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Abstract

The occurrence of warm spring temperatures in the Midwestern United States has
increased over the last century, and farmers are interested in planting soybean early to
capitalize on the benefits of the longer growing season. However, risks of cold precipitation
and/or soil temperatures after planting may hinder crop establishment. Environmental
factors and management decisions along with cold temperatures may also affect the
chilling response in soybean. Therefore, the objectives of this research were to (1)
investigate how duration of exposure to cold conditions during the imbibition and early
germination phases affect seed germination in two soybean cultivars, (2) quantify how soil
moisture content at planting, planting depth, temperature, and form of precipitation affect
soybean emergence and early growth, and (3) quantify the effect of moisture content at
planting and temperature/form of precipitation during germination on soybean emergence
and Fusarium graminearum infection. Three controlled environment studies were
conducted from 2023-2024 in Columbus, OH using two untreated soybean varieties. The
first experiment assessed temperature and duration of exposure to cold temperatures during
germination. Across temperature pairings, exposure for 12 to 24h in cold temperature
immediately after starting the germination assay resulted in the greatest reduction (7%) in
germination compared to the untreated check. Cultivar 3.4 RM was more affected by cold
temperature exposure than the 3.7 RM. Regardless of treatment, germination was always



over 83% after 10 days. The second experiment highlighted that water application (1.7 or
10°C) or application of ice within the first 11 hours of planting negatively affected
emergence and early season growth (30-65% reduction in biomass). Cold temperatures
alone (1.7°C) did not affect emergence percentage or biomass. Planting at 3.8 cm depth
under drier soil conditions (20% AWC) increased biomass compared to wetter soil
conditions (60% AWC), though differences were not observed when planted at 2.5 cm
depth. In the third experiment 1.7°C liquid water application or the same quantity of water
as ice when inoculum was applied reduced total emergence by 6% compared to same water
treatments without inoculum. Inoculated media produced more dead seeds under 60%
moisture content compared to 80% moisture content. These results suggest cold
temperatures alone may not fully explain stand reductions in field environments. Other
abiotic factors like soil texture and moisture as well as biotic factors like pests and diseases
could be associated with stand losses in early planted soybean and their association with
cold temperatures during germination and early growth need to be further studied. It is
possible that the duration of cold temperatures and timing of initial exposure may also play

a role in germination and emergence should be evaluated in future trials.
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Chapter 1. Literature Review

1.1Soybean history and production overview

Soybean [Glycine max (L.) Merr] is an important legume crop cultivated in the United
States and worldwide. Soybean is the dominant oilseed crop accounting for about 90% of oilseed
production within the country (USDA -ERS, 2024). Over 70% of the soybeans cultivated in the
United States are used for animal feed, especially for poultry, hogs, dairy, beef, and aquaculture.
Around 15% of the U.S. soybeans are used to produce foods for human consumption, especially
for vegetable oil (USDA, Fact sheet, 2015). Most of the soybean oil produced (68% of total) is
reserved for human consumption (USDA, Fact Sheet, 2015), with the biodiesel industry utilizing
25% of the oil produced. The remaining 7% of the soybean oil produced is allocated for other
industrial uses.

Large-scale soybean production in the U.S. began in the 20th century, with the area planted
expanding rapidly due to increased planting flexibility, increased corn-soybean rotations, low
production costs, and periodic adoptions of improved agronomic practices such as narrow row
cultivation (Rowntree et al., 2013; USDA- ERS, 2024). Currently, the U.S. ranks as the second
largest soybean producer and exporter in the world after Brazil. After corn, soybean is the second
major agricultural crop sown in the U.S. Over the last two decades, soybean cultivation has
increased by 15% of the total land area cultivated in the U.S. accounting for 35 million ha in 2024
(USDA- ERS, 2024). In 2023, national soybean production totaled 113.3 million metric tons, an

increase of 35% compared to the last two decades (USDA- NASS, 2024). Production value of



soybean stood at about 52.8 billion U.S. dollars in 2023, a 75% increase compared to 2000 (USDA-
NASS, 2024). In 2023, 49 million metric tons of soybean has exported to the outside market and
49% of the total production in the U.S. as whole grain, meal, or oil (United Soybean Board, 2024;
USDA- FAS, 2023). However, soybean export has plateaued since 2016 due to high domestic
demand.

More than 80% of the cultivated area is concentrated in the U.S. Midwest where soybean
yield is highest (USDA- ERS, 2023). This region of the U.S. benefits from favorable climate
conditions, well-established agricultural infrastructure, and good soil conditions that support large-
scale soybean production. In 2024, the top soybean producing states were Illinois, lowa, and
Minnesota, accounting for more than 37% of total U.S. production. (USDA- ERS, 2024). In Ohio,
soybean is the most widely cultivated field crop over two million ha planted in 2023 (USDA-
NASS, 2024). In Ohio, 7.47 million metric tons of soybeans were produced in 2023, with an
average Yield of 3.9 metric tons per hectare, a 24% increase compared to the last two decades. It
is the fifth largest soybean-producing state in the U.S. as of 2023 (USDANASS, 2024). Twenty-
six thousand farmers cultivate soybeans in Ohio, and the annual economic impact is 5.3 billion
U.S. dollars from soybean production, which is approximately 33% of Ohio's agricultural economy
(Ohio Soybean Council, 2024). To ensure Ohio farmers remain competitive in soybean production
markets, it is crucial to focus on the management decisions surrounding soybean cultivation. These
decisions play a key role in maintaining and enhancing production levels, especially in the face of

changing climate conditions.

1.2 Evaluation of planting dates of soybean

Climate change and weather patterns significantly influence agricultural decision-making,

particularly in the Midwestern United States, which accounts for two-thirds of the nation’s land

2



and produces 65% of its soybean and corn. Given the region’s agricultural prominence, it is crucial
to consider climate fluctuations when making farming decisions. Over the past century, the average
air temperature in the Midwest has risen by 1.1°C and is projected to increase by another 5°C by
the end of the century (Kunkel et al., 2013; Pryor et al., 2013; National Climate Assessment, 2024).
Furthermore, Abendroth et al. (2019) also found that spring temperatures have been increasing
from 1950 to 2017 in most counties in Midwestern U.S. This warming trend has led to earlier
spring temperatures, causing the final frost of the spring season to occur approximately seven days
earlier than it did a century ago (Schrage, 2018). Climate models have predicted that wet springs
may become more frequent in Ohio due to climate change (Baule et al., 2017; O’Neal et al., 2005).
Annual precipitation has increased by 10 to 20% during the last century and is projected to
continue with more intense precipitation events in the future (Schoof et al., 2010; Grady et al.,
2021). Hence, days suitable for fieldwork in the spring have been declining since 1995 with most
weeks only having two or four days suitable for Ohio farmers. Farmers may decide to plant more
hectarage before a weather front because the precipitation that falls would prevent future
fieldwork, even if it is early in the season (Lindsey et al., 2024).

Given all these changes in climate and weather patterns over past years, decision making
related to farming practices also change overtime. Among those practices, planting date is an
important management decision, and timely planting is important to achieve higher grain yield and
quality of soybeans (Egli & Cornelius, 2009; Hu & Wiatrak, 2012; Rowntree et al., 2013). Soybean
is a warm-season annual crop planted in spring and harvested in autumn. Soil temperature at the
time of planting, soil moisture content, and weather forecast are important considerations when
deciding a planting date for soybeans. It is recommended to plant soybeans when soil temperatures

reach 10°C and adequate moisture is present at the planting depth of 2.5 to 3.75 cm to facilitate



germination (Bruin & Pedersen. 2008; Lindsey et al., 2017). Soybeans have traditionally been
planted in late April and early May throughout much of the Midwest. However, this can vary
depending on the growing region and the maturity group of the soybeans. In southern Ohio, it is
currently recommended to plant soybeans after April 15, while in northern Ohio, planting is
advised to commence in the last few days of April, provided soil conditions are suitable (Lindsey
et al., 2017). However, there has been a consistent trend toward earlier planting dates in the
Midwestern United States (Rowntree et al., 2013). The Risk Management Agency has adjusted the
replant crop insurance dates, allowing farmers in northern and southern Ohio to begin planting
soybeans as early as April 15" and April 57, respectively, while still maintaining eligibility for
insurance coverage.

The shift in soybean planting dates in the U.S. has been driven by several factors, including
advancements in crop management practices, genetic improvements, and evolving environmental
conditions. Planting soybeans early leads to increased yields by extending the vegetative growing
season. This extension allows the soybean plants to absorb more heat units, which in turn promotes
the production of more nodes on the main stem (De Bruin & Pedersen, 2008; Robinson et al.,
2009; Hu & Wiatrak, 2012; Staton, 2023). Soybean crops can produce a new main stem node every
3.7-day interval until the seed development stage (Conley et al., n.d.). Similarly, production in
greater biomass and close canopy also helps to control weed growth (Conely et al., n.d.).
Numerous studies have highlighted the benefits of early planting (Conely et al., n.d.; Hu &
Wiatrak, 2012; Staton, 2018). Specht et al. (2017) recorded that soybean planting dates in the
Midwestern US have persistently shifted towards early calendar dates at a rate of 0.5 days per year.
According to Mourtzinis et al. (2019), by planting 8-10 days earlier than normal, growers in lowa

and Ohio could have had a 10.8 and 29.9 kg ha yield increase, respectively, during the past



decades. It was reported that the early planting of soybeans produced on average, an extra 269 kg
ha (Sonnenberg, 2020). A study conducted by Southworth et al. (2002) explained that early
planting brings yield advantage in the Midwestern US because of future changes in climate and
climate variability. A recent study conducted by Kannberg et al. (2024) summarized that, in west
central Ohio, soybean produced higher yields when planted in early April without a cover crop
compared to mid-May planting dates. The study conducted by Robinson et al. (2009) summarized
that soybean planting in mid-May produced only 76% yield from seed planted in late March.
Apart from weather pattern changes, trends towards larger farms, planting equipment
capable of planting more area per day, and availability of effective seed treatments to combat
seedling diseases have also prompted a shift towards earlier planting of soybeans (USDA-ERS,
2024). MacDonald et al. (2013) reported that, from 1987 to 2007, soybean plant hectarage has
doubled in size. Those factors also aided further early planting decisions taken by farmers.
Discussions are always underway among farmers about the advantages of late versus early soybean
planting in terms of yield. Consequently, planting date decisions can fluctuate based on these
perceived yield advantages (Licht, 2021). Studies conducted in Midwestern regions have shown
yield penalties due to late planting of soybean. Research conducted by Hankinson et al. (2015)
found that in certain regions of Ohio, soybean yield decreased by up to 38 kg ha day? when
planting occurred after May 1. Similarly, a study by Knott et al. (2019) noted a 0.5% vyield
reduction for each day of planting delay after May 8 in Kentucky. A recent study conducted in
lowa reported that a 30-day delay in planting date results in a reduction in seed filling duration by

5 to 10 days (Conely et al., n.d.).



1.3 Risk of early planting

Even though these warm spring temperatures allow farmers to go with early planting dates,
there is a chance of adverse weather events that can negatively affect the planting decisions.
Although early planting produces yield advantage, it also is associated with certain risks driven by
environmental conditions such as low temperature and frost or freeze (chilling) damage (Specht et
al., 2012). Soybean is a chilling-sensitive plant that requires a temperature of soil above 10°C and
the optimal temperature is 25°C for successful germination (Haider et al., 2023). Most past studies
observed that the greatest chilling sensitivity occurs during seed germination (Hobbs and
Obendrof, 1972; Bramlage et al., 1978). Hence, it is important to understand the physiological and

biochemical changes during seed germination.

1.3.1 Seed germination

Seed germination is the first condition of growth for soybeans, beginning with water uptake
(aka imbibition) and ending with radicle extrusion (EI-Maarouf-Bouteau, H. 2022; Haidar et al.,
2023). It occurs over three phases and combines both physical and physiological processes.
Imbibition is the first phase of germination and starts with rapid water uptake by cell walls and
colloidal compounds. Total water uptake and rate of uptake depend on the water potential between
seed and the environment, soil properties, and seed composition (Woodstock, 1988; Haider et al.,
2023). Within the first few minutes of the imbibition, the seed coat is wetted and absorbed gases
are released (Parrish & Leopold, 1977; McDonald, 1994). During this phase, the seed starts to
swell and hydrolyze seed tissues which induces the transformation of the cell membrane from a
gel state to a liquid crystalline state (Nonogaki et al., 2010; Szczerba et al., 2021; El-Maarouf-

Bouteau, H. 2022). During imbibition, temporary damage occurs to the cell membrane, leading to



leakage of various substances from the seed. This highlights the crucial role of the cell membrane’s
resilience and repair mechanisms in mitigating such damage (Duke et al., 1983; McDonald, 1994).
This leakage becomes more pronounced when the seeds deteriorate. The second phase of
germination is referred to as the lag or activation phase and is marked by slowed rates of water
uptake and the initiation of respiration metabolism by activating ATP synthesis, hormone
metabolism and signalization, and mobilization of metabolic reserves (Suo et al., 2022), and
preparation of elongation and cell division (Szczerba et al., 2021; EI-Maarouf-Bouteau, H. 2022).
During the third phase, growth, water uptake resumes to ensure root and radicle elongation and
energy reserve mobilization. Plant hormones such as gibberellic acid (GA), abscisic acid (ABA),
play a major role to regulate this germination process directly or indirectly (Nonogaki et al., 2010;
Haider et al., 2023).

Many studies have attempted to explain the physiological and biological responses of seeds
during imbibition. McDonald et al. (1988) explained seed water potential and the process of initial
wetting of seed coat and tissues. Webster and Leopold (1977) reported an increase in respiratory
activity and extensive membrane reorganization of cellular organelles occur during the same time.
Duke et al. (1983) observed about solute leakage from soybean seeds during seed germination.
Planting into cool wet soil could impair the germination process and be associated with certain
risks. Recent studies conducted by Suo et al. (2022) and Haider et al. (2023) found more about
biochemical and genetic changes happening inside seeds associated with physiological responses.
Both studies investigated the seed’s tolerance and resistance pathways to cold temperatures and
waterlogging conditions, focusing on several genes and molecular pathways. Haider et al. (2023)
specifically examined how cold tolerance develops within the seed by exposing it to temperatures

of only for 4°C and 20°C for approximately 16 hours.



