiration of spinach seeds, as well as for asparagus, bean, pea 
and carrot. Yasin and Andreasen (2016) confirmed that the germination of Swiss chard, 
also member of the Amaranthaceae, declined with reduced oxygen levels from 20.9% 
to 2.5%. The seeds from crops of the family Apiaceae (carrot, celeriac, and parsley) 
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were also sensitive to low oxygen levels, with reduced seed germination rate and total 
germination, whereas members of the Asteraceae (e.g., lettuce) and Brassicaceae (e.g., 
broccoli and white cabbage) still showed considerable germination at low oxygen levels. 
Some researchers have suggested that oxygen sensitivity can depend on the cultivar and 
on seed size, as was demonstrated with carrot (Corbineau et al., 1995). 

Seed vigour as an overarching trait involved in stress tolerance

Seed vigour is affected by seed maturity, genotype, and seed production conditions, 
including the maternal environment, seed harvesting methods, and seed storage 
conditions (temperature, humidity, oxygen) (TeKrony & Hunter, 1995; Hatzig et 
al., 2015). Of the seed traits that we measured, seed maturity seemed to be the most 
important trait associated with emergence success. The results indicated that seed 
maturity influences the vigour of the seed, with a positive relationship between the 
maturity level and emergence success in the absence and presence of P. ultimum (Chapter 
5). In accordance with previous studies on sugar beet seeds, a correlation between the 
darkness of pericarp colour and seed maturity of spinach seeds was confirmed. In 
particular, a less violet-blue pericarp colour was associated with a higher P. ultimum 
tolerance. Based on previous studies that associated seed coat colour with seed vigour, 
pericarp colour may also be associated with spinach seed vigour. Seed vigour may not be 
related to the lightness of seed pericarp colour alone, but with specific colours associated 
with secondary metabolites that have various biological functions, such as the regulation 
of germination and seedling emergence, and antimicrobial or pathogen-stimulative 
activities, as described above.

Based on the research and literature findings, I hypothesise that pericarp colour-associated 
compounds affect spinach seed vigour and indirectly relate to P. ultimum tolerance of 
spinach seeds. A lower reflectance of light from the spinach seed pericarp (i.e., darker 
pericarp) may be associated with a higher concentration of phenolic compounds that have 
antimicrobial capacity, which may have reduced P. ultimum infection of the more mature 
seeds and darker seeds that showed a higher P. ultimum tolerance. At the same time, other 
phenolic compounds may inhibit germination, but since the substrate conditions were 
optimal for germination in this study, this negative effect was not observed with mature 
seeds. Less mature seeds may have lower seed vigour due to greater leakage of carbohydrates 
or water-soluble metabolites from the less ripened pericarp that also contained more 
openings. These factors may have stimulated P. ultimum infection, resulting in less P. 
ultimum tolerance of the less mature seeds. Smaller, mature seeds were less sensitive to 
pre-emergence damping off than larger, mature seeds, which is hypothesised to be related 
to a lower content of ABA and less physical constraint by the thinner pericarp of smaller 
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seeds. Further studies are needed to measure the presence and concentration of phenolic 
compounds and carbohydrates in the spinach pericarp, their water-solubility, and their 
association with seed germination and P. ultimum growth and infection.

Recommendations for seed production, breeding, and further research

In seed production, post-harvest seed grading is usually done, resulting in discarding of 
small, immature seeds. Subsequently, seed treatments can be applied, if economically 
feasible, to increase seed quality. Such treatments include polishing (in case of seeds 
with a thick pericarp); priming to increase the uniformity and rate of germination; seed 
sterilization by steam or chlorine and/or coating with pesticides, biological solutions, 
or nutrients to enhance stress tolerance. Breeding for specific seed traits should be 
considered based on the results of this research. Opportunities for product development 
and breeding are discussed and suggestions for further research are provided.

Seed selection to enhance seed vigour and damping-off tolerance
In nature, indeterminate seed development on a plant can be advantageous. Due to 
indeterminate seed ripening, seeds are released from the plant at different times, which 
is also affected by environmental conditions (Rubatzky & Yamaguchi, 1997). Variation 
in seed size, pericarp thickness and, potentially, other traits, broadens the germination 
range of the produced seeds, thereby increasing the survival chances of the genotype. 
However, for commercial seed production, uniformity of maturity levels is preferred, and 
seeds with a thin or open pericarp or even no pericarp may provide an advantage over 
seeds with a thick pericarp when sown under stressful conditions (low oxygen levels or P. 
ultimum presence), as shown by this research. Post-harvest seed selection for uniformity 
of maturity level, and a thinner or darker pericarp could be relevant strategies in seed 
production of indeterminately growing crops like spinach and sugar beet. 

More research is needed to validate the effect of pericarp colour and associated compounds 
on seed vigour and P. ultimum tolerance. If so, it could be useful to include measurements 
of pericarp light reflectance at wavelengths lower than 375 nm since various secondary 
metabolites are also represented by absorbance in the ultra-violet light spectrum. In 
addition, the presence and concentration of specific polyphenolic compounds could 
be measured in the pericarp using high performance liquid chromatography, as was 
performed with sugar beet seeds (Oksana). Discrimination between water-soluble and 
water-insoluble compounds was not made in the present study, except for the specific 
measurement of chlorophyll fluorescence, which is associated with the presence of 
the insoluble chlorophyll pigment. In further studies, water-soluble and insoluble 
compounds could be distinguished by washing and re-drying seeds prior to reflectance 
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measurements of both, the seeds and the wash-water. In addition, the inhibitory effect 
of the water-soluble compounds on P. ultimum growth could be evaluated with the 
wash-water. It should also be considered that spinach seed reflectance of light may be 
associated with various secondary metabolites with potentially contrasting biological 
functions. If a negative effect of compounds on P. ultimum tolerance is associated with 
violet-blue light reflectance of the spinach seeds, sorting in favour of seeds with less 
violet-blue reflectance could be valuable to improve P. ultimum tolerance of spinach 
seed lots.