1.3.2 Germination and cold stress during emergence

Imbibition is the most critical stage of seed germination (Hobbs and Obendrof, 1972).
Imbibitional chilling, a risk that occurs when dry seeds absorb water below 10°C during the initial
phase of germination (Duke et al., 1977; Leopold & Musgrave, 1979; Szczerba et al., 2021), often
coincides with planting into cold soils or potentially could occur in a field if planted shortly prior
to a cold front. This not only brings colder temperatures but could also cause cold rainfall within
24 hours of planting, potentially causing injury to the seeds or seedlings (Licht n.d.). Chilling
injury is another physiological disorder that occurs when soil temperature changes after imbibition
(Herner, 1986). Suo et al. (2022) recorded that the optimal temperature for soybean seed
germination is 25°C, and the base temperature is 4°C. They mentioned that germination does not
occur at temperatures below this base temperature. Furthermore, they highlighted that temperature
is not the sole determinant of germination. The duration for which the seeds are exposed to specific
temperatures also plays a crucial role in the germination process. Cold stress during imbibition
impairs the reorganization of cell membrane and selective permeability resulting loss of important
cellular components including proteins, lipids, and ions (Bramlage et al., 1978; Cheng et al., 2010).
This membrane leakage could potentially increase pre-emergence damping off promote microbial
growth and disease pressure and cause further adverse effects for the germination (Bohner, 2003).
When dry seeds absorb water at temperatures below 10°C, known as chilling temperatures, but
still above freezing, the phospholipids in the cell membrane are unable to change rapidly into a
hydrated phase due to rigid molecular shape (Simon, 1974). Visual symptoms of chilling injury
included transverse cracking (cotyledons displaying outer layers of dead tissue) and browning of
cotyledons (Hobbs and Obendorf, 1972; Tully et al.,, 1981). Long-term exposure to cold

temperatures can slow down the rate of germination by slowing growing degree day (GDD)s



accumulation and soil crusting (Herner, 1990). The study conducted by Casteel, 2021 revealed
that 50% of soybean emergence occurs with the accumulation of 140 to 160 GDDs (Fahrenheit
(°F)). Moreover, they have highlighted that if soybeans were planted in cold, wet soil conditions
and fail to emerge after 160 GDDs, it may be necessary to consider replanting. Injuries to the seeds
as a result of cold temperatures manifest as poor emergence, increased decay, production of
abnormal seedlings, poor seedling vigor, and seed death (Hobbs & Obendorf, 1972; McDonald et
al., 1988; Herner, 1990; Suo et al., 2022). Cool and wet soil conditions, often a consequence of
early planting, can lead to the movement of soil aggregates into open pores. This process can
subsequently result in soil crusting (Vann & Stokes, 2020).

Poor emergence is of major agricultural risk since germination in cold soil can markedly
reduce productivity. Reduced emergence due to imbibitional chilling or cold injury comes at a
high cost. If a field needs to be re-planted, there is an additional cost of seed, labor, fuel, and
equipment. Conely et al. (2012) reported that early-planted soybeans yielded maximally with final
stands between 240,000 to 330,000 plants per hectare. However, when stand counts drop to less
than 120,000 plants per hectare, replanting becomes a feasible option, but other costs and added
late planting yield penalties also need to be considered (Gaspar & Conley, 2015). Some regions of
Ohio recorded lower stand counts due to early planting, which was attributed to a combination of
factors such as disease, slug damage, and frost damage (Sonnenberg, 2023). In some Ohio farm
fields in 2021, even when adequate stands emerged, the seedlings exhibited reduced vigor and

appeared sickly due to slug damage due to cold temperature driven by snow fall.



1.3.3. Factors affecting seed germination and their response to chilling temperature.

One of the crucial factors for maximizing soybean production is the establishment of an
optimum seedling stand following planting (Wuebker et al., 2001). Germination and emergence
of soybeans is a function of the interaction of the seed with its surrounding environmental factors
including temperature, moisture content, and growth media composition (Hatfield & Egli, 1974).
The extent of cold injuries depends on temperature, the timing of low-temperature exposure, stage
of germination, seed moisture content, seed coat integrity, rate of imbibition, and seed vigor
(Herner, 1990).

Temperature is an abiotic factor that significantly impacts soybean growth and yield and
plays a major role controlling plant morphological and physiological process. Exposure to cold
temperature is one temperature stress that soybean seeds and seedlings face due to early planting
practices (Alsajri, 2018). Soil temperature is an important factor in germination success rate and
seedling establishment (Haider et al., 2023). Some research has shown that the rate of hypocotyl
elongation increases as temperature increases during seed germination (Wuebker et al., 2001) and
imbibitional water uptake is faster with warmer compared to colder temperatures (Roskruge and
Smith, 1997). Hatfield & Egli (1974) found that as temperature increased from 10 to 25°C, the
seedling elongation rate for soybean increased.

The rate of water uptake is also affected by seed coat characteristics and integrity. Seeds
with damaged seed coats imbibe water rapidly and damages increase under low temperature. Study
conducted by McDonald et al. (1988) studied that water uptake by different parts of a seed when
exposed to cold temperatures. The findings revealed that the embryonic axis was the most hydrated
part during imbibition. Seed vigor and cultivar differences also affect the rate of imbibitional

chilling injury. Low-vigor seeds showed more injuries by imbibition at low temperatures. Injuries

10



to the chilling-sensitive seed during cold temperature conditions are driven by the membrane
composition of the seed (Szczerba et al., 2021). Several studies have been conducted to identify
the correlation between membrane composition and susceptibility to chilling injury during seed
germination. Some reports have detected a correlation between higher unsaturated and saturated
fatty acid ratios and susceptibility to chilling injuries during low temperatures (Dogras et al., 1977).
Some reports suggest the difference in the type of phospholipid synthesized in cotyledonary and
axis tissue, and the activity of membrane-bound enzymes during germination and early seed
growth under low temperatures (Yu et al., 2015; Dhaliwal & Angeles-shim, 2022).

Moisture content in the growing media has a significant effect on soybean
emergence. Planting into a moist seedbed with good seed-to-soil contact is necessary for
germination to occur. According to Staton (2021), soybean seed must imbibe 50% of its weight
in moisture for the germination process to begin and remain above 20% moisture after the seed
swells and the seed coat splits. Furthermore, lack of oxygen in saturated soil and formation of a
soil crust during soybean germination may cause reduced or uneven emergence. Results
from a laboratory study conducted by Wuebker et al. (2001) were that soybean germination was
reduced by 15% after only one hour of flood conditions.

The ideal planting depth for soybean is 2.5 to 3.8 cm where tillage is used and low in
moisture or sand (Lawson et al., 2009; Lindsey, 2018b). It is key to plant soybeans at enough depth
to imbibe moisture to have a uniform emergence (Staton, 2023). Planting depth can vary under
different field conditions such as soil moisture, soil type, seed, and tillage conditions. Furthermore,
the size of the seed and seedling vigor ratings also need to be considered when deciding the
planting depth. Planting soybeans too shallow can result in uneven emergence due to inconsistent

moisture content and the seeding depth. Shallow planting however may be used in some conditions
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like early planting when adequate soil moisture conditions exist. Stucky (1976) has found that
temperature was the most pronounced factor for soybean emergence and average time for
emergence is low when temperature increases to 16 to 32°C. Within each temperature, shallower
planting depth resulted shorter emergence time. Recent recommendations from the Midwest US,
though, suggest deeper planting of soybeans (4.4-5.0 cm) may be recommended if low soil

moisture levels are present at the time of planting (Ernst, 2024).

1.3.4 Early planting and Fusarium graminearum

Early planting can also lead to increased disease pressure. Seed and seedling disease
associated with early planting due to unfavorable environmental conditions also affect rapid seed
germination, emergence, and plant stand. Soybean damping-off is most common seedling disease,
caused by Phytophthora sojae, Pythium spp., and Fusarium graminearum which are some of the
most common seedling pathogens in Ohio. These pathogens can cause seed and root rot, pre and
post-emergence damping off during seedling stage (Broders et al., 2007; Ellis et al., 2011;
Marburger et al., 2017). Among these pathogens, F. graminearum has been recently identified as
a pathogen of soybeans (Fernandez and Fernandes, 1990). F. graminearum is primarily considered
as an economically important pathogen for wheat and other cereal crops (Ellis et al., 2011). This
is often due to some management practices of crop rotation and shifting soybean planting dates
into early dates. In Ohio, farmers often practice crop rotation mainly corn-soybean and corn-
soybean-wheat with no till or reduced till practices. The high volume of plant debris presents in
the soil due to these reduced tillage conditions serves as a primary source of inoculum, allowing it

to overwinter and affect the crop in the subsequent season. (Cruz et al., 2020).
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Cool and wet soil conditions likely to occur with early planting provide favorable
conditions for infection by F. graminearum. Additionally, they could also slow germination and
emergence resulting in more time where seedlings are susceptible to infection by these pathogens.
Symptoms of these infections appear as light-brown lesions on the root and shoot on emerged
seedlings, then become necrotic and subsequently plants wilt and die. Disease occurrence and
severity depends on three factors, including the susceptibility of the host plant, the pathogen
presence, and conducive environmental conditions for infection to occur (the disease triangle;
Francl, 2001). The disease’s biotic causal agent interacts with a host plant under favorable
environmental conditions for disease development (Scholthof, 2007). Yan and Nelson (2022)
observed that significant reduction in soybean emergence occurred at 10°C in treatment with
Fusarium compared to 20 and 25°C. Brennan et al. (2003) observed that optimal mycelial growth
of Fusarium and inhibition of wheat seedling growth occurred within a temperature range of 10-
30°C. Therefore, it is important to understand how cool and wet soil conditions associated with

early planting dates affect disease severity in soybean.

1.4. Research evidence on soybean seed germination and effect of environmental factors.

There are some research evidences that studied about effect of low temperature and other
factors effect on soybean seed germination and emergence (Table 1.1). McDonald et al. (1988)
demonstrated that the presence of a seed coat can delay water uptake during the first eight hours
of soaking. The soybean seed coat, being extremely hydrophilic, can absorb up to 3.8 times its
fresh weight in water, thereby reducing the risk of imbibitional injury from rapid water uptake.
Herner (1990) found that more injuries occur when seeds are exposed to low temperatures

compared to moderate temperatures. Little to no injuries were observed when imbibition started
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with exposure to warm temperatures (25°C) before a cold temperature (5°C). Obendorf & Hobbs
(1970) studied the effect of seed moisture and temperature sensitivity. They revealed that some
soybean varieties with 6% (fresh weight basis) recorded up to a 75% reduction in survival when
exposed to 5°C compared to seeds with 16% moisture content. However, low moisture seeds
initially exposed to 25°C before exposure to cold showed an increased survival rate. Bramlage et
al. (1978) investigated the impact of chilling stress on soybeans during imbibition. They analyzed
solute leakage patterns of soybean seeds with different moisture content, subjected to varying
durations of chilling and normal temperatures. Leopold & Musgrave (1979) observed that chilling
temperatures caused respiratory changes and altered solute leakage patterns. Hence it is important
to understand that how other environmental and management practices such as, moisture content
at planting, planting depth and temperature affect emergence and standability of soybean. Farmers
often make their planting and replanting decisions with limited knowledge of how these factors
affect their seeds and stand. Improving recommendations related to these factors will help farmers
make better management decisions related to planting, seeding rate, replanting, and will help

reduce waste and improve efficiency.
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Table 1.1. Past research evidence regarding cold temperature effect on soybean germination and emergence

Citation Cold temperature range duration Seed part Measurement Other factors
tested
Bramlage et 2°C to 25°C 1hr Cotyledon or Solute leakage Zl)ﬁltsetr?trgf
al., 1978 (2,6,8,10,12,14,16,25°C) Embryo
cotyledon
12h at 5 and 25°C Seedling weight and
Obendorf and 24h at 5°C height (2 weeks old)
5°C and 25°C 12h at 25°C plus 24h | Seeds Seed water uptake Seed moisture
Hobbs, 1970 AL
at 5¢ during imbibition
36h at 5°C
Cold tolerance QTL
Haider et al., o o 16h at either 4°C or identify. Soybean
2023 4°Cand 20°C 20°C Seeds Genome-wide cultivars
analysis
Amylase and
dehydrogenase
activity
Szczerba et al., 10, 15 and 25°C 48h Seeds Cell membrane Soy_bean
2021 - cultivars
permeability
Germination vigor
Yield
Survival and seedling
Hobbs and o
Obendrof, 5 and 25°C 36hat 5 (3 Seeds growth Seed moisture
12h at 25°C Solute leakage
1972 X
Yield
Leopold and Room temperature (22- 2h (continuous Solute leakage
Musgrave, 24°C) leakage measurement | Peeled cotyledon Respirator ?ate
1979 Ice bath (1-4°C) up to 2h) piratory
Seed coat
McDonald et 79h Embryonic axis Water uptake by seed
al., 1988 Cotyledons parts
whole seed

15




Duke et al.,
1977

10 to 30°C

72h

Mitochondria
isolated from
embryonic axis

Mitochondrial
respiration
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1.5.Summary

Soybean ranks as the second most widely cultivated field crop in the U.S., and it holds the
top spot in Ohio. Farmers, aiming to capitalize on the length of the growing season driven by warm
spring temperatures, have started planting soybeans two to six weeks ahead of the recommended
planting dates. However, this practice carries a risk. Cold temperatures and cold precipitation after
planting can cause imbibitional chilling injuries to soybean germination and early seed growth.
This can lead to poor emergence, potentially requiring producers to re-plant a field. Such a scenario
would negate the yield gains from early planting and result in increased costs. In response to these
concerns, the topic of imbibitional chilling has been featured in the Ohio State University
Extension’s Agronomic Crops Team newsletter (CORN) in the past six years.

As detailed in Table 1.1, there is a lack of recent studies on the impact of cold temperatures
on soybean germination and emergence. Most of the past research has focused on micro-level
changes to seeds, such as solute leakage patterns, cell membrane permeability, genome-wide
analysis, and respiratory changes in response to cold temperatures. While these studies have
examined a range of cold temperatures (below 10°C but above 0°C), almost all have used a
temperature range of 25 to 30°C as a reference for warm conditions. However, in early April in
Ohio, soil temperatures are more likely to fall between 10 to 15°C. This discrepancy could
potentially lead to different responses in soybean seeds under imbibition and early seed
germination.

It is important to note that cold temperature exposure is not the sole factor affecting imbibitional
chilling. Other elements, such as the duration of exposure to specific cold temperatures,

environmental factors like soil moisture, management practices such as planting depth, along with
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seed vigor and cultivar characteristics, also play significant roles. Therefore, understanding how
these factors affect soybean emergence and early growth is vital for making early planting
decisions. Much of the existing research has focused on a limited range of exposure times to cold
temperatures. Only a few studies have explored the effects of varying timing of exposure durations,
and these have primarily examined micro-level changes in seeds. Moreover, there is a lack of
research evidence regarding the optimum soil moisture needed for soybean emergence. The impact
of planting depth on early planting and the associated risks of cold temperatures also need to further
investigation. Consequently, several research gaps exist, particularly concerning how the duration
of exposure to specific low-temperature ranges, soil moisture content, and planting depth affect
soybean germination and emergence. This understanding can assist farmers in refining their

agronomic strategies, ultimately leading to enhanced soybean productivity.
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Chapter 2. Exposure to cold temperatures during the imbibition phase minimally affected

germination in soybean.

2.1 Abstract

The frost-free period in the Midwestern United States has increased over the last century,
and farmers are interested in planting soybean early to capitalize on the benefits of the longer
growing season. However, risks of cold precipitation and/or soil temperatures after planting may
result in imbibitional chilling and hinder crop establishment. The objective of this study was to
investigate how duration of exposure to cold conditions during the early germination phases
affected seed germination in two soybean cultivars. Soybean seeds were exposed to one of 21
different treatments that varied in time spent in "warm” conditions prior to “cold” temperature
exposure as well as the duration of “cold” exposure before being returned to the “warm” condition.
The same duration treatments were conducted at with three temperature pairings that consisted of
a “colder” and “warmer” temperature combination (1.7/10.0°C, 4.4/12.8°C and 7.2/15.5°C).
Across temperature pairings, exposure for 12 to 24h in cold temperature immediately after starting
the assay resulted in the greatest reduction (7%) in germination compared to the treatment that was
not exposed to the cold temperature. Cultivar 3.4 RM was more affected by cold temperature
exposure than the 3.7 RM cultivar. The preservation of germination totals in this study (all
treatments >83% germination after 10 days) suggests stand reductions in the field may not be

attributable solely to low temperatures.

2.2 Introduction

Imbibition is a critical process during seed germination (McDonald et al., 1988; Yin et al.,
2009). Dry seeds absorb water and commence swelling, leading to the hydration of cellular
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membranes and their transition to a functional state (Bohner, 2003). The physical process of water
uptake is regulated by factors such as seed coat characteristics, seed osmotic potential, and internal
composition and location of energy storage compounds. The imbibition process is also directly
related with the establishment of an optimum seedling stand following planting (Wuebker et al.,
2001). However, the temperature of the water absorbed during imbibition can affect the subsequent
phases of germination by affecting cellular re-activation activities (e.g., mitochondrial maturation,
RNA translation). Soybean [Glycine max (L.) Merr] is considered as warm season crop and
recommendations for planting in Ohio are to ensure soil temperatures of 10°C are present to
facilitate germination (Bramlage et al., 1978; Lindsey et al., 2017; Szczerba et al., 2021). Soybean
is chilling sensitive, and injuries can occur when dry seeds absorb water below 10°C which is
called imbibitional chilling (Bramlage et al., 1978; De Bruin & Pedersen, 2008; Duke et al., 1977;

Leopold & Musgrave, 1979; Nielsen, 2020).

To avoid imbibitional chilling, timely planting is crucial, as planting date optimization
promotes greater seasonal growth and development as well as enhanced yield potential (Hu &
Wiatrak, 2012). Poor establishment associated with imbibitional chilling is a potential risk to
soybean yields. In soybean, economically optimum plant population should be at least 108,000 to
232,000 plants hal, to obtain more than 90 percent of optimum yield (Gaspar & Conley, 2015;
Lee et al., 2008). While soybean is able to compensate for the lower population density through
increased branching and pod setting (Gaspar & Conley, 2015), 69,160 plants ha! is often presented

as the critical stand.

Due to environmental shifts brought by climate change, the questions of when to plant and
what cultivars to plant are concerns farmers are more frequently faced with. Planting after May 1%

can decrease soybean yield by up to 38 kg ha* day* after May 1 (Hankinson et al., 2015; Rattalino
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Edreira et al., 2017). Early planting can result in greater yields by maximizing the length of the
growing season which allows soybean plants to capture more heat unit to produce more nodes on
the main stem (Bandara et al., 2021; De Bruin & Pedersen, 2008; Hu & Wiatrak, 2012; Staton,
2018). Early planting, though, can result in seeds being exposed to cold soils and water during
imbibition. Past studies have observed range of different durations for exposing soybean seeds to
a range of cold temperatures (Bramlage et al., 1978; Hobbs & Obendorf, 1972; McDonald et al.,

1988; Tully et al., 1981).

Although there is a growing body of researchers that emphasizes early planting to maximize
production status (De Bruin & Pedersen, 2008; Egli & Cornelius., 2009; Kucharik, 2006; Rowntree
et al., 2013), there is a still a knowledge gap related to the effects of the duration of cold
temperature exposure during imbibition and shortly after planting on soybean seeds that emulates
early to mid-April weather in Ohio. Much of the past work investigating seed response to cold
temperatures has held seeds at 25°C prior to cold exposure, but soils in early April in Ohio are
more likely to be between 13-16°C. There is a gap in knowledge related to how soybean respond
to imbibitional chilling and if there is a differential effect on germination as a function of the
duration of exposure to cold temperatures. Therefore, the objective of this study was to investigate
how the duration of cold exposure during the imbibition phase affects seed germination in soybean

cultivars and its effects on the formation of normal seedlings.
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2.3 Materials and Methods

2.3.1 Seed lot characteristics

Two commercially available untreated soybean cultivars [Pioneer® ‘P34A65PR’ (3.4 relative
maturity or RM) and ‘P37T51PR’ (3.7 RM)] were obtained within 6 months of project initiation
and kept in 10°C cold storage until initiation of the experiments. Both soybean seed lots were

untreated.

Prior to conducting the experiments, each lot was analyzed for internal seed moisture content,
standard warm germination (AOSA, 2018), and two vigor tests of accelerated aging (AA) and cold
germination tests (rolled towel method) were performed according to the methodology by the
AOSA (1983). The standard germination test (SG), as outlined in AOSA (2018), was conducted
on 100 seeds per cultivar using rolled paper towels (50 seeds per towel). Temperature-controlled
chambers (Darwin Chamber or Percival Scientific Chamber) set to 25°C and 24 hours of day light
cycle was employed for the SG test. For the AA vigor test, 42 g of seeds were placed in the inner
chamber of AA boxes ensuring that the seeds did not come into contact with the distilled water
(40 mL box!) present in the box. The AA boxes were then positioned in an outer AA chamber
(VWR Scientific Products) for 72 hours (hr) at 41°C; seed moisture was confirmed to be between
270 and 300 g kg ! at the conclusion of the AA period. To complete the AA test, seeds were
removed from the outer chamber, and the SG test procedures on 100 seeds per lot were followed
to determine final germination after 7 days (AOSA, 1983). For the cold germination test, the rolled
towel cold germination vigor test with non-soil version as described by Loeffler et al. (1985) was
employed (AOSA, 1983). Hundradseeds of each cultivar (50 seeds per towel) were placed in a

saturated paper towel (78# heavy, Anchor Paper) and covered with a wet thin paper towel (38#
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regular) and placed in a chamber with cold temperature of 10°C for seven days without light. After
seven days, towels were transferred to warmer chamber at 25°C for seven days. Germination was
counted at 4 and 7 days after transferring to the 25°C chamber. The results of the initial seed lot
evaluations are presented in Table 2.1.

Table 2.1. Initial seed moisture content, standard warm germination percentage, and germination

of normal seedlings after the accelerated aging and cold germination vigor tests for each soybean
cultivar lot.

Initial Seed Standard Warm Accelerated Aging Cold Germination
Soy_bean Moisture Germination Test Vigor Test Vigor Test
cultivar Content
kg 9
g kg A
3.4RM 96 94 86 86
3.7RM 92 95 82 80

2.3.2 Experimental Procedures

For the controlled environment experiment, exposure of seeds to colder temperatures during
the early phases of germination was of interest to evaluate. Three pairings of “colder” and
“warmer” temperatures were tested independently, and were selected as they emulate soil

temperatures that could be experienced in Ohio under early-planting conditions:
1. Colder temperature of 7.2°C and warmer temperature of 15.5°C
2. Colder temperature of 4.4°C and warmer temperature of 12.8°C

3. Colder temperature of 1.6°C and warmer temperature of 10.0°C
Two chambers (Darwin chamber and Percival scientific chamber) were maintained at the assigned
‘warmer’ and ‘colder’ temperatures, respectively. Two replications of each temperature pairing

were conducted over time. Paper towels (38# regular (thin) and 78# heavy (thick), Anchor Paper)
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were moistened using distilled water and held at respective “warmer” temperature prior to starting
the germination tests.

Fifty seeds of each soybean cultivar were placed onto a thick paper towel using seed
counter tray. A single thin moist towel was laid on top of the seeds and rolled. Moist-rolled paper
towels were used as the substratum and placed inside two plastic bags to retain moisture. Each
rolled towel containing seeds was exposed to one of 21 cold temperature treatments (Table 2.2).
These treatments, called exposure-duration (ED) treatments, varied for when the exposure to the
“colder” temperature occurred after initial placement at the “warmer” temperature (exposed to
cold at 0, 2, 4, 8, or 12 hrs after initiation) as well as how long the seeds experienced the colder
temperature (3, 6, 12, or 24 hrs) before being returned to the warmer temperature. By 36 hrs after
initiation, all ED treatment towels had been returned to the warmer temperature and remained in
the warmer temperature chamber until 48 hrs after initiation had passed. The treatment that was
not moved to the colder temperature and remained in the warmer chamber for the full 48 hr period
was considered the untreated check (UTC). The first 48 hrs were conducted under dark conditions.

Table 2.2 Duration and timing of exposure to warmer and colder temperatures. Dashes indicate
no treatments underwent this timing combination.

Initial time at
warmer Time at colder temperature (hours)
temperature
(hours)

0 (UTC) 3 6 12 24
0 X X X X X
2 -- X X X X
4 -- X X X X
8 -- X X X X
12 -- X X X X
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After 48 hrs had passed from initiation, the temperature of the warmer chamber was raised to
25°C and rolled towels were provided a 14hr/10hr day/night light cycle for a duration of another

8 days (AOSA, 2018) to conclude the germination assay.

Germination percentages were taken at 4, 7 and 10 days after trial initiation and the number of
abnormal seedlings and dead seeds were assessed at 10 days. At four days after initiation, seeds
with emerged radicle were counted as germinated seeds. On the seventh- and tenth-days seedlings
that exhibited well-balanced, symmetrical growth across all essential parts including roots,
hypocotyl, and cotyledon, were counted as normal germinated seeds (AOSA, 2018). At 10 days,
seedlings with radicles measuring 1 cm or longer, showing the shoot system (hypocotyl and
cotyledons), were counted as germinated. Seedlings with malformed roots, missing or damaged
cotyledon and weak or decayed hypocotyl were counted as abnormal seedlings at 10 days after

initiation (AOSA, 2018).

2.3.3 Statistical Analysis

The experiment was conducted using a split-plot randomized complete block design. The
temperature pairings were treated as the whole plot factor, and cultivar and cold exposure
treatments being the sub-plot factors. Two replications of the whole plot factor were conducted in
time. Analysis of variance (ANOVA) was performed within each germination measurement date
using the PROC GLIMMIX procedure in SAS 9.4 at a=.05 (SAS Institute, Cary, NC; version 9.4).
The fixed factors were temperature pairings (Temp), duration of exposure to cold temperatures
ED) and soybean cultivar (C) and their interactions. The random factors were the replication and
replication x Temp. Mean separation was conducted as a pair-wise comparison when the global F

test in ANOVA was significant (a=.05). Variation of normal and abnormal seedling and dead seed
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percentages were graphically represented using surface maps using Response Surface

Methodology (RSM). The figures were generated in R, utilizing the ‘rsm’ and ‘fields’ packages.

2.4 Results and Discussion

At 4 days, germination was unaffected by Temp, ED, and their interactions. At 4 days, the 3.4
RM cultivar exhibited more germinated seeds (96.4%) compared to 3.7 RM (94.7%) across all
other factors (p < 0.001; Table 2.3).

Table 2.3. Analysis of Variance table for germinated seeds, normal seedlings, abnormal seedlings,
and dead seeds percentages of soybeans for temperature treatment (Temp), duration of exposure

to low temperature (ED), cultivar (C), and their interactions in 4, 7 and 10 days after initiation. P-
values below 0.05 are indicated with bold.

p-value
Effect Germinated Norm_al Abno_rmal Dead

seeds Seedling seedling Seeds

4 days 7 days 10 days 10 days 10 days
Temp 0.6780 0.1539 0.7752 0.3340 0.0967
ED 0.2321 0.0457 0.0013 0.0047 <.0001
C <0.0001 <0.0001 0.0004 0.0006 0.2221
Temp x C 0.4009 0.6307 0.1816 0.9793 0.0126
Temp x ED 0.0661 0.5713 0.1326 0.2872 0.3100
EDxC 0.3873 0.0127 0.0476 0.0107 0.1478
Tempx ED X C 0.9639 0.5699 0.8753 0.0352 0.5543

While both cultivars would be classified as having a strong vigor score as the values were
greater than 80% at the time of project initiation (Seed laboratory, lowa State University, n.d.;
Sodak labs, inc.; Table 2.1), variation in normal seedling percentage at 7 and 10 days was evident
for both cultivars in response to ED treatments (Table 2.3; Figures 2.1 and 2.2). For Cultivar 3.4
RM, the greatest 7-day germination (88% or greater) was observed when seeds were exposed to
warmer temperatures for more than 8 hours prior to cold exposure for 12 or 24 hrs (Figure 2.1a;

Suppl. Table 2.1). In the case of Cultivar 3.7 RM at 7 days, initial exposure to warmer temperature
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of 4 hrs or longer before transfer to the colder temperatures reduced germination by 2-4 percentage
points compared to immediate exposure or no exposure to colder temperatures (Figure 2.1b, Suppl.
Table 2.1). Notably, the central region of the 3.7 RM plot, indicated by the lowest germination
(82.5%), corresponds to 12 hours of exposure to warmer temperatures followed by 12 hours
exposure to colder temperatures (Suppl. Table 2.1; Figure 2.1b). When the duration of cold
temperatures increased without pre-exposure to warmer temperature, the germination percentage
gradually decreased in both cultivars at 7 days (Figure 2.1). At 7 days, seven ED treatments
reduced the percentage of normal seedlings in 3.4 RM compared to the UTC, while only four

treatments had a similar effect on 3.7 RM (Supplementary Table 2.1).