Chemical and non-chemical seed treatments to improve damping-off tolerance
Chemical seed treatments are still an important application to manage damping-
off diseases in conventional agriculture. Currently, pesticides applied for damping-
off management may contain active substances like cyazofamid, propamocarb 
hydrochloride, aluminum tris phosphonate, etridiazole, and metalaxyl, that are active 
against Phytophtora and Pythium (Meadows et al., 2020). There are also combinations 
of fungicides available and broad-spectrum fungicides like captan and ferbam, that are 
used particularly when the damping-off pathogen is not known. However, the efficacy 
of fungicides can be reduced over time due to fungicide resistance, as was shown with 
mefenoxam (based on metalaxyl) resistance in Pythium spp. and Phytophthora spp. in 
some regions (Taylor et al., 2002; Tekale et al., 2019). Fungicides can also negatively 
affect seed germination and seedling growth, due to phytotoxicity besides potential 
negative impacts on environmental and human health. This has led to an increasing ban 
on the use of such chemical treatments in many countries (United Nations Environment 
Programme (UNEP), 2006; European Commission, 2021). The increased pressure on 
the application of chemical seed treatments has forced the development of alternative 
solutions for damping-off management (Lamichhane et al., 2017).

Biocontrol agents can be an important substitute to conventional fungicides with lower 
potential negative impacts. To control damping-off diseases, there are promising results 
on priming with antagonistic fungi, including Gliocladium spp. and Trichoderma spp., 
or bacteria such as Bacillus spp., Pseudomonas spp., and Streptomyces spp. (Lamichhane 
et al., 2017). For instance, organic seed treatments with Trichoderma harzianum, 
Streptomycete products or Bacillus subtilis could suppress pre- and/or post-emergence 
damping off of spinach caused by P. ultimum, with similar levels of control to that of 
the conventional fungicide mefenoxam (Cummings et al., 2009). Also, antagonistic 
microbes can already be present in the spinach seed microbiome (Lopez-Velasco et al., 
2013). Most biocontrol products are not yet registered or marketed for use, despite 
knowledge of their effectivity for disease control (Paulitz & Bélanger, 2001). Due to the 
increasing demand for chemical-free seeds, the industry for crop protection products 
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is increasingly using the available scientific knowledge to develop and commercialise 
biocontrol agents (Lamichhane et al., 2017). 

Seed-surface sterilization with chlorine or hot water can be used to remove some 
seedborne pathogens, such as Cladosporium variabile, Stemphylium botryosum, and 
Verticillium dahliae on spinach seeds (du Toit & Hernandez-Perez, 2005). However, 
these methods could potentially also remove beneficial microbes that might have anti-
pathogenic functions (Nelson, 2018). Also, the seed microbiome is determined by the 
plant genotype, environment, and management practices (Berg & Raaijmakers, 2018). 
In the present study, seeds were not sterilised due to the possibility of a genotypic basis 
for the seed microbiome and potential interactions with P. ultimum.

Other non-chemical treatments of seeds include those that change the seed physically 
or physiologically, or both. For instance, seed dehulling increased the germination 
potential of spinach seeds when sown at high moisture conditions (Chapter 2) or in the 
presence of P. ultimum (Chapter 4). For some seed lots, removal of the pericarp of seeds 
resulted in higher tolerance levels, whereas the rate of emergence did not increase. This 
indicated that seed dehulling could improve tolerance levels not only as a result of an 
increased rate of germination. Removal of the physical and chemical barrier for oxygen 
diffusion may have improved the vigour of the seed, not in terms of rate but in terms 
of total germination under stressful conditions. Seed vigour may have also improved 
by a reduction in leakage of P. ultimum stimulating compounds that were removed by 
dehulling and dehulling may have also reduced the presence of seedborne pathogens.

After hydropriming spinach seeds, the rate of germination and emergence increased, 
and tolerance towards P. ultimum infection increased (Chapter 4). Still, some variation 
was observed among the seed lots, but they performed more uniform in terms of 
germination rate and damping-off tolerance levels. The positive effects of priming could 
be a direct result of the pre-germination of seeds or an indirect result of stimulating the 
activity of microbes present in the spinach seed microbiome. Like with seed imbibition, 
priming with a limited amount of water can activate dormant endophytic (in the 
embryo) or epiphytic (in or on the pericarp) microorganisms (Nelson, 2018). Many 
microorganisms have been identified in the area surrounding the germinating seed that 
are known to be antagonistic to P. ultimum (Lopez-Velasco et al., 2013; Centre for 
Agriculture and Bioscience International (CABI), 2021). 