After 10 days, the 3.4 RM seeds exposed to initial warm temperatures of 0 or 2 hours and
exposed to short durations of cold (3 hours or less) generally recorded greater germination (90%
or greater) than those experiencing warmer temperatures of 4 hrs or more prior to cold temperature
exposure (Figure 2.2a; Suppl. Table 2.1). However, initial exposure to warmer temperatures for
12 hours followed by 12 hours or more in colder temperatures also exhibited germination
exceeding 90%. Germination percentage was least (87% or less) for seeds exposed to long
durations of colder temperatures after short initial periods of warmer temperatures (8 hrs or less).
For Cultivar 3.7 RM, seeds exposed to 3 hours of colder temperatures regardless of the initial
duration of warmer temperature exposure generally resulted in higher germination (88% or
greater). However, 3 hours of cold exposure after O or 8 hours in warmer temperatures before
exposure did result in lower germination percentages of 85 and 85.7%, respectively (Suppl. Table
2.1). In all cases where seeds were exposed to colder temperatures for more than 12 hours after
warmer temperatures of less than 4 hours, lower germination occurred (Figure 2.2b). Twelve of

the ED treatments produced fewer normal seedlings than the UTC in 3.4 RM, whereas only four
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of the ED treatments reduced normal seedling germination values statistically compared to the

UTC in 3.7 RM (Supplemental Table 2.1).
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Figure 2.1. Variation in normal seedling percentage of (a) cultivar 3.4 RM and (b) cultivar 3.7 RM at 7 days after initiation for the
exposure-duration treatments across temperature pairings. The Y-axis shows the initial time duration exposure to the warmer
temperature, and the X-axis represents the duration of exposure to cold temperature prior to being returned to the warmer temperature.
The contour lines represent the normal seedling percentage indicated on the line. The color gradient, ranging from light pink to green,
visually represents the germination gradient, where light pink indicates lowest germination and green indicates higher germination.
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Figure 2.2. Variation in normal seedling percentage of (a) cultivar 3.4 RM and (b) cultivar 3.7 RM at 10 days after initiation for the
exposure-duration treatments across temperature pairings. The Y-axis shows the initial time duration exposure to the warmer
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The contour lines represent the normal seedling percentage indicated on the line. The color gradient, ranging from light pink to green,
visually represents the germination gradient, where light pink indicates lowest germination and green indicates higher germination.
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When examining the ED x C interaction at 7 days, the 3.7 RM cultivar consistently produced
lower counts of normal seedlings compared to the 3.4 RM cultivar for most time durations
(Supplementary Table 2.1). At 10 days for the ED x C interaction, normal seedling counts were
statistically similar in both cultivars for most ED treatments. However, in the few ED treatments
where they differed, the normal seedling percentage of the 3.7 RM cultivar was statistically lower
at 10 days than the 3.4 RM cultivar (Supplementary Table 2.1). This could be attributed to the
higher germination percentage in initial cold germination and the high initial seed vigor score of
the 3.4 RM cultivar evaluated in this trial. The impact of Temperature (Temp) and its interactions
did not show significance (p > 0.13) concerning the percentage of normal seedlings at 7 and 10

days (Table 2.3).

Existing literature commonly suggests that seeds need to be exposed to cold temperatures for
at least 6 to 12 hours to induce imbibitional damage (Bramlage et al., 1978; Cheng et al., 2010).
Some studies highlight the initial minutes of imbibition as crucial (Bramlage et al., 1978; Cheng
et al., 2010), while others, such as Pollock and Toole (1966), argue that the first 24 hours are most
critical for inducing imbibitional damage. Contrary to these findings, our results consistently
demonstrated that 6 hours of cold exposure was not as damaging as durations of 3, 12, and 24
hours within the first 48 hours of germination. Duke et al. (1978) found that under cold
temperatures (10°C), dehydrogenase activity initially decreased during the first 3 hours due to cold
water imbibition stress, then increased to combat oxidative stress caused by the cold temperature.
This may help to explain why less damage was observed with the 6-hour exposure treatments,
though damage was greater in the other durations studied. The 3-hour duration may have been too
short to fully induce benefits from this upregulating process. Extended exposure to cold

temperatures in our study resulted in increased seed injuries, leading to a decline in germination
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counts after 12 hours. This aligns with the notion that temperature and the rate of water entering
dry seeds are crucial factors affecting imbibitional chilling (Cheng et al., 2010). Rapid water
uptake during the initial hours may contribute to lower germination, as observed by Bramlage et

al. (1978).

Direct exposure to cold temperatures for 12 and 24 hours without pre-exposure to warmer
temperatures resulted in lowest germination (Figures 2.1 and 2.2, Suppl. Table 2.1). Imbibition at
cold temperatures (< 10°C) negatively impacts membrane structure and function, mitochondrial
respiration, leading to solute leakage and disruption of metabolic activities in seeds (Bramlage et
al., 1978; Duke et al., 1978). Plants can adapt to cold stress by regulating gene expression and
producing proteins that maintain membrane stability. Changes in dehydrogenase (Glucose-6-
Phosphate) activity may contribute to this defense strategy (Duke et al., 1978), though this was not

quantified in our current study.

Past research has often maintained seeds at 25°C before and after cold exposure. Obendorf &
Hobbs (1970) noted that imbibition of 60 g kg™t moisture seeds at 5°C reduced survival, (25 to
87%), but no reduction was observed with 160 g kg™ moisture seeds. It is possible the initial
moisture content of seeds in this study (92-96 g kg™) may have contributed to partial reductions in
germination in the current study compared to the results reported by Obendorf & Hobs (1970).
Additionally, an initial 8-hour exposure to warmer temperature (25°C) reduced imbibition damage
when seeds were subsequently subjected to chilling at 7°C (Bohner, 2003). In the current study,
germination was marginally reduced after 10 days, even with the 8 hours pre-exposure to warmer
temperatures. This could be attributed to the initial warmer temperature being lower than that in
the referenced work. Rees & Specht (2021) reported increased soybean germination from 47% to

65% when seeds were switched from 15°C to 2.2°C for at least 6 hours compared to 2 or 4 hours.
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They suggested that the first eight hours were the most critical for imbibition. However, our results
indicate that exposure to cold temperatures after 8 to 12 hours at a warmer temperature (10-15.5°C)
still resulted in marginal germination reduction after 10 days. Direct exposure to cold temperatures
for 12 or 24 hours led to the greatest decline in germination. Nevertheless, normal seedling counts
of 87% or greater were recorded 10 days after initiation. The differences in observed values in the
current study may also have been influenced by the use of germination paper towels as opposed to

the use of field soils in the cited studies.

Injury to seeds subjected to cold temperatures during germination manifests as reduced
seedling vigor, diminished emergence, and an increase in dead seeds (Bramlage et al., 1978). In
our study, seed injuries were quantified by evaluating the percentage of abnormal seedlings and
dead seeds. The three-way interaction of Temp x ED x C was significant for the percentage of
abnormal seedlings (p=0.03; Table 2.3). This interaction was primarily driven by differences in
magnitude of ED response, with the largest differences between treatments coming from the
4/12.8°C temperatures within cultivar 3.4 RM (ranging from 3% abnormal in UTC up to 15%
abnormal in 24 hours cold exposure after 2 hours in the warmer temperature). Similar increases of
lesser magnitude were evident in the other two temperature pairings as well as for the 3.7 RM

cultivar. As such, the interaction of EDxC will be discussed from this point forward (Figure 2.3).

Greater numbers of abnormal seedlings were produced for the 3.4 RM cultivar when seeds
were exposed to colder temperatures for 24 hours after an initial exposure to warmer temperature
of more than 2 hours. However, 12 hours of warmer temperatures prior to 24 hours of cold
exposure resulted in similar abnormal seedlings as the UTC (Figure 2.3a). In cultivar 3.7 RM, the
24 hours cold temperature exposure increased abnormal seedling number regardless of the warmer

temperature duration prior to exposure (Figure 2.3b). In the EDXC interaction, eleven ED
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treatments showed greater abnormal seedlings in 3.4 RM, compared to only three ED treatments
for 3.7 RM (Supplementary Figure 2.1). This could be attributed in part to the lower percentages
of abnormal seedlings recorded for 3.4 RM in the UTC (Supplementary Figure 2.1). The ED
treatments that resulted in significantly greater abnormal seedling percentages for 3.7RM over the
UTC differed than those for 3.4 RM and suggest differential responses to cold temperature

exposure existed for the varieties evaluated in this assay.
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Figure 2.3. Variation in abnormal seedling percentage of (a) cultivar 3.4 RM and (b) cultivar 3.7 RM at 10 days for the exposure-duration
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abnormal seedling gradient, where light pink indicates highest abnormal seedling and green indicates lowest abnormal seedling..
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Imbibition of cold water disrupts the membrane reorganization of seed during rehydration,
and the release of cellular components due to the loss of selective permeability results in dead seed
(Suo et al., 2022). It was evident that direct exposure to colder temperatures led to an increase in
dead seeds percentages (Figure 2.4). Additionally, exposure to cold temperature after initial

exposure to warmer temperature less than 4h also resulted higher dead seed count.
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Figure 2.4. Variation in dead seed percentage at 10 days for exposure-duration treatments across
temperature pairings and cultivars. The Y-axis shows the initial time duration exposure to the
warmer temperature, and the X-axis represents the duration of exposure to cold temperature prior
to being returned to the warmer temperature. The contour lines represent the dead seed percentage
indicated on the line. The color gradient, ranging from green to light pink, visually represents the
dead seed gradient, where light pink indicates highest dead seeds and green indicates lowest dead
seed.

The interaction of Temp x C was significant for the percentage of dead seeds (p = 0.0126;

Table 2.3), as depicted in Figure 2.5. Notably, the lowest temperature pairing (1.6/10°C) resulted
in higher counts of dead seeds compared to the higher temperature treatment pairing (7.2/15.5°C)

for both cultivars. This discrepancy could be attributed to the varying levels of cold tolerance
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exhibited by each cultivar, evident in their initial vigor test results (Table 2.1), with 3.4 RM and
3.7 RM showing 4% and 8% dead seeds, respectively. Additionally, the emergence scores from
company literature, reflecting the cultivars' ability to germinate under suboptimal conditions, were
8 and 6 for 3.4 RM and 3.7 RM, respectively. These scores are on a scale where 9 signifies
excellent germination and 1 indicates poor germination. This indicates differences in their overall
germination potential under challenging conditions. Supporting this, Rees & Specht (2021)
observed that no seeds emerged when exposed to 2°C for 72 hours. Hence, the lower temperature
treatment in our study may have compromised the germination potential of both cultivars,

contributing to the higher counts of dead seeds, even though the duration was less than 72 hours.
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Figure 2.5. Dead seeds (%) of two soybean cultivars exposed to low temperatures during the
imbibition phase within each low temperature pairing. Means followed by the same letter are not
significantly different according to the paired t-test (p < 0.05).

2.5 Summary

Initial exposure to cold temperatures for 12 to 24 hours was most damaging to soybean seeds,
resulting in 6-7% lower germination, than the untreated check after 10 days. However, all tested

ED treatments produced normal germination percentages of 83% or greater. All germination
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assays were conducted using rolled towel methods in controlled temperature conditions, but these
results suggest cold temperatures alone may not fully explain stand reductions in field
environments. Other abiotic factors like soil texture and moisture as well as biotic factors like pests
and diseases could be associated with stand losses in early planted soybean and their association
with cold temperatures during germination and early growth need to be further studied. It is
possible that the duration of cold temperatures and timing of initial exposure may also play a role

in germination, especially for soybeans, and should be evaluated in future trials.
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Supplemental Tables and Figures

Supplemental Table 2.1 Germination (%) of normal seedlings at 7 and 10 days for two soybean
cultivars as a function of the interaction between cultivar and cold exposure treatments.

Initial Hours at Normal seedling % at 7 days  Normal seedling % at 10 days
hours at colder 3.4 RM 3.7RM 3.4 RM 3.7 RM
warmer temperature

temperature

0 0 91.3# 87.3ABCDEFGH g4 0AB 91.0ABCDE
0 3 89.01BC 83.0r 91.3ABCD 85.0¢H

0 6 85_7BCDEFGHI 87_7ABCDEFG 88_3CDEFG 90.OBCDEF
0 12 88.0ABCDEF 78.7 88.3CPEFG 83.3"

0 24 84_0EFGHI 84_7CDEFGHI 85.OGH 87.0EFGH
2 3 84_0EFGHI 87_7ABCDEFGH 87_3DEFGH 89.0CDEFG
2 6 90.3 85.3BCDEFGHI g7 7ABC 88.0CPEFG
2 12 88_3ABCDE 84_0EFGHI 88_7CDEFG 87.3DEFGH
2 24 84_3DEFGHI 85_7BCDEFGHI 85.3GH 88.7CDEFG
4 3 85_3BCDEFGHI 84_3DEFGHI 87.3DEFGH 88.7CDEFG
4 6 89_0ABC 85_oBCDEFGHI 91_3ABCD 89.00DEFG
4 12 88_0ABCDEF 83_0HIJ 88_7CDEFG 87.7CDEFG
4 24 89.378 83.0"" 90.3BCDE 86.0FCH

8 3 84 7CDEFGHI g1 3V 89.0CPEFG 85.7¢H

8 6 89.3"8 83.3¢H! 90.7ABCDE 87.7CDEFG
8 12 87_7ABCDEFG 82.3” 89_0CDEFG 87.3DEFGH
8 24 88.7ABCD 84_0EFGHI 89_0CDEFG 87.7CDEFG
12 3 88_3ABCDE 83_7FGHI go_oBCDEF 88.OCDEFG
12 6 84,3DEFCHI 83.0r 87.0EFCH 89.0CPEFG
12 12 90.34 85.0BCDEFGHI gq 7A 90.0BCDEF
12 24 89.378 82.0" 91.3ABCD 87.3PEFCH

**Means followed by the same letter within each 7 and 10 days were not significantly

different according to the paired t-test (p < 0.05).
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Abnormal seedlings %o

Supplementary Figure 2.1. Abnormal seedlings (%) at 10 days for two soybean cultivars as a function of the interaction between cultivar
and duration of exposure to low temperatures. Asterisk (*) above bars indicates the time durations that were significantly different from
UTC within each cultivar. UTC indicates towel that remained at the warmer temperature for the first 48 hours after initiation. Four-digit
codes in the X axis represent the 21 cold exposure treatments; first two digits indicates the time duration at warmer temperatures in
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hours before cold exposure, and the last two digits indicates the duration of the colder temperature exposure in hours.
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Chapter 3. Cold temperature and water effect on emergence of soybean in soil

3.1 Abstract

Low soil temperatures and the chance of cold precipitation falling shortly after planting
pose significant risks for imbibitional chilling and cold injury to soybean seedlings. Severity of
injury or death from cold temperature depends on duration and timing of exposure to cold
temperature, soil moisture conditions, and other management decisions such as planting depth.
However, few studies have attempted to study the interaction of these factors to more clearly
understand how climatic conditions and management decisions interact to affect soybean
germination and emergence. Therefore, the objectives of this research were to quantify how soil
moisture content at planting, planting depth, temperature, and form of precipitation affect soybean
emergence and early growth. A controlled environment experiment was conducted using split-
split-split plot randomized complete block design with four factors and was repeated three times.
Main plot factor was the soil available water content (AWC of 20% and 60%) at the time of
planting. The sub plot factor was six treatments consisting of varied water application and
temperatures imposed (10°C or 1.7°C; water, ice application, or no water added 1 or 11 hours after
planting equivalent to 1.25 cm precipitation). The sub-sub plot factor was planting depth [2.5cm
(shallow) and 3.8cm (recommended)], and cultivar [3.4RM and 3.7RM] was randomized within
each planting depth. Daily emergence was measured through 11 days after initiation, and biomass
was quantified at day 11. Application of 10°C or 1.7°C liquid water or ice within 11 hours after

planting resulted in 30% to 64% lower normal seedling biomass than the treatments that did not
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receive an application. Treatments placed at 1.7°C 1 hour after planting for 10 hours before
returning to 10°C showed similar biomass and emergence of normal seedlings to those kept at
10°C for the same periods. Both planting depths resulted in similar emergence and biomass within
an AWC treatment. Avoidance of precipitation within the first 25 hours regardless of temperature
resulted in the greatest biomass and emergence. Liquid water at 1.7°C applied 1 hour after planting
with 10 hours of 1.7°C temperature exposure was the most damaging to soybean emergence and

early growth.

3.2 Introduction

The decision of when to plant soybeans is a significant factor that influences both the yield
and growth of the crop (Egli & Cornelius, 2009; Hu & Wiatrak, 2012). Farmers often grapple with
this decision due to the potential yield implications and the unpredictability of weather patterns.
Planting soybean early increased yield by extending the vegetative growing season (De Bruin &
Pedersen, 2008; Robinson et al., 2009; Hu & Wiatrak, 2012).Late planting can result in yield
penalties, prompting farmers to consider early planting (Licht, 2021). This decision is further aided
by the warming trend of spring temperatures and declining of suitable days for field work with
most weeks only having two or four days suitable for Ohio farmers due to heavy precipitation.
Hence, farmers may decide to plant more hectarage before a weather front, even if it is early in the
season (Field work capacity Tool, 2024; Lindsey et al., 2024).

Warm spring temperatures in late March and early April may result in suitable conditions
for ultra-early soybean planting, adverse weather events that occur post-planting can negatively
affect establishment. Specially, chance of having cold precipitation and temperature, as well as

wet and cool soil conditions can negatively affect soybean plant (Specht et al., 2012). Furthermore,
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current climatic models suggest an increase in the frequency of cold temperature occurrences, even
in scenarios where the planting date is considered to be more typical (Baum et al., 2020; Lindsey
et al., 2024). Exposure to such conditions can hinder soybean germination and emergence given
that soybeans are sensitive to chilling. One field study conducted at the Nebraska research
extension center in 2019 documented a reduction in soybean yield when planted in early April due
to cold temperatures ranging from 0 to 7°C. Therefore, while early planting can have its
advantages, it’s crucial to consider the potential risks associated with subsequent weather patterns
shortly after planting (Specht et al, 2019).

For soybean germination, the soil temperature threshold for facilitating germination is
considered to be 10°C (Haider et al., 2023). Temperatures below this threshold, but above freezing,
are classified as cold temperatures (Duke et al., 1977; Leopold & Musgrave, 1979). When dry
seeds absorb water below 10°C, soybean seeds can experience imbibitional chilling and chilling
injuries. The imbibition phase can be impaired by the uptake of cold water, resulting in cellular
membrane damage, impaired respiration, and solute leakage, all of which contribute to
imbibitional chilling injuries (Duke et al., 1977; McDonald et al., 1988). The extent of the damage
to the seeds is associated with the rate of water uptake, the duration of exposure to cold
temperatures, seed moisture content at the time of exposure, seed coat characteristics, and soil
moisture content (Hatfield & Egli, 1974). McDonald et al. (1988) found that intact seeds show
better resistance to chilling damage than the seeds without or damaged seed coat. Hobbs and
Obendrof, (1972) observed that 13 to 14% moisture content (dry weight basis) was the lowest seed
moisture content that minimized solute leakage during imbibition with cold water in tested soybean
varieties. Soil moisture at the time of planting may also affect chilling response, as seeds in soil

with greater initial water content may imbibe more quickly. When the imbibition phase is over,
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seeds exposed to non-freezing cold temperatures can result in chilling injuries. Visual symptoms
of chilling injury included transverse cracking (cotyledons displaying outer layers of dead tissue),
browning of cotyledons and dead seeds (Hobbs and Obendorf, 1972; Tully et al., 1981). These
injuries can lead to poor emergence may require producers to re-plant a field (Szczerba et al., 2023;
Wang et al., 2023). This would negate the yield gains from early planting and result in greater
costs. Apart from the planting date, other management decisions of soybean planting that could
influence crop sensitivity to cold temperatures include planting depth and variety selection. Stucky
(1976) has found that temperature was the most pronounced factor for soybean emergence and
average time for emergence is low when temperature increases to 16 to 32°C. Within each
temperature, shallower planting depth resulted lower emergence time.

There is lack of recent studies conducted regarding cold temperature and effect early seed
germination and emergence. Much of the existing research focuses on micro-level changes in seed
characteristics, such as solute leakage patterns, seed coat characteristics, and seed moisture
content, following the imbibition of cold water. Much of the past work examining exposure to cold
temperatures has held seeds at 25°C prior to cold exposure but soils in early April in Ohio are more
likely to be between 11-15°C which may differentially affect chilling injury tolerance of planted
seeds (Hobbs & Obendrof, 1972; Webster & Leopold, 1977; Duke et al., 1983; McDonald et al.,
1988). Most existing studies have focused on the impact of low temperatures, but not specifically
on the effects of frost or cold precipitation on germination and emergence. Our current gap in
knowledge relates to how seed planted into soil under conditions that emulate early to mid-April
weather would be affected by a cold front or exposure to cold precipitation shortly after planting.
The time spent by seeds imbibing under warm temperatures prior to exposure to cold temperatures

can affect chilling tolerance of soybean seeds (Bohner, 2003; Obendorf & Hobbs, 1970; Rees &

54



Specht, 2019). Conducting field studies involving cold temperatures (with or without water
addition), and exposure time to cold temperatures presents its own set of challenges. Therefore, it
is urgent to improve our management recommendations for anticipated damage associated with
cold water uptake or post-frontal weather patterns that will help farmers make better management
decisions related to planting, seeding rate, replanting, reduce waste and improve efficiency. The
objectives of this research were to quantify how soil moisture content at planting, planting depth,
and cultivar all influence soybean emergence and early growth response to temperature, and form

of precipitation.

3.3 Materials and Methods

3.3.1 General experimental details and soil collection

The study was conducted at The Ohio State University in Columbus, Ohio, from November
2023 to February 2024. Soil (Crosby silt loam) was collected from the Waterman Agricultural and
Natural Resources Center (Columbus, OH) in December 2023. Soil was sieved using 1.5-1.6 cm?
mesh screens to remove plant debris and large soil particles. A subsample of soil analyzed for soil
bulk density, available moisture content boundaries (field capacity and permanent wilting point),

soil texture and initial soil nutrient levels (Table 3.1 and Table 3.2). Soil was stored in closed

containers at room temperature (21-23°C) until being used.
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Table 3.1. Soil physical properties of bulk density (g cm™), available water content boundaries on
gravimetric basis of field capacity (FC) and permanent wilting point (PWP), and soil textural
classification.
Soil physical property  Method of values
quantification

Soil bulk density (BD) Core method 1.07 gcm?
Available Water Pressure FC (0.03 MPa) 0.26 g/g
Content Boundaries Chamber

PWP (1.5 MPa) 0.16 g/g
Soil texture Hydrometer  Soil texture silt loam

Analysis clay 14%
silt 68%
sand 18%

Table 3.2. Soil organic matter, mineral nutrient content, soil pH, buffer index and cation exchange
capacity (CEC) of soil used for the experiment.

Soil chemical property method values

Organic matter Gravimetric determination with high 38 g kgt
temperature oxidation

Phosphorus Weak Bray Extraction (1:7) / Colorimetric 21 mg kg

Potassium Ammonium Acetate extraction 115 mg kg*

Magnesium Ammonium Acetate extraction 283 mg kg

Calcium Ammonium Acetate extraction 1661 mg kg*

Nitrate-N Potassium Chloride extraction 61 mg kg

Soil pH pH 1:1 (Soil: Water) 6

Buffer index pH 1:1:1 (Soil: Water: Sikora Buffer) 6.7

Cation Exchange Capacity 12.9 meq/100g

3.3.2. Soybean varieties and initial seed lot quality parameters

Two commercially available untreated soybean cultivars [Pioneer® ‘P34A65PR’ (3.4
relative maturity or RM) and ‘P37T51PR’ (3.7 RM)] were obtained within 8 months of project
initiation and kept in 10°C cold storage until initiation of the experiments. Emergence scores,
under suboptimal conditions from company literature, were 8 and 6 for 3.4 RM and 3.7 RM,
respectively (9 signifies excellent germination and 1 indicates poor germination). Prior to

conducting the experiments, each lot was analyzed for internal seed moisture content, standard
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warm germination (AOSA, 2018), and two vigor tests of accelerated aging (AA) and cold
germination tests (rolled towel method) according to the methodology by the AOSA (1983). Seed

moisture was tested using a grain moisture tester (miniGAC 200, Dickey-John).

The standard germination test (SG), as outlined in AOSA (2018), was conducted on 100
seeds per cultivar using rolled paper towels (50 seeds per towel). Temperature-controlled chambers
(Darwin Chamber or Percival Scientific Chamber) set to 25°C and 24 hours of day light cycle were
employed for the SG test. Preliminary seed vigor assessment was conducted using the accelerated
aging (AOSA, 1983) and (AOSA, 1983). For the accelerated aging test, 42 g of seeds were placed
in the inner chamber of AA boxes, ensuring that the seeds did not come into contact with the
distilled water (40 mL box!) present in the box. The AA boxes were then positioned in an outer
AA chamber (VWR Scientific Products) for 72 hours (hr) at 41°C; seed moisture was confirmed
to be between 270 and 300 g kg ™! at the conclusion of the AA period. To complete the AA test,
seeds were removed from the outer chamber, and the SG test procedures on 100 seeds per lot were
followed to determine final germination after 7 days (AOSA, 1983). For the cold germination test,
the rolled towel cold germination vigor test with non-soil version as described by Loeffler et al.
(1985) was employed (AOSA, 1983). 100 seeds of each cultivar (50 seeds per towel) were placed
in a saturated paper towel (78# heavy, Anchor Paper) and covered with a wet thin paper towel (38#
regular) and placed in a chamber with cold temperature of 10°C for seven days without light. After
seven days, towels were transferred to warmer chamber at 25°C for seven days. Germination was
counted at 4 and 7 days after transferring to the 25°C chambers. The results of the initial seed lot

evaluations are presented in Table 3.3.
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Table 3.3. Initial seed moisture content (g kg™?), standard warm germination (%), accelerated
aging vigor (%) and cold germination (%) results for soybean cultivar 3.4 RM and 3.7 RM.

Soybean Initial Seed Standard Warm Accelerated Aging Cold Germination
cultivar Moisture Content  Germination Test  Vigor Test Vigor Test
g kg* %
3.4RM 70 90 80 86
3.7RM 69 87 75 82

3.3.3 Experimental design

The experiment was conducted using controlled-environmental chambers in Kottman Hall
to impose initial treatments, with experimental units being relocated to the Kottman Hall
greenhouse to complete data collection. The experimental design was a split-split-split plot
randomized complete block design with three replications in time of the whole plot factor. The
main plot factor was the initial soil available water content (AWC) at the time of planting with two
levels (section 3.3.4.1). The subplot factor consisted of six treatments consisting of varied water
application and temperatures imposed (WT) (section 3.3.4.3). The sub-subplot factor was planting
depth with two levels (section 3.3.4.2), and the two soybean cultivars (3.4RM and 3.7RM;

described in section 3.3.2) were randomized within each planting depth.

3.3.4. Experiment 1 procedures.
3.3.4.1. Adjustment for soil available water content

Soil was amended with distilled water until either 20% or 60% AWC was achieved. Each
water content was maintained individually and repeated three times for each specific water content
levels. The soil data from Table 4.1 was used to determine the key soil moisture content levels to
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achieve the 20% and 60% AWC levels through Eq. 1-3. In all cases, 100% AWC was assumed at

field capacity, and 0% AWC was assumed at the permanent wilting point of the soil.

Soil moisture content at 60% AWC MCgpo, (%) = PWP + 0.60 x (FC — PWP)EQ:1
Soil moisture content at 20% AWC mc, (W) = PWP + 0.20 X (FC — PWP) EQ:2
A\
Volumetric water content Vwc (K) = MC(K) X BDsoit/ BD Eq:3
v w SOl water .

In all equations FC is soil moisture content at field capacity, PWP was soil moisture content

at the permanent wilting point, BD was bulk density, respectively. The (%) represented weight-

basis and (%) represented volume-basis. The bulk density of water was also assumed to be 1.0 g
cm’,
3.3.4.2. Tray preparation

Trays measuring 50%x37.5x12.5 cm were filled with soil to a depth of 8.75 cm. Each tray
was designed with drainage openings at the bottom to facilitate the drainage of excess water.
Volumetric water content of the soil (VWC) was initially quantified using Bluetooth soil moisture
and temperature data loggers (HOBO MX 2306, HOBO MX2307). Based on current VWC, the

amount of water to add to the soil in milliliters to achieve the target AWC levels was calculated

using Eq.4 and Eq.5 (values reported in Supplemental Table 3.1).

Amount of water added at 20% AWC Eq:4
(VWCZO% - VWC) X Vsoil
Wateradd = 100
Amount of water added at 60% AWC Eq:5
(VWC60% - VWC) X Vsoil
Wateradd = 100

Where Vsoil is volume of soil in cubic centimeters.
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Water was added to each tray individually to achieve the respective AWC. Two rows were
prepared for each 2.5cm (shallow) and 3.8cm (recommended) planting depths. Eight soybean seeds
from 3.4RM and 3.7RM cultivars per row was planted within each planting depth, and furrows
were closed after seed placement was completed (Figure 3.1a). Bluetooth soil moisture and
temperature sensors were installed in each tray at a depth of 3.75 cm to monitor soil temperature
and moisture for the first 25 hours (Figure 3.1b). Then, trays were placed into a 10°C-temperature

controlled chamber (Darwin Chamber) for 1 hour prior to implementing the WT treatments (Figure

3.1¢).