Spinach seed priming and dehulling have not yet been applied commercially because 
the seeds are relatively inexpensive, whereas these treatments are still rather expensive 
(Johan Rijk, Pop Vriend Seeds, 2021, personal communication). For instance, drying 
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large amounts of seeds after priming is a challenge logistically and the shelf-life of the 
seeds is likely to be reduced. Only in the breeding process, priming is used commercially 
for synchronization of flowering time of male and female plants (Germains, 2017). A 
seed dehulling technique has been developed and used commercially for spinach seed 
production in Japan (Toshiyuki, 1992). For sugar beet seeds, related techniques of 
washing and polishing have already been introduced for commercial seed production 
(Ignatz et al., 2019). Techniques for priming and dehulling spinach seeds may become 
economically feasible as the demand increases for organic spinach seeds with uniform 
seedling emergence. 

Field measures and treatments to control damping off
In addition to seed selection and seed treatments, field measures to prevent damping off 
are still needed. Those measures include sanitation practices, enabling good soil drainage 
and aeration, preventing excessively wet soils, using well-decomposed compost, and 
planting at soil temperatures favourable for rapid seedling emergence (Lamichhane et 
al., 2017). Rotation with non-host crops is probably impossible with P. ultimum-infested 
soils due to its wide host range and the persistence of its resting structures (oospores and 
sporangia) in the soil (Stanghellini & Hancock, 1971). If Pythium spp. are present in the 
soil, there are limited management strategies, including chemical and non-chemical field 
treatments. For a long time, soil fumigants, such as methyl bromide and chloropicrin, 
were used to eliminate Pythium spp. (Hendrix & Powell, 1970; Munnecke et al., 1971). 
However, the use of methyl bromide has been banned in most countries since the 
Montreal protocol in 1987 due to the large-scale negative effects on human health and 
the environment, including depletion of the ozone layer (United States Environmental 
Protection Agency (EPA), 2021). Also, pesticides like chloropicrin are being banned 
increasingly, but are not yet eradicated from agricultural use in the USA (Donley, 2019). 
A traditional alternative to chemical field treatments is soil solarization, including 
covering the moistened soil with transparent polyethylene sheets to be heated by the 
sun to increase the soil temperature, which is proven to be effective against Pythium 
spp. (Christensen & Thinggaard, 1999). However, soil solarization can also have great 
impacts on other soil microbial life (Yokoe et al., 2015). A more recently developed 
method is anaerobic soil disinfestation, which includes the addition of organic nutrients 
to the soil prior to covering the soil completely to generate anaerobic conditions. This 
method has proven to be effective in suppressing soilborne diseases, including some 
caused by P. ultimum (Mazzola et al., 2012). Addition of organic compost to the 
soil without soil coverage can also reduce damping-off occurrence by increasing soil 
suppressiveness against P. ultimum (Pane et al., 2011; Meghvansi & Varma, 2015). The 
addition of compost tea or Gliocladium spp. suppressed post-emergence wilt caused 
by Fusarium oxysporum in spinach in greenhouse trials (Cummings et al., 2009). Soil 
suppressiveness in the field may be associated with several biotic and abiotic conditions, 
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such as soil pH, micronutrients (e.g, Cu, Fe, Zn) and macronutrients (e.g., N, K, Mg), 
and microbial biomass, activity, and diversity (Bünemann et al., 2018), which needs 
further validation for assessing the efficacy of biocontrol products.

Breeding for enhanced seed vigour and damping-off tolerance
Breeding usually focuses on the development of resistant cultivars with genetic uniformity 
that are cultivated in a monoculture to generate high yields. However, with the ever-
changing environment (e.g., climate change and evolving pathogens) it may be relevant 
to breed for crop diversity to obtain site-specific crops and to sustain genetic resources. 
In case of polygenic resistance or tolerance that is largely influenced by the environment, 
it may also be necessary to integrate multiple traits in a cultivar to obtain crops that are 
resilient towards multiple biotic and abiotic stressors. Based on the current research, 
it may be relevant to study the genetic base for seed vigour or seed characteristics that 
relate to higher pre-emergence damping-off tolerance levels, such as a thinner pericarp, 
a darker (or less violet-blue reflecting) pericarp, greater uniformity in seed maturity, and 
improved capacity for germination under low oxygen levels. A genetic base for some of 
these traits has been found in other crops.

For pericarp thickness, a genetic base was found in several crops, including maize 
(Helm & Zuber, 1972) and sorghum (Blakely et al., 1979). Recently, a method has 
been published to obtain spinach plants through breeding that produces seeds that 
are substantially free from the pericarp (Schrijver et al., 2019). In buckwheat, progress 
has been made to unravel the genetics behind the determinate and indeterminate 
growth patterns that were attributed to a single recessive gene (Luthar, 2018). Plants 
with determinate growth contained thinner seeds and were adapted to lowland soil 
and climatic conditions, whereas plants with indeterminate growth contained slightly 
thicker, dark seeds, adapted for elevated locations and a shorter growing season. This 
knowledge may be useful for the development of determinately growing spinach plants 
that may also produce seeds with a thinner pericarp. Also, an increased rate of maturation 
of seeds, resulting in more synchronised flowering and more uniform seed maturity by 
the time of harvest, could be an interesting selection trait for breeders. In tomato, genes 
that underlie rate of maturation have been identified, and selection led to more uniform 
flowering and seed development (Powell et al., 2012). 

For sugar beet, it has been demonstrated that the pericarp colour is influenced by both 
genotype and environment and is related to seed vigour (Mirzaei & Rajabi, 2021). 
Differences in seed vigour of crosses between female lines and a single male line indicated 
that the differences were due to differences among female lines, which is also probable 
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since the pericarp is derived from the ripened ovary wall of the female plants. Mirzaei 
and Rajabi (2021) also suggested that the traits RefA (red/green colour), RefB (blue/
yellow colour), Blue, Hue and Saturation can be selection criteria in breeding programs 
to enhance seed vigour. As discussed above, light reflectance from the spinach pericarp 
may be associated with phenolic compounds that inhibit seed germination, but also 
that inhibit P. ultimum infection. With sorghum, the presence of phenolic compounds, 
such as anti-pathogenic tannins, in a mature seed is regulated by two genes, whereas 
the pigmentation is regulated by a different gene (Blakely et al., 1979). For Arabidopsis 
thaliana, mutants have been identified that have a transparent seed coat phenotype 
associated with yellow seed colour due to the lack of anthocyanin (Nesi et al., 2001). 
Candidate genes underlying seed coat colour have also been identified in crops like 
chickpea (Bajaj et al., 2015), Chinese cabbage (Ren et al., 2017) and rapeseed (Somers et 
al., 2001). Seed colour reflectance has been demonstrated to be a variety distinguishing 
factor in buckwheat, winter and spring barley, and pea (Klepacka et al., 2011). Based on 
the germination results that indicated differences in moisture sensitivity among spinach 
cultivars, I would also suggest researching whether there is a genetic base for higher total 
germination under reduced oxygen conditions. For instance, with carrot, high levels of 
seed germination under low oxygen levels (10% O2) were found with certain cultivars, 
which depended partly on the cultivar in addition to seed size (Corbineau et al., 1995). 

Moreover, varietal tolerance to other root rot pathogens could be considered when 
searching for varieties with P. ultimum tolerance. For instance, spinach varieties with 
resistance to Fusarium spp., a major focus in spinach breeding, may be linked to 
tolerance to Pythium spp. and Rhizoctonia spp. (Grigg, 2015). For breeders it would be 
ideal if resistance to these three pathogenic species could be obtained in one breeding 
programme and if the same genes are involved in the resistance. Previous research 
indicated the presence of combined resistance in some Beta accessions towards P. 
ultimum as well as Rhizoctonia spp. or Aphanomyces spp., or all three soilborne pathogens 
(Luterbacher et al., 2005). 

Further research on genotyping variation in damping-off tolerance
The large variation among the studied seed lots emphasises the relevance of including 
multiple seed lots of each genotype in genotypic studies on damping-off tolerance. 
However, in the studies that were cited in this research, single seed lots of each genotype 
were mostly compared. Also, large variation in seed characteristics existed among seed 
lots of the same cultivars, and among seeds within the same seed lots. Based on this 
variability in damping-off tolerance levels and seed traits among and within the spinach 
seed lots studied, I make some recommendations on how to evaluate genotypic-based 
damping-off tolerance. 
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With seed priming, I intended to increase the uniformity of emergence among the 
seed lots to reduce the variation in seed vigour among seed lots and to emphasise 
differences in damping-off tolerance levels among the cultivars. However, it turned out 
that, due to seed priming, the tolerance levels of all seed lots improved compared to 
the untreated seed lots, and the differences in tolerance levels among the cultivars were 
reduced. Instead of enhancing seed vigour through seed priming, further research should 
consider a reduction of seed vigour, for instance by applying low oxygen conditions in 
the phenotyping assay. This may increase the variation in pre-emergence damping-off 
tolerance detected among cultivars. A control treatment without the pathogen should 
always be included to correct for differences in emergence that are not due to pathogen 
infection.  

In further evaluations, I suggest evaluating cultivars (genotypes) that are developed under 
the same environmental conditions and whose seeds were threshed and sorted in the same 
way. In addition, multiple seed lots of each genotype should be obtained from different 
seed productions to evaluate the potential genotype-by-environment interactions. The 
environmental conditions during seed production should be monitored. If differences 
in damping-off tolerance levels among genotypes are independent of seed lot and 
environmental background, then a genetic base for damping-off tolerance is likely. 

Concluding remarks

For further research on spinach damping off, I recommend focusing on spinach breeding 
for improved damping-off tolerance with emphasis on enhanced seed vigour and related 
seed traits. Such traits include a thin pericarp that is still protective against mechanical 
injury, leaking less pathogen-stimulating compounds and which contains low levels 
of germination-inhibitors and/or high levels of anti-pathogenic phenolic compounds. 
Further studies on the associations of pericarp colour and secondary metabolites are 
needed for a better understanding of their role in damping-off tolerance. 

Until breeding for improved damping-off tolerance in spinach cultivars is possible, seed 
sorting techniques and seed treatments remain highly valuable, especially when the 
tolerance turns out to be polygenic and highly influenced by the abiotic environment. 
Seed sorting should integrate seed maturity selection by low chlorophyll fluorescence, 
removal of seeds with an underdeveloped pericarp, seed size grading in favour of 
smaller seeds, and selection of seeds with a darker pericarp colour (e.g., less violet-
blue light reflectance). Moreover, dehulling or polishing techniques should be taken 
into consideration, which may become more economically feasible than priming, even 
though priming showed the most promising results for improved seed vigour and P. 
ultimum tolerance. Since the development of biocontrol products is continuing, this 
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may be a good option for damping-off management as well. Biocontrol products should 
contain an effective cocktail of disease suppressive microorganisms and/or plant growth 
promoting microorganisms or (micro-)nutrients that can be applied to the seed.