Figure 3.1. (a) Planting soybean seeds in the soil, (b) installing bluetooth soil moisture and
temperature sensor, (c) trays were in the 10°C chambers (Darwin chamber) prior to water
treatments., (d) Applying ice treatment

3.3.4.3 Water-temperature (WT) treatment-Sub-plot factor

There were six WT as described in Table 3.4. Treatments consisted of the combination of
two variables — timing/temperature of water addition, and cold temperature exposure and were
each assigned a unique treatment ID number for ease of reference. Two temperature-controlled
chambers (Darwin chamber and Percival scientific chamber) were maintained at 10°C or 1.7°C

without light to provide temperature treatments. For applied water treatments, water was applied
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as liquid water or as ice (Figure 3.1d), with total volume applied equating to 1.25 cm depth of

precipitation using equations 6 and 7:

Volume of water Vw = widthyqy X lengthiyq, X 1.25 Eq:6

Mass of'ice M;c, = widthiyqy X lengthy.q,, X 1.25 X BD;., Eq:7

Each tray with water treatments received 1700 cm?® of water. The applied liquid water temperature
was maintained at either 10°C or 1.7°C prior to application. When providing liquid water
treatments, the total volume of water was split-applied to provide enough time to percolate into
the soil and avoid a long duration of standing surface water on each tray. Trays with ice treatment
received 1550g of ice (treatment 3) Water and ice were applied across the entire surface area of
the tray.

For the temperature component, trays were transferred in between 10°C and 1.7°C
chambers within first 25 hours, either 1 hour after planting (phase 1, table 3.4) or 11 hours after
planting (called phase 2) as prescribed (Table 3.4). Some trays (treatments 1, 2) were kept within
the same chamber throughout first 25 hours based on the treatment design.

Table 3.4. Water-temperature treatments imposed during the experiment.

Air Temperature (°C) and Water Treatment (cm, temperature, and
Treatment 1D form)

Phase 1: 1 hour post planting Phase 2: 11 hours post planting
1| 10°C, No water 10°C, No water
2 | 10°C, 1.27 cm as 10°C water 10°C, No water
31 1.7°C, 1.27 cm as ice 10°C, No water
411.7°C, 1.27 cm as 1.7°C water 10°C, No water
5 | 1.7°C, No water 10°C, 1.27 cm as 10°C water
6 | 1.7°C, No water 10°C, No water
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Twenty-five hours after planting (once all WT treatments completed), temperature-moisture
sensors were removed from the trays. Then trays were moved to a temperature-controlled
greenhouse (25°C setpoint) (Figure 9a). Day/night conditions in greenhouse were set to 14d/10
night to emulate daylength in late April in Ohio. Beginning 72 hr after planting, trays were watered

regularly in the greenhouse.

3.3.5. Experiment 2 procedures.

A separate experiment was conducted to evaluate three additional WT treatments only at 20%
AWC (Table 3.5). Treatment 7 and 8 were identical to treatment 1 and 2 from Experiment 1 (Table
3.4), but treatment 9 was added to look at adding water during phase 2 after previously exposing
seeds to warm temperature. All other experimental procedures and experiment design and
implementation were the same as described previously.

Table 3.5. Water-temperature treatments imposed during the experiment.
Treatment Air Temperature (°C) and Water Treatment (cm, temperature, and form)

ID Phase 1: 1 hour post planting Phase 2: 11 hours post planting
10°C, No water 10°C, No water
10°C, 1.27 cm as 10°C water 10°C, No water
10°C, No water 10°C, 1.27 cm as 10°C water

3.3.6. Data collection and measurement

Daily emergence total was collected in each row in each tray separately for 11 days after
initiation (10 days in the greenhouse; Figure 3.2a-b). Plants with two cotyledons totally emerged
above the soil surface were counted as emerged. After emergence on day 11 was quantified,

soybean plants were uprooted carefully from soil. If a plant was not present where a seed was
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planted, the seed was recovered and assessed for condition as abnormal or dead. Uprooted plants
were washed gently to remove all adhere soil particles in root system and then plants were assessed
for the conditions and phenological stage. Biomass and number of normal seedlings and abnormal
seedlings were taken each rows separately. Seedlings that exhibited a well-balanced, symmetrical
growth across all essential parts including roots, hypocotyl, and cotyledon, were counted as normal
seedlings (AOSA, 2018) and were pooled prior to measurement (Figure 3.2c). Seedlings with
malformed roots, missing or damaged cotyledon and weak or decayed hypocotyl were counted as
abnormal seedlings were also combined and weighed (Figure 3.2d). The count data of normal

seedlings, abnormal seedlings and dead seeds was converted to percentages values prior to

analysis.

Figure 3.2. (a) and (b) Trays after transferring to green house, (c) Normal seedlings, (d) Abnormal
seedlings.

3.3.7. Data analysis

Biomass data were analyzed using analysis of variance (ANOVA) using the PROC GLIMMIX
procedure in SAS 9.4 at a=.05 (SAS Institute, Cary, NC; version 9.4). The fixed factors were soil
AWC at the time of planting, WT treatments, planting depth (depth), cultivar, and their
interactions. The random factors were replication, replication x AWC (whole-plot error term),

replication x AWC x WT (sub-plot error term), and replication x AWC x WT x depth (sub-sub
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plot error term). For Experiment 2, the AWC factor was removed from the model to facilitate
analysis. Mean separation was conducted using pair-wise comparisons when the global F test in

was significant (a=.05).

The analysis for daily emergence patterns was conducted using sigmoid model (Equation
9) with the NLIN procedure in SAS 9.4. The difference between actual maximum germination and

Gmax (Guitf) also were calculated.

a

Y= Ty et-an T 1

Eq:9

Total emergence percentage from days 5 to 11 were used to create descriptive model for
each sampling unit (each row within a tray) with days of counts (x) as an independent variable and
germination percentage as the dependent variable (y). Using Eq.10, maximum emergence (Emax)
and 10%, 50% and 90% of the maximum emergence values were calculated (E1o, Eso, Eso). The
time in days spent to achieve the respective E1o, Eso, and Ego values (T1o, Tso, and T 90), as well as
time in days difference in between achieving 10 and 90% total emergence (T10-90) Were derived

from Eq.11using the model parameters and emergence values (y) for each experimental unit.

(1n(yfd)—1)—b

—C

X =

Eq:10

The values generated from EQ.10 (T1o, Tso, Teo and Ti0-90) were then analyzed using the same

analysis of variance (ANOVA) model and parameters as described for biomass data analysis.
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3.4. Results and Discussion

3.4.1. Experiment 1 — Soil moisture and temperature sensor data

Figure 3.3 illustrates the variations in soil moisture and temperature within the first 25
hours for the six WT treatments at AWC of 20% (Figure 3.3a, b) and 60% (Figure 3.3c, d).
Regardless of the AWC, both soil moisture and temperature exhibited similar patterns. Treatments
2,4, and 5, where liquid water was applied 1 or 11 hours post-planting, there was a drastic increase
in soil moisture immediately after water application (Figure 3.3a, c). Conversely, treatment 3,
which involved ice application, showed a gradual increase in soil moisture. As for soil temperature,
treatments 1 and 2 displayed a similar pattern of gradual decrease to 10°C (Figure 3.3.b, d).
Treatments 3, 4, 5, and 6 (all placed in 1.7°C 1h post-planting) also showed comparable soil
temperature patterns to one another. However, the ice application in treatment 3 resulted in a
greater drop in temperature compared to the other three treatments followed by a more gradual
return to 10°C during phase 2 (11 to 25h post-planting). These patterns suggest imposed treatments

did influence soil moisture and temperature at the location of the seeds in this experiment.
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Figure 3.3. Soil moisture content (m® m=) (a, c) and soil temperature (°C), (b,d) for the six water-temperature treatments in the 20%
available water content soil (top row panels a-b) and the 60% available water content soil (bottom row panels c-d). Water-treatment
numbers in the legend correspond to the treatment ID values presented in Table 3.4.
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3.4.2. Seedling biomass and total emergence

Normal seedlings biomass, emergence percentage and percentage of dead seeds were
significantly affected by imposed WT treatments, cultivars, and interaction between depth and
AWC (Table 3.6). The four-way and three-way interactions of seedling biomass and percentages
were not significant (p>0.05) (Table 3.6). Abnormal seedling biomass and percentage were not
affected by imposed factors (p>0.05).

Table 3.6. Analysis of variance results for biomass and emergence (percentage) of normal
seedlings, abnormal seedlings, dead seeds, total biomass, and total emergence of soybean for
available water content (AWC), water-temperature treatment (WT), planting depth (Depth),

cultivar, and their interactions in 11 days after initiation. P-values below 0.05 are indicated with
bold.

p-value
Abnormal dead Total
Effect Normal seedling seedling seeds Total  emergen
biomass ce
biomass % biomass % % %
AWC 0.2049 0.2143 0.5769 0.7045 0.0557 0.1331 0.0340
WT 0.0025 0.0004 0.5054 0.8822 0.0002 0.0008 0.0003
Depth 0.8384 0.4876 0.4977 0.8926 0.4869 0.5645 0.6750
Cultivar <.0001 0.0002 0.7858 0.6694 0.0010 <0.0001 0.0015
AWC x WT 0.7805 0.9367 0.3440 0.2544 0.9494 0.9085 0.9442
AWC x Depth 0.0315 0.0230 0.2880 0.2315 0.0282 0.0074 0.0066
WT x Depth 0.3369 0.5761 0.9930 0.9918 0.9647 0.3466 0.8613
AWC x Cultivar 0.0035 0.0089 0.7740 0.6694 0.0038 0.0017 0.0059
WT x Cultivar 0.5751 0.5546 0.6351 0.4370 0.3935 0.7102 0.4515
Depth x Cultivar 0.4971 0.7409 0.9808 0.6694 0.3344 0.4723 0.5033
AWC x WT x 0.7232 0.6932 0.7891 0.8725 0.5540 0.6384 0.6098
Depth
AWC x WT x 0.8668 0.8335 0.0758 0.1043 0.0734 0.2744 0.0797
Cultivar
AWC x Depth x 0.3756 0..6436 0.9720 0.8867 0.8641 0.3475 0.5836
Cultivar
WT x Depth 0.4540 0.6612 0.7559 0.6703 0.8478 0.6575 0.7411
xCultivar
AWC xWT x Depth
x Cultivar 0.6740 0.5401 0.1954 0.3283 0.2183  0.4962 0.3461
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Application of liquid water at 10°C or 1.7°C or ice, regardless of timing (treatment 2,3,4
and 5), resulted in 30% to 64% lower normal seedling biomass than the treatment with no water
and ice application (treatments 1 and 6) (Figure 3.4). This pattern was likely driven by similar
changes in normal seedling emergence, where only 20 to 34% of normal seedlings had emerged at
11 days after post-planting with treatments 2-5 (Figure 3.5). The reduction in normal seedling
emergence was associated with greater percentages of dead seeds, rather than abnormal seedling
formation (Figure 3.5). Trays placed at the lower temperature (1.7°C) for the initial 10h that did
not have water applied (treatment 6) produced similar biomass and emergence of normal seedlings
as trays were at 10°C for the initial 10h without water applied (treatment 1) (Figures 3.4-3.5).
When examining the temperature fluctuations in Figure 3.3, it was observed that treatments 2, 3,
4, and 5 dropped to temperatures below 10°C after 5 hours, and then returned to 10°C after 22
hours post-planting. This consistent temperature fluctuation could be a contributing factor to the
observed results. The significant effect of WT on total biomass and total emergence was mainly
driven by differences in normal seedlings. Higher biomass of normal seedlings for treatments 1

and 6 were mainly driven by greater numbers of normal seedlings.
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Figure 3.4. Normal seedling biomass of soybean as a function of six water-temperature (WT)
treatments. The Treatment ID numbers assigned in Table 3.4 are used to differentiate the WT
treatments. Means followed by the same letter are not significantly different according to the paired
t-test (p < 0.05). Error bars are depicting the standard error of the WT treatment mean.
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Figure 3.5. Percentage of normal seedlings, abnormal seedlings, and dead seeds as function of
water- temperature (WT) treatments. The Treatment ID numbers assigned in Table 3.4 are used to
differentiate the WT treatments. Means followed by the same letter in same color palette are not
significantly different according to the paired t-test (p < 0.05). Error bars within each series are

depicting the standard error of the means.

Despite more gradual fluctuations in soil temperature and moisture in treatment 3 (ice
application and 1.7°C 1 hour after planting) compared to the other WT treatments (Figure 3.3),
similar emergence and early growth responses were observed in WT treatments 2 and 4 (liquid
water application). Several theories have been proposed in the literature to explain the injuries that
seeds of warm-season crops sustain during germination and emergence at cold temperatures. These
include disruptions to membrane composition, pest and disease attacks, changes in seed coat
characteristics, and respiratory changes (Herner, 1986; Simon & Harun, 1972). Soybean

germination and emergence depends on the soil temperature, moisture, and oxygen level within
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the seed zone. Exposure to cold soil can delay germination, leaving the seeds in a dormant state
and increasing their vulnerability to disease. This may have been evident in the current study due
to the observation of dead seeds infected with a fungal layer. The use of untreated seeds in
unsterilized field soil may have both contributed to the colonization success of the seedling
diseases in the current study. A study conducted by Wang et al. (2023) observed a reduction in
plant dry weight ranging from 20% to 60% in different soybean cultivars when the seeds were
exposed to temperatures of 4°C. Additionally, the average germination time was prolonged to
between 7 and 13 days.

The interaction between AWC and planting depth revealed that planting deeper at lower
AWC resulted in higher normal seedling biomass and emergence. Notably, planting at a depth of
3.8 cm under 60% AWC vyielded the lowest biomass compared to other conditions (as shown in
Figure 3.6). In a study conducted by Narayanan & Fallen (2019) under low moisture soil (20%),
soybean seeds showed better emergence and better primary root length compared to 60, 80, and
100% moisture content. In this current study, similar biomass and emergence were recorded both
20 and 60% AWC when looking across the planting depth. Though, only 25 to 46% normal
seedlings had emerged at 11 days under both AWC.