In addition to the use of disease tolerant cultivars, seed sorting techniques, (non-
chemical) seed treatments, or combinations of these three, and the integration of 
site-specific (non-chemical) field measures (e.g., good soil drainage and using well-
decomposed compost) will remain necessary to provide sustainable control of damping 
off in both organic and conventional spinach production.
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Summary

Spinacia oleracea L. (spinach) is an economically important, highly nutritious leafy 
vegetable. During the past twenty years, global spinach production has increased fourfold, 
mainly due to the growing demand for the freshly consumed young leaves, also known as 
baby-leaf spinach. At the same time, there is a growing demand for organically produced 
crops, and, in general, chemical treatments are increasingly banned due to public 
opposition and potential negative effects on environmental and human health. These 
developments have revealed weak points in management of diseases, such as damping-
off diseases in spinach production. Damping off includes non-emergence of seedlings 
(pre-emergence damping off) and wilting of seedlings or plants after emergence (post-
emergence damping off). Damping off is an even greater problem in the production of 
baby-leaf spinach, which requires uniform stands within a very short production cycle of 
a maximum of six weeks, and the frequent and dense sowing increases disease pressure. 
Damping off can be caused by multiple soilborne pathogens, including the fungi 
Fusarium spp. and Rhizoctonia spp., and oomycetes Aphanomyces spp., Phytophthora spp. 
and Pythium spp. Generally, the severity of damping off depends on the host plant, the 
pathogen, and abiotic field conditions. Field measures, such as good soil drainage and 
sowing at optimal temperatures to promote rapid seedling emergence, can partly limit 
damping-off occurrence. However, once the pathogen has been established in the soil, 
these measures are not sufficient and, since chemical treatments are increasingly banned, 
alternative solutions are urgently needed. This dissertation focuses on solutions at the 
plant level, exploring the potential of plant breeding and seed vigour enhancement to 
improve pre-emergence damping-off tolerance levels in spinach. More background 
on spinach and damping off, the knowledge gaps and studied research questions are 
provided in Chapter 1.

In Chapter 2, the moisture sensitivity of spinach seeds in the absence of the pathogen 
was described. The spinach seed is botanically an indehiscent fruit with a ‘true seed’ 
surrounded by a fruit wall, called the pericarp. Based on literature, the hypothesis was 
that seed size, pericarp thickness and pericarp intactness play a role in spinach seed 
germination in relation to high moisture conditions. Seeds from multiple seed lots of 
commercial cultivars and from one seed lot fractionated into different seed sizes were 
sown in a floating germination system that was developed to create different standardised 
moisture levels. At a high moisture level, the total germination and germination rate 
differed among cultivars and seed lots of the same cultivars, and between larger and 
smaller seeds of the same seed lot. Larger seeds (>3.50 mm), having a thicker pericarp, 
germinated less at high moisture level compared to smaller seeds, which had a thinner 
pericarp and, more frequently, openings in the pericarp. The sensitivity to high moisture 
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conditions was reduced by germinating spinach seeds under lower temperatures or 
elevated oxygen levels, or by removing the pericarp from the seed, also called dehulling. 
These results indicate that the pericarp interferes with oxygen availability to the embryo. 
Based on this study, a germination system with a standardised low moisture level and a 
temperature of 15°C to 20°C is recommended to determine the germination potential 
of differently-sized spinach seeds.

In Chapter 3, the aim is to elucidate whether genotypic variation in damping-off 
tolerance exists in spinach, which is necessary for breeding purposes. Eight commercial 
spinach cultivars, with two or three seed lots of each, were screened for seedling 
emergence and for post-emergence damping off in fields with a history of spinach 
cultivation. Large variation was found among field locations, replicates, and among 
seed lots of the same cultivars. The same seed lots were screened in the greenhouse with 
the use of field soil obtained from one of the fields with severe damping-off occurrence. 
Large variation was still observed among replicates and seed lots of the same cultivars. 
These results emphasised the need for a more standardised phenotyping assay. The 
pathogen of interest, Pythium ultimum, was chosen based on its abundance in spinach 
fields with damping off and its pathogenicity on spinach. The development eventually 
resulted in an assay with stackable trays and individual cells, suitable for individual seed 
sowing (50 seeds per tray), placed in a climate-controlled cabinet at 15°C and in the 
dark. The cells were filled with a relatively dry substrate that consisted of sand, perlite, 
and vermiculite in equal volume ratios, moistened until 50% water holding capacity. 
Seeds were sown in this substrate as a control treatment and in the same substrate 
inoculated with a cornmeal/sand-based inoculum of a pathogenic P. ultimum isolate. 
This enabled reliable evaluation of P. ultimum tolerance levels of seed lots by correcting 
for non-emergence in the control treatment that was not due to infection. The assay was 
developed specifically to assess pre-emergence damping-off tolerance for two reasons. 
Pre-emergence damping off seemed to be more discriminating for differences among 
cultivars than post-emergence damping off in field and greenhouse trials, and it was 
hypothesised that there is a relationship with seed vigour, e.g., the ability of seeds to 
germinate fast and uniformly under optimal and stressful conditions. The assay showed 
reproducible results for pre-emergence damping-off tolerance levels, but variation in 
tolerance levels among cultivars could not be confirmed due to larger variation among 
seed lots, even among seed lots of the same cultivars.

In Chapter 4, the relationship between emergence rate and pre-emergence damping-
off tolerance is evaluated. The hypothesis was that enhanced rates of germination and 
emergence would improve tolerance levels. By pre-treating seeds using priming and 
dehulling methods, the rate and uniformity of seed germination and seedling emergence 
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increased. Primed seed lots showed an increased rate of seedling emergence and improved 
pre-emergence damping-off tolerance compared to untreated seed lots. The variation 
among seed lots and cultivars was reduced and damping-off tolerance levels increased. 
After dehulling, some seed lots had an increased rate of seedling emergence and 
improved damping-off tolerance, while other seed lots from the same cultivars showed 
only one of the two effects. The results indicated that rate of germination and emergence 
is not the only driver of pre-emergence damping-off tolerance. Priming and dehulling 
may also result in improved damping-off tolerance through other mechanisms, such as 
enhanced anti-pathogenic activity or increased oxygen availability to the seed embryo, 
which needs further investigation. A positive correlation between emergence rate and 
damping-off tolerance of seed lots could not be confirmed, possibly due to other seed 
lot differences, such as vigour-related seed traits.

In Chapter 5, spinach seed lots are characterised for several seed traits, including seed 
size, maturity, and pericarp colour. Only a small part of the variation in pre-emergence 
damping-off tolerance levels among seeds lots could be attributed to differences in seed 
size and pericarp colour. Large variation in damping-off tolerance levels could not be 
explained, possibly due to seed lot production differences. The large variation among and 
within seed lots urged to zoom in on the individual seed level. Prior to sowing, untreated 
seeds were measured individually for morphological and spectral seed traits, including 
seed size and roundness, chlorophyll fluorescence level (which is correlated negatively 
with seed maturity), and light reflectance at various wavelengths, ranging from visible to 
near-infrared light. By sowing the seeds in individual cells of the developed damping-off 
assay, it was possible to relate the measured seed traits to seedling emergence from each 
individual seed. Generally, more mature seeds showed higher P. ultimum tolerance than 
less mature seeds. Of those seeds, the smaller seeds and the seeds with a darker pericarp 
were more tolerant than the larger seeds and lighter-coloured seeds. The light reflectance 
in the violet to blue light spectrum showed the strongest negative association with P. 
ultimum tolerance. According to the literature, seed pericarp colour may be associated 
with the presence of phenolic compounds that can have multiple biological activities, 
including inhibition of seed germination and anti-pathogenic effects. Further studies are 
required to investigate the association between pericarp colour and specific secondary 
metabolites, and to understand their role in damping-off tolerance of spinach seeds.

In Chapter 6, the main findings of the four research chapters are discussed in relation 
to each other and to existing literature. Based on the knowledge that was gained on 
specific seed traits and treatments of spinach seeds that related to improved damping-off 
tolerance levels, recommendations for further research and development are provided. 
In conclusion, to develop spinach cultivars with improved tolerance to P. ultimum, seed 
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vigour of spinach seeds should be enhanced. According to this study, preferable traits 
are a smaller seed size, thinner pericarp, and darker pericarp in addition to high levels of 
seed maturity. Further research is needed to confirm a genetic base for one or more of 
these traits, which is necessary for breeding purposes. In the meantime, seeds can be pre-
selected for these traits, or they can be pre-treated by dehulling (removal of the pericarp) 
or priming (increasing their germination rate). A combination of damping-off tolerant 
cultivars, post-harvest seed selection or seed treatments, and site-specific field measures 
will provide more sustainable control of damping off in both organic and conventional 
spinach production.
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Samenvatting

Spinacia oleracea L. (spinazie) is een economisch belangrijk en zeer voedzaam bladgewas. 
De afgelopen twintig jaar is de wereldwijde spinazieproductie verviervoudigd, vooral 
door de groeiende vraag naar de vers geconsumeerde jonge bladeren, ook wel ‘baby-
leaf ’ spinazie genoemd. Tegelijkertijd is er een groeiende vraag naar biologisch 
geproduceerde gewassen dat het gebruik van synthetisch chemische middelen verbiedt, 
terwijl deze middelen worden gebruikt in de conventionele productie, o.a. om ziektes te 
onderdrukken. In het algemeen worden chemische behandelingen van zaden en velden 
in toenemende mate verboden vanwege de mogelijk negatieve effecten op het milieu en 
de menselijke gezondheid. Deze ontwikkelingen hebben ertoe geleid dat ‘damping off’ 
een toenemend probleem is in de spinazieteelt. Damping off, ook wel ‘wegval ziekte’, 
omvat het niet opkomen van zaailingen (pre-opkomst damping off) en de verwelking 
van zaailingen of planten na opkomst (post-opkomst damping off). Damping off is 
een nog groter probleem bij de productie van baby-leaf spinazie vanwege de vereisten 
van een uniforme opkomst binnen een zeer korte productiecyclus van maximaal zes 
weken na zaaien. Daarnaast zorgt het frequente en dichte zaaien voor een verhoogde 
ziektedruk. Damping off kan worden veroorzaakt door meerdere bodempathogenen, 
waaronder de schimmels Fusarium spp. en Rhizoctonia spp., en schimmelachtigen 
(ook wel ‘oomyceten’) Aphanomyces spp., Phytophthora spp. en Pythium spp. Over het 
algemeen hangt de ernst van de ziekte af van de waardplant, de ziekteverwekker en 
abiotische veldomstandigheden. Veldmaatregelen, zoals een goede bodemdrainage en 
zaaien bij optimale temperaturen om een ​​snelle opkomst van zaailingen te bevorderen, 
kunnen het optreden van damping off deels beperken. Als de ziekteverwekker zich 
eenmaal in de bodem heeft gevestigd, zijn deze maatregelen echter niet voldoende 
en omdat chemische behandelingen steeds vaker worden verboden, zijn alternatieve 
oplossingen dringend nodig. Dit proefschrift richt zich op oplossingen op plantniveau, 
waarbij mogelijkheden van plantenveredeling en verbeterde zaadkracht (ook wel ‘seed 
vigour’) wordt onderzocht om met name pre-opkomst damping-off tolerantieniveaus in 
spinazie te verbeteren. Meer achtergrondinformatie over spinazie en damping-off ziekte, 
de kennishiaten en bestudeerde onderzoeksvragen vindt u in Hoofdstuk 1.