When considering the interaction between AWC and cultivar, cultivar 3.4 RM
demonstrated the highest biomass and emergence under 20% AWC, outperforming cultivar 3.7
RM and 60% AWC conditions (refer to Supplementary Table 3.2). This could be attributed to the
higher vigor score recorded for cultivar 3.4 RM compared to cultivar 3.7 RM. Across all other
factors, the cultivar 3.4 RM exhibited greater biomass and emergence compared to cultivar 3.7
RM. A study conducted by Obendorf and Hobbs (1970) found that seeds with a higher initial

moisture content showed no reduction in survival and biomass under cold temperature imbibition.
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However, both cultivars used in this study exhibited similar moisture content (as detailed in Table
3.7), indicating that moisture content was not a contributing factor in this case. Though deeper
planting resulting later calendar date of emergence (Lindsey et al., 2024), greater biomass in deeper
planting depth under low AWC may be due to less exposure to cold air temperature compared to
shallower planting depth as was documented with corn previously (Nemergut et al., 2021). A study
conducted in Nebraska in 2013 concluded that planting at 4.3 cm planting depth produced higher
yield compared to shallow planting depth of less than 3.1 cm with same seeding rates under cold
soil conditions. Although the effect of the seeding rate was not specifically investigated in our
study, we observed a similar trend of higher biomass associated with deeper planting depths under

cold soil conditions.
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Figure 3.6. (a) Normal seedling biomass and (b) emergence of soybean seedlings as a function of
soil available water content (AWC) and planting depth. Means followed by the same letter are not
significantly different according to the paired t-test (p < 0.05). Error bars within each series are
depicting the standard error of the means.
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3.4.3. Daily emergence patterns

The T1o, Tso, and Teo values were significantly affected by WT treatments, and in most
cases, the interaction between AWC and WT (Table 3.7). T10-00 was only affected by WT. Three-
way interaction of AWC and WT and planting depth was significant for T1o.

Table 3.7. Analysis of variance results for time in days spent to achieve 10, 50, 90 % emergence
and difference between 10 to 90 % emergence (T1o, Tso, Too, T10-00) Of Soybean for available water

content (AWC), water-temperature treatment (WT), planting depth (depth), cultivar, and their
interactions. P-values below 0.05 are indicated with bold.

p-value
Effect T1o Tso Too T10-90
Available Water Content (AWC) 0.1941 0.1917 0.1982 0.3050
Water-Temperature Treatment (WT) 0.0001 <.0001 <0.0001 0.0434
Depth 0.9486 0.8409 0.7953 0.5962
Cultivar 0.8072 0.5971 0.5386 0.2154
AWC x WT 0.0051 0.0020 0.0020 0.6028
AWC x Depth 0.5441 0.5018 0.4939 0.7432
WT x Depth 0.3416 0.2274 0.2149 0.7833
AWC x Cultivar 0.8797 0.6687 0.6102 0.2403
WT x Cultivar 0.8705 0.7414 0.6896 0.2812
Depth x Cultivar 0.7511 0.8542 0.9090 0.5144
AWC x WT x Depth 0.0483 0.0772 0.1053 0.8139
AWC x WT x Cultivar 0.2255 0.3206 0.3721 0.9364
AWC x Depth x Cultivar 0.2285 0.2076 0.2014 0.5455
WT x Depth x Cultivar 0.5680 0.5661 0.5718 0.7930
AWC x WT x Depth x Cultivar 0.8249 0.7792 0.7670 0.8144

Treatment 4 (which involved the application of 1.7°C water 1 hour after planting, with an
initial 10 hours in a 1.7°C chamber) was found to be the most detrimental in terms of emergence
totals, exhibiting the lowest values for Eio, Eso, and Ego (refer to Supplementary Figure 3.1).
Discrepancies between the model-predicted maximum germination values and the normal seeding
emergence values recorded were low and ranged from 0.02% to 2%. Despite treatment 4 showing

the lowest emergence, it also recorded the shortest duration in days to reach Tio, Too, and T10-90
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(Figure 3.7). Given the interaction between AWC and WT, treatment 4 spent the least amount of
time to reach Tio and Too, but only under 60% AWC. This was primarily because, on most
occasions, the total emergence percentage of treatment 4 was 0% under 60% AWC. For T1o, the
AWCXWT interaction varied based on the imposed planting depth. In this case, treatment 4
demonstrated the shortest time to reach Eao, but only at a planting depth of 2.5 cm and a moisture

content of 60%.
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Figure 3.7. Time in days spent to achieve 10, 50% emergence and time in days difference between
10 and 90% emergence of soybean as a function of six water-temperature treatments. Means
followed by the same letter are not significantly different according to the paired t-test (p < 0.05).
Error bars within each series are depicting the standard error of the means.

Planting seeds in cold, moist soil coupled with the application of cold water can lead to
rapid imbibition, resulting in water accumulation between the cotyledons and causing seed injury
and poor emergence (Herner, 1986). The rate at which water enters the seed during imbibition is
a crucial factor in determining seed germination. Water inside the seed coat and cotyledons can

restrict the movement of oxygen between the axis tissue, creating anaerobic conditions.

Furthermore, rapid water uptake can lead to swift solute leakage from the cellular compound in
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the seed. If this leakage is prolonged, it can cause greater damage to the seed tissue, resulting in a
high number of dead seeds.

One limitation of this study was the practice of uprooting seedlings within 11 days. Some
literature suggests that germination under cold soil conditions can extend up to 14 to 16 days.
Therefore, future studies might consider extending the observation period. This may have also
helped increase emergence totals beyond the values reported here. It is possible for a crop like
soybeans protracted periods of emergence may be beneficial, especially in early-planted scenarios
where first emerged seedlings are more likely to be exposed to freezing temperatures after
emergence. Having later-emerging seeds to replace those lost to freeze damage may help farmers

avoid having to replant fields.

3.4.4. Experiment 2 — Biomass and normal seedling emergence.

Normal seedling and abnormal seedling emergence and biomass were affected by the
imposed WT treatments (Table 3.8). Application of 10°C water at 11 hours after planting recorded
statistically similar normal seedling biomass and emergence (Supplemental Figure 3.2);
application of 10°C water 1 hour after planting reduced emergence and biomass, similar to the
previous result reported in Experiment 1 (Figures 3.4-3.5). This difference was mainly driven by
recording higher abnormal seedling percentage with water application. This is suggested that even
in the 10°C, application of water within first 24h after planting reduced seedling biomass and

emergence, though was less damaging when it occurred later in the germination phase.
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Table 3.8. Analysis of variance results for biomass and emergence (percentage) of normal
seedlings, abnormal seedlings, dead seeds, total biomass, and total emergence of soybean for
water-temperature treatment (WT), planting depth, cultivar, and their interactions in 11 days after
initiation. P-values below 0.05 are indicated with bold.

p-value
Abnormal Dead
Effect Normal seedling seedling seed T otal Total

biomass % biomass % % biomass - emergence
WT 0.0282 0.0161  0.0436 0.0552 0.1332  0.0307 0.1193
Depth 0.0795 0.1135 0.0182 0.0663 0.0667 0.0138 0.0603
Cultivar 0.4915 0.3835  0.3871 0.8164 0.6438  0.9500 0.5663
WTx Depth 0.3024 0.2963  0.5336 0.4757 0.1537 0.1536 0.0332
WT x Cultivar 0.7789 0.9344  0.3696 0.6067 0.4052  0.4079 0.528
Depth x Cultivar 0.3520 0.251  0.5443 0.4900 0.877 0.5685 0.7731
WT x Depth x
Cultivar 0.8196 0.8547  0.8840 0.9588 0.7287  0.5498 0.8605

In WT x depth interaction, treatment with no water application recorded highest total emergence
under both planting depths compared to other two treatments. Application of 10°C water 11h
after planting at 2.5cm planting depth recorded lowest total emergence. However, application of
10°C water 11h after planting (treatment 8) showed similar total emergence with no water

application treatment (treatment 7) (Figure 3.8).
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Figure 3.8. Total emergence of soybean seedlings as a function of water-temperature treatments
(WT) and planting depth. Means followed by the same letter are not significantly different
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according to the paired t-test (p < 0.05). Error bars within each series are depicting the standard
error of the means.

3.5. Conclusions and recommendations

Cold precipitation within first 24 hours after planting can reduce soybean emergence and
seedling biomass. However, exposure to cold temperatures (above freezing) within the first 11
hours, without any water application within the first 24 hours, does not appear to reduce soybean
germination and emergence. Planting at a deeper depth in drier soil under cold temperatures can
result in better biomass and emergence. In all cases, the cultivar 3.4 RM demonstrated the highest
biomass and emergence. Based on the findings of this study, we recommend that farmers base their
early planting decisions on the weather conditions forecasted for the next 24 hours. If there is a

chance of cold rain within 24 hours after planting, it would be advisable to delay planting.

Use of treated seed may also reduce the amount of seed death and disease infection and
should be investigated in future research. Furthermore, it is crucial to understand the biochemical
and cellular changes that occur in seeds when exposed to cold water. This is particularly important
in relation to seed moisture, seed coat characteristics, cellular component changes, and seed

metabolic pathways.
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Supplemental Tables and Figures

Supplementary Table 3.1. Applied moisture content (%), Available Water Content (AWC) (%),
volume of water (cm®) and mass of ice (kg) for each tray.

Parameter Value Equation/method
Soil Available Moisture content (AWC) (W/w)  1050%  Table 4

Soil Available Moisture content (AWC) (v/v) 10.75% Eq:4

Soil Moisture content at 60% AWC (w/w) 21.92% Eq:2
Soil Moisture content at 60% AWC (v/v) 23.47% Eq:4
Soil moisture content at 20% AWC (w/w) 17.90%  Eq:3
Soil Moisture content at 20% AWC (v/v) 19.15% Eq:4
Soil moisture content (volumetric) 19.00% Bluetooth soil moisture sensor
Amount of water added at 20% AWC 17 cm?3 Eq:5
Amount of water added at 60% AWC 500 cm®  Eq:6
Volume of water (1.27 cm depth) 1700cm®  Eq:7
Mass of ice 1.55 kg Eq:8
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Supplementary Table 3.2. Normal seedling biomass and emergence as a function of interaction
between available water content (AWC) and cultivar (C).

Normal seedling

AWC % Cultivar Emergence % biomass (g)

20 3.4RM 52.78A 5.96"
3.7RM 35.078 3.858

60 3.4RM 30.908 2.818
3.7RM 27.438 2.388

Means followed by same letter in each column were not significantly different
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Supplementary figures
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Supplementary Figure 3.1. Model predicted maximum emergence percentage (%) varied with
applied six water-temperature (WT) treatments. Treatment ID values correspond to the imposed
WT treatments described in Table 3.4. These values were generated through sigmoid model
(Equation 9) with the NLIN procedure in SAS 9.4. Mean followed by same letters were not

significantly different (P<0.05). Error bars within each series are depicting the standard error of
the means.
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Supplementary Figure 3.2. (a) Normal seedling biomass and (b) Percentage of normal seedlings, abnormal seedlings, and dead seeds of
soybean as a function of the three water-temperature (WT) treatments. Treatments have been identified by their Treatment ID values
described in Table 3.5. Means followed by the same letter are not significantly different according to the paired t-test (p<0.05). Error
bars within each series are depicting the standard error of the means.

82



Chapter 4. Cold temperature and water effect on Fusarium graminearum infection and

emergence of soybean

4.1. Abstract

Fusarium graminearum is a fungus that causes damping-off in soybeans, though currently
it is unclear how moisture/precipitation and temperature representative of ultra-early planting
conditions (prior to April 15) affect disease incidence. This study aimed to quantify the effect of
moisture content at planting and temperature/form of precipitation during germination on soybean
emergence and F. graminearum infection. A greenhouse experiment was conducted using a split-
split-split plot randomized complete block design and was repeated in times. Main plot was the
water content available in the media (60% and 80%) at planting. The subplot factor consisted of
four temperature/form of precipitation treatments (10°C or 1.7°C, water applied as liquid or ice).
The sub-subplot factors was presence or absence of F. graminearum inoculum, and soybean
cultivar was randomized within inoculum level. Daily emergence was measured through 11 days
after planting, and biomass and number of seedling with brown lesions (necrosis) on crown also
were quantified at day 11. The result showed that 1.7°C liquid water application or the same
quantity of water as ice when inoculum was applied reduced total emergence by 6% compared to
same water treatments without inoculum. Inoculated media produced more dead seeds under 60%
moisture content compared to 80% moisture content. However, the presence of inoculum did not
affect the total biomass accumulation in soybean seedlings. The study suggests that the activity of
F. graminearum had some effect on seedling emergence under cold precipitation, though future

research should be conducted to expand upon these results.
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4.2. Introduction

Fusarium graminearum is a common pathogen affecting soybean seedlings in Ohio,
causing seed decay, pre and post-emergence damping off, and root rots during the early stages of
crop development (Marburger et al., 2017). Various Fusarium species have been identified as
causing root rot, with the severity of different species varying from region to region (Yan and
Nelson, 2022). Among these, F. graminearum and F. oxysporum are the most common causal
organisms for these diseases in soybeans in Ohio (YYan and Nelson, 2022). Prior to identifying F.
graminearum as pathogenic to soybeans, it was found in various parts of the soybean plant across
the northern states in the U.S. Symptoms associated with F. graminearum infection during the
early seedling stage begin with light-brown lesions on the roots and shoots, which become necrotic
and turn black. Irregularly shaped lesions also appear on the cotyledons and leaves, subsequently
causing the plant to wilt and die. Little research has been conducted to determine the potential
yield loss caused by F. graminearum due to Fusarium root rot. A study conducted by Koenning &
Wrather (2010) observed an annual yield loss ranging from 158,000 to 289,000 metric tons from
2006 to 2009 from each soybean producing states in United State.

Seedling disease caused by F. graminearum has most likely increased in soybean due to
changes of some production practices (Broders et al., 2007). F. graminearum is an economically
important pathogen of cereal crops, especially corn and wheat, causing substantial yield and
quality loss. Most farmers in Ohio practice crop rotation with corn-soybean or corn-soybean-wheat
with no tillage or reduced tillage practices (Broders et al., 2007; Ellis et al., 2011). These practices
leave substantial amount of the corn and wheat crop residues on the soil surface and can act as a

primary inoculum source for soybean infection. The presence of crop residues in early spring with
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reduced tillage practices also provide favorable conditions for the fungus to overwinter on crop
debris (Ellis et al., 2011).

F. graminearum would be most pathogenic to soybean seedlings at 25°C (Leslie and
Summerell, 2008). However, cool, wet and compacted soil conditions are also favorable for this
pathogen (Wrather et al., 2001; Yan and Nelson, 2022). Early planting practices could result in
farmers planting soybean seeds into cool, wet environmental conditions that can delay seed
germination and could facilitate favorable conditions for infection by soil borne pathogens.
Furthermore, the frequency precipitation events during April and May also increased in past
several years (Lindsey et al., 2024). Most of the past work only studied the effect of the F.
graminearum ranging from 10°C to 30°C (Yan and Nelson, 2022). The impact of F. graminearum
as a seedling pathogen of soybean in Ohio, under unexpected cold temperature and moist soil
conditions are still under researched. The objective of research was to quantify the effect of media
moisture content at planting, temperature/form of precipitation and presence or absence of F.

graminearum inoculant on soybean emergence and early growth.