In Hoofdstuk 2 wordt beschreven welke zaadeigenschappen betrokken zijn bij de 
vochtgevoeligheid van spinaziezaden in afwezigheid van de ziekteverwekker. Het 
spinaziezaad is botanisch gezien een niet-splijtende vrucht met een ‘echt zaadje’ omgeven 
door een vruchtwand, het ‘pericarp’. Gebaseerd op de literatuur was de hypothese dat 
zaadgrootte, pericarpdikte en pericarpintactheid een rol spelen bij het ontkiemen van 
spinaziezaden in interactie met het vochtgehalte. Zaden van meerdere zaadpartijen van 
commerciële rassen (‘cultivars’) en van één zaadpartij gefractioneerd in verschillende 
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zaadgroottes, werden gezaaid op een drijvend kiemsysteem dat we hadden ontwikkeld 
om verschillende gestandaardiseerde vochtgehaltes te creëren. Bij een hoog vochtgehalte 
verschilde de totale kieming en kiemsnelheid tussen rassen en tussen zaadpartijen 
van dezelfde rassen, en tussen de grotere en kleinere zaden van dezelfde zaadpartij. 
Grotere zaden (>3.50 mm), die tevens een dikker pericarp bevatte, vertoonden een 
lagere kiemkracht bij een hoog vochtgehalte in vergelijking met kleinere zaden, die 
tevens een dunner pericarp met meer openingen bevatte. De gevoeligheid voor hoge 
vochtgehaltes werd verminderd door de spinaziezaden te laten ontkiemen bij lagere 
temperaturen of bij verhoogde zuurstofgehaltes, of door het pericarp van het echte 
zaadje te verwijderen, ook wel pellen (‘dehulling’) genoemd. Deze resultaten geven aan 
dat het pericarp de beschikbaarheid van zuurstof voor het zaadembryo kan belemmeren. 
Op basis van dit onderzoek wordt aanbevolen om een kiemsysteem te gebruiken met 
een gestandaardiseerd laag vochtgehalte en een temperatuur van 15°C tot 20°C om het 
kiempotentieel van spinaziezaden van verschillende groottes te bepalen.

In Hoofdstuk 3 wordt bekeken of er genotypische variatie in damping-off tolerantie 
bestaat bij spinazie dat noodzakelijk is voor veredeling. Acht commerciële spinazierassen, 
met elk twee of drie zaadpartijen, werden getest op opkomst van zaailingen en op damping 
off na opkomst in velden met een geschiedenis van spinazieteelt. Er werd een grote variatie 
gevonden tussen veldlocaties, herhalingen en tussen zaadpartijen van dezelfde rassen. 
Dezelfde zaadpartijen werden getoetst in de kas met behulp van natuurlijke grond van 
een van de velden met ernstige ziektedruk. Ook hier werd een grote variatie waargenomen 
tussen herhalingen en zaadpartijen van dezelfde rassen. Deze resultaten benadrukten de 
noodzaak van een meer gestandaardiseerde toets. De pathogeen, Pythium ultimum, werd 
gekozen op basis van zijn hoge aanwezigheid in spinazievelden en zijn ziekteverwekkend 
vermogen in spinazie. De ontwikkeling van deze toets resulteerde in een opstelling met 
stapelbare bakjes met individuele cellen, geschikt voor individueel zaaien (50 zaden 
per bakje), geplaatst in een kweekkast bij 15°C en in het donker. De cellen werden 
gevuld met een relatief droog substraat dat bestond uit zand, perliet en vermiculiet in 
gelijke volumeverhoudingen, bevochtigd tot 50% watervasthoudend vermogen. Zaden 
werden gezaaid in dit substraat als controlebehandeling en in hetzelfde substraat dat 
was geïnoculeerd met een op maïsmeel en zand gebaseerd inoculum met het gekozen 
P. ultimum isolaat. Deze opstelling maakte een betrouwbare evaluatie mogelijk van P. 
ultimum tolerantie in zaadpartijen van spinazie doordat er gecorrigeerd kon worden 
voor het niet opkomen van zaailingen in de controlebehandeling dat niet het gevolg 
was van infectie. De toets was speciaal ontwikkeld om de tolerantie voor pre-opkomst 
damping off te beoordelen vanwege twee redenen. Pre-opkomst damping off leek meer 
onderscheidend te zijn voor verschillen tussen rassen dan post-opkomst damping off 
in veld- en kasproeven, en de verwachting was dat er een verband is met zaadkracht, 
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zoals het vermogen van zaden om snel en uniform te ontkiemen onder optimale en 
stressvolle omstandigheden. De toetsingsmethode vertoonde herhaalbare resultaten in 
tolerantieniveaus, maar een variatie in tolerantieniveaus tussen rassen kon niet worden 
bevestigd vanwege een grotere variatie tussen zaadpartijen, zelfs tussen zaadpartijen van 
dezelfde rassen.

In Hoofdstuk 4 wordt de relatie tussen opkomstsnelheid en pre-opkomst damping-
off tolerantie onderzocht. De hypothese was dat een verhoogde snelheid van kieming 
en opkomst de tolerantie zal verbeteren. Door de zaden voor te behandelen met 
behulp van ontwikkelde methoden van priming (voorkiemen) of dehulling (pellen), 
nam de snelheid en uniformiteit van zaadkieming en opkomst van zaailingen toe. 
Geprimede zaadpartijen vertoonden een verhoogde snelheid van opkomst van 
zaailingen en verhoogde tolerantieniveaus voor pre-opkomst damping off vergeleken 
met onbehandelde zaadpartijen. De variatie tussen zaadpartijen, maar ook tussen rassen 
nam af bij de toegenomen tolerantieniveaus, waardoor de verschillen tussen rassen niet 
duidelijker werden. Na het pellen vertoonden sommige zaadpartijen een verhoogde 
snelheid van opkomst en een verbeterd tolerantieniveau, terwijl andere zaadpartijen van 
dezelfde rassen slechts één van de twee effecten vertoonden. De resultaten geven aan dat 
de snelheid van kieming en opkomst niet de enige oorzaak is van pre-opkomst damping-
off tolerantie. Priming en dehulling geven mogelijk ook verbeterde tolerantieniveaus 
via andere mechanismen, zoals een verhoogde anti-pathogene werking of verhoogde 
zuurstofbeschikbaarheid voor het zaadembryo, wat verder onderzoek behoeft. Een 
positieve correlatie tussen opkomstsnelheid en tolerantieniveaus van zaadpartijen kon 
niet worden bevestigd, mogelijk vanwege andere verschillen tussen zaadpartijen, zoals 
zaadkracht-gerelateerde kenmerken.

In Hoofdstuk 5 worden de verschillende zaadpartijen gekarakteriseerd op basis 
van verschillende zaadkenmerken, waaronder zaadgrootte, rijpheidsniveau en 
vruchtwandkleur. Slechts een klein deel van de variatie in pre-opkomst damping-off 
tolerantie tussen zaadpartijen kon worden toegeschreven aan verschillen in zaadgrootte 
en vruchtwandkleur. Een grote variatie in tolerantieniveaus kon niet worden verklaard, 
mogelijk als gevolg van verschillen in de productie van zaadpartijen. De grote variatie 
tussen en binnen zaadpartijen noopte tot inzoomen op individueel zaadniveau. 
Voorafgaand aan het zaaien werden onbehandelde zaden afzonderlijk gemeten op 
morfologische en spectrale zaadkenmerken, waaronder zaadgrootte en rondheid, 
chlorofylfluorescentieniveau (wat negatief correleert met zaadrijpheid) en lichtreflectie 
bij verschillende golflengten, variërend van zichtbaar tot bijna-infrarood licht. Door de 
zaden in individuele cellen van de ontwikkelde toets te zaaien, was het mogelijk om de 
gemeten zaadeigenschappen te relateren aan de zaailingopkomst van elk afzonderlijk 

Samenvatting   |   177

S



zaadje. Over het algemeen vertoonden rijpere zaden een hogere P. ultimum tolerantie 
dan minder rijpe zaden. Van deze zaden waren de kleinere zaden en de zaden met 
een donkerdere vruchtwand toleranter dan de grotere en lichter gekleurde zaden. De 
lichtreflectie in het violet tot blauwe lichtspectrum had de meest negatieve associatie 
met P. ultimum tolerantie. Volgens de literatuur kan de kleur van het pericarp worden 
geassocieerd met de aanwezigheid van fenolische verbindingen die meerdere biologische 
activiteiten kunnen hebben, waaronder remming van zaadkieming en anti-pathogene 
effecten. Verdere studies zijn nodig om het verband tussen pericarpkleur en specifieke 
secundaire metabolieten te onderzoeken, en om hun rol bij damping-off tolerantie van 
spinaziezaden te begrijpen.

In Hoofdstuk 6 worden de belangrijkste bevindingen van de vier 
onderzoekshoofdstukken in relatie tot elkaar en met behulp van bestaande literatuur 
besproken. Op basis van de kennis die is opgedaan, over specifieke zaadeigenschappen en 
behandelingen van spinaziezaden die relateren aan verbeterde ziektetolerantieniveaus, 
worden aanbevelingen gedaan voor verder onderzoek en productie van spinaziezaden. 
Concluderend, om spinazierassen te verkrijgen met een verbeterde tolerantie voor 
P. ultimum kan de zaadkracht van spinaziezaden worden verbeterd. Volgens deze 
studie zijn eigenschappen die de voorkeur hebben, naast zaadrijpheid, een kleinere 
zaadgrootte, dunnere vruchtwand en donkerdere vruchtwand. Verder onderzoek is 
nodig om een ​​genetische basis voor een of meer van deze eigenschappen te bevestigen 
voor veredelingsdoeleinden. In de tussentijd kunnen zaden worden voorgeselecteerd 
op basis van deze eigenschappen of ze kunnen worden voorbehandeld door pellen 
(verwijderen van de vruchtwand) of primen (verhogen van kiemsnelheid). Een 
combinatie van ziektetolerante rassen, zaadselectie of zaadbehandelingen na zaadoogst, 
en locatie-specifieke veldmaatregelen zal zorgen voor een duurzame beheersing van 
damping-off ziekten in zowel de biologische als conventionele spinazieteelt.
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