4.3. Materials and Methods

4.3.1. General experimental details and media preparation

The study was conducted at The Ohio State University in Columbus, Ohio, from February
2024 to April 2024. The experiment was conducted using greenhouse potting media and Fusarium
graminearum inoculum. Potting media used was PRO-MIX BX general purpose soilless media
consisting of high quality fibrous peat moss (75-85%), perlite, limestone, and wetting agent. A

subsample of media analyzed for initial media nutrient levels (Table 4.1). Total porosity, water
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holding capacity, air space, and bulk density of the substrate was measured using a porometer
(Table 4.2). Permanent wilting point (PWP) of the substrate was measured by 1.5 MPa ceramic
plate extractor method. The container capacity (CC) of the substrate was measured using the
gravimetric method, and was assumed to be the maximum water holding capacity of the media.

Table 4.1. Media nutrients, pH and conductivity measurement (EC) of media used for the
experiment.

Chemical property values Rating
Nitrate (NO3-N) 76 mg kg Acceptable
Phosphorus (P) 17.1 mg kg? High
Potassium (K) 66 mg kg Acceptable
Magnesium (Mg) 22 mg kgt Low
Calcium (Ca) 115 mg kgt Acceptable
Sodium (Na) 19 mg kgt Optimum
pH 6.1 Optimum
Conductivity (EC) 1.01 mmho/cm Acceptable

Table 4.2. Air space (%), water holding capacity, total porosity, bulk density (g cm™3), permanent
wilting point (PWP)(%), and container capacity (CC)(%) of the substrate

Air space Porometer 0.12 g/g
Water holding capacity Porometer 0.72 g/g
Total porosity Porometer 0.84 g/g
CcC Gravimetric method 0.86 g/g
PWP 1.5 MPa ceramic plate extractor method 0.19 g/g
Bulk density Porometer 0.10gcm™
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4.3.2. Soybean varieties and initial seed lot quality parameters

Two commercially available untreated soybean cultivars [Pioneer® ‘P34A65PR’ (3.4
relative maturity or RM) and ‘P37T51PR’ (3.7 RM)] were obtained within 8 months of project
initiation and kept in 10°C cold storage until initiation of the experiments. Emergence scores,
under suboptimal conditions from company literature, were 8 and 6 for 3.4 RM and 3.7 RM,
respectively (9 = excellent germination; 1 = poor germination). Prior to conducting the
experiments, each lot was analyzed for internal seed moisture content, standard warm germination
(AOSA, 2018), and two vigor tests of accelerated aging (AA) and cold germination tests (rolled
towel method) according to the methodology by the AOSA (1983). Seed moisture was tested using
a grain moisture tester (miniGAC 200, Dickey-John). The results from these tests were previously

reported in Chapter 3 Table 3.3.

4.3.3. Experimental design

The experiment was conducted using controlled-environmental chambers in Kottman Hall
to impose initial treatments, with experimental units being relocated to the Kottman Hall
greenhouse to complete data collection. The experimental design was a split-split-split plot
randomized complete block design with three replications in time of the whole plot factor. The
main plot factor was the initial available water content (AWC) at the time of planting with two
levels (section 4.3.4.1). The sub plot factor consisted of four treatments consisting of varied water
application and temperatures (WT) imposed (section 4.3.4.4). The sub-sub plot factor was
presence or absence of F. graminearum inoculum (section 4.3.4.3), and the two soybean cultivars

(3.4RM and 3.7RM; section 4.3.2) were randomized within two inoculum conditions.
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4.3.4. Experiment arrangement.

4.3.4.1. Adjustment of soil available water content

Media was brought to 60% or 80% available water content (AWC). Each water content
was maintained independently. The data from Table 2 was used to determine the key media
moisture content levels to achieve the 60% and 80% AWC levels through Eq. 1-3. In all cases,

100% AWC was assumed at CC, and 0% AWC was assumed at the PWP of the media.

Media moisture content at 80% AWC MCgpo (%) = PWP + 0.80 x (CC — PWP)EQ:1
Media moisture content at 60% AWC Mc,,,, (W) = PWP + 0.60 x (CC — PWP) EQ:2
°\w
. %4 w
Volumetric water content Vwc (;) = I\/IC(W) X BD media Eq:3

In each equation CC is container capacity of the media, PWP was media moisture content

at the permanent wilting point, BD was bulk density of the media, respectively, as reported in table
4.2. The term (%) represents weight-basis and (%) represents volume-basis.

Moisture content of the media at the time of initial water level adjustment (VWC) was
measured using Bluetooth moisture and temperature data logger (HOBO MX2306, HOBO
MX2307). Based on current moisture content, the amount of water to add to the media in milliliters

to achieve the target AWC levels was calculated using Eq.4 and Eq.5

Amount of water added at 80% AWC Eq:4
Water _ (VWCSO% - VWC) X Vmedia
Amount of water added at 60% AWC Eq:5

(VWC6O% - VWC) X Vmedia
100

Water,y, =

88



Where Vinedia 1S volume of the media in cubic centimeters.

4.3.4.2. Tray preparation

Trays measuring 57.5%40x15 cm were filled with media to a depth of 11.25 cm. Each tray
was designed with drainage openings at the bottom to facilitate the removal of excess water. Water
was added to each tray individually to achieve the respective AWC values. Four rows with 3.75
cm were prepared in each tray, where two rows were applied F. graminearum inoculum and two
rows were maintained without inoculum. Eight soybean seeds from 3.4RM and 3.7 RM cultivars
per row was planted. Seeds were placed after adding the inoculum where rows with inoculum and
furrows were closed after seed placement was completed. An additional row (5 row) of soybean
seeds was planted parallel to other rows in the center of the tray as a border to separate inoculated
and non-inoculated rows. Bluetooth moisture and temperature sensors were installed in each tray

at a depth of 3.75 cm to monitor media temperature and moisture for the first 25 hours.

4.3.4.3. Fusarium graminearum inoculum preparation

F. graminearum inoculated sorghum (Sorghum bicolor) seeds were used. Old culture plugs
of F. graminearum, grown on potato-dextrose agar acidified with 5% lactic acid was used to
inoculate the sorghum. Inoculum was stored in an air-tight bag in room temperature until been
used. Approximately 5 grams (rate of 7.2 g m™) of inoculated sorghum seeds were added per row
for the inoculated treatment. The inoculated sorghum seeds were placed at the same row with
soybean seeds at the time of planting (Marburger et al., 2017; Figure 4.1). All trays were placed
into the 10°C temperature-controlled chamber (Darwin Chamber) for 1 hour prior to application

of the WT treatments.
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2 - i é;- o
Figure 4.1. (a) Preparation of growing media, (b) planting soybean seeds, (c) application of
F.graminearum inoculum.

4.3.4.4. Water-temperature (WT) treatment sub-plot factor

There were four WT treatments as described in Table 4.3. Treatments consisted of the
combination of two variables —timing of cold temperature exposure and form and temperature of
water addition. Two temperature-controlled chambers (Darwin chamber and Percival scientific
chamber) were maintained at 10°C or 1.7°C without light to provide temperature treatment. WT
treatments 2-4 were moved to the 1.7°C chamber 1 hr after planting, while treatment 1 was retained
in the 10°C conditions. For applied water treatments, water was applied as liquid water or as ice,

with total volume applied equating to 1.25 cm depth of precipitation using equations 6 and 7:

Volume of water Vi = widthy.qy X lengthiyq, X 1.25 Eq:6

Mass of ice Mice = widthiyqy X lengthy.qy X 1.25 X BD;e,  Eq:7

Each tray with water treatments were received 3000 cm? of water. Trays with ice treatment
received 2760g of ice (treatment 3). Water treatments were split applied (1500 cm® applied,
allowed to infiltrate for 3-5 min, remaining volume applied) to provide enough time to infiltrate

and avoid flooding. Water and ice were applied across the entire surface area of the tray. The
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applied liquid water temperature was maintained at either 10°C or 1.7°C prior to application using
the same chamber as the trays. After 10 hours of exposure to cold temperatures, treatments 2-4
were returned to the 10°C chamber. Media temperature and moisture content were measured with
first 25 hours using Bluetooth soil moisture and temperature sensors.

Table 4.3. Water-temperature treatments imposed during the experiment.

Treatment 1D Phase 1: 1 hour after planting Phase 2: 11 hours after planting
1 10°C, 1.27 cm as 10°C water 10°C, No water
2 1.7°C, 1.27 cm as ice 10°C, No water
3 1.7°C, 1.27 cm as 1.7°C water 10°C, No water
4 1.7°C, No water 10°C, No water

Twenty-five hours after planting (once water-temperature treatments completed),
temperature-moisture sensors were removed, and trays were moved to a temperature-controlled
greenhouse (25°C setpoint). Day/night conditions in greenhouse were set to 14d/10 night to
emulate daylength in late April in Ohio. Beginning 72 hr after planting, trays were watered

regularly in the greenhouse.

4.3.5. Data collection and measurements

Daily emergence total was collected in each row in each tray separately for 11 days after
initiation (10 days in the greenhouse). When two cotyledons were totally appeared above the media
surface, a plant was counted as emerged. After emergence on day 11 was quantified, soybean
plants were uprooted carefully from media. If a plant was not present where a seed was planted,
the seed or seedling was recovered and assessed for condition as abnormal or dead. Uprooted
plants were washed gently to remove all adhere particles in root system and then plants were
assessed for the conditions and phenological stage. Biomass and number of normal seedlings and
abnormal seedlings were taken each rows separately. Seedlings that exhibited a well-balanced,
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symmetrical growth across all essential parts including roots, hypocotyl, and cotyledon, were
counted as normal seedlings (AOSA, 2018) and were pooled prior to measurement. Seedlings with
malformed roots, missing or damaged cotyledon and weak or decayed hypocotyl were counted as
abnormal seedlings were also combined and weighed. Number of seedlings that were showed
crown necrosis (brown color lesions) from seeds that were inoculated with F. graminearum also
measured. The count data of normal seedlings, abnormal seedlings, seedling with crown necrosis

and dead seeds was converted to percentages values prior to analysis.

4.3.6. Data analysis

Biomass data were analyzed using analysis of variance (ANOVA) using the PROC GLIMMIX
procedure in SAS 9.4 at a=.05 (SAS Institute, Cary, NC; version 9.4). The fixed factors were
media AWC at the time of planting, WT treatments, presence or absence of inoculum, cultivar and
their interactions. The random factors were replication, replication x AWC (whole-plot error term),
replication x AWC x WT (sub-plot error term), and replication x AWC x WT x inoculum condition
(sub-sub plot error term). Mean separation was conducted as pair-wise comparisons when the

global F test in ANOVA was significant (0=.05).

The analysis for daily emergence patterns was conducted using sigmoid model (Equation
9) with the NLIN procedure in SAS 9.4. The differences between actual maximum emergence and

Emax (Ediff) also were calculated.

a

Y =Ty et T4

Eq:9
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Total emergence percentage from days 5 to 11 were used to create descriptive model for
each sampling unit (each row within a tray) with days of counts (x) as an independent variable and
germination percentage as the dependent variable (y). Using EQ.9, maximum emergence (Emax)
and 10%, 50% and 90% of the maximum emergence value was calculated (E1o, Eso, E90). The time
in days spent to achieve the respective Eio, Eso, and Ego values (T1o, Tso, and T g0), as well as time
in days difference in between achieving 10 and 90% total emergence (T10-90) Were calculated from

model equation parameters using Eq.10 for each sample unit.

Eq:10

The values generated from Eq.10 (T1o, Tso, Too and T10-00) Were then analyzed using the same

analysis of variance (ANOVA) model and parameters as described for biomass data analysis.

4.4 Results and discussion

4.4.1 Temperature and moisture sensor data

Figure 4.2 illustrates the variations in soil moisture and temperature within the first 25
hours for four WT treatments at AWC of 60% (Figure 4.3a, b) and 80% (Figure 4.2¢, d). Regardless
of the AWC, both soil moisture and temperature exhibited similar patterns. Treatment 1 and 3,
where liquid water was applied 1 hour after planting, there was a drastic increase in soil moisture

immediately after water application (Figure 4.2a, c). Treatment 2, which involved ice application,
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showed a gradual increase in soil moisture. As for soil temperature, media at 60% AWC where
1.7°C liquid water was applied 1 hour after planting (treatment 3) showed greater drop in
temperature compared to other treatments. In 80% AWC, treatment 2 with ice application showed

slower warming after return to 10°C compared to other treatments (Figure 4.2d)
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Figure 4.2. Soil moisture content (m® m™) (a, c) and soil temperature (°C, b,d) for the four water-temperature treatments in the 60%
available water content soil (top row panels a-b) and the 80% available water content soil (bottom row panels c-d). Water-treatment
numbers in the legend correspond to the treatment 1D values presented in Table 4.3.
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4.4.2 Inoculum impact on seedling biomass and emergence

The total emergence, and seedlings with root lesions (crown necrosis) were all affected by
the inoculation of F. graminearum. However, the seedling biomass was unaffected by the
application of the inoculum. The total emergence, which includes both normal and abnormal
seedlings, was found to be significantly influenced by the interaction of the four WT treatments
and inoculation treatments (Figure 4.3). For dead seeds AWC x inoculum and cultivar x inoculum

interactions were significant.
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Table 4.4. Analysis of variance results for biomass and emergence percentage of normal, abnormal, and total seedling biomass and
percentage of dead seeds, seedlings exhibiting crown necrosis and total emergence of soybean for available water content (AWC), water-
temperature treatment (WT), presence or absence of inoculum (Inoculum), cultivar, and their interactions in 11 days after initiation. P-
values below 0.05 are indicated with bold.

p-value
Effect Normal seedling Abnormal seedling Dead seed Root lesions Total Total
Biomass Counts Biomass Counts Counts Counts biomass emergence

AWC 0.1146 0.2873 0.8927 0.8259 0.3975 0.9720 0.2007 0.5394
WT 0.0007 0.0210 0.3709  0.5068 0.0394 0.7778 0.0013 0.0461
Inoculum 0.3373 0.2621 0.5780  0.9013 0.3046 <0.0001 0.3423 0.0389
Cultivar 0.0176 0.1158 0.0207 0.0136 0.8152 0.0164 0.0298 0.8769
AWC x WT 0.0769 0.5734 0.9252  0.7800 0.2997 0.9993 0.1098 0.7902
AWC x Inoculum 0.7713 0.3662 0.3178  0.3909 0.0249 0.7740 0.9323 0.8058
WT x Inoculum 0.4545 0.2827 0.3097  0.3717 0.7152 0.8924 0.4960 0.0380
AWC x Cultivar 0.3809 1.0000 0.5741  0.3906 0.1087 0.5451 0.2278 0.4406
WT x Cultivar 0.8346 0.7229 0.4403  0.6748 0.4307 0.9762 0.8372 0.8821
Inoculum x Cultivar 0.8358 0.8188 0.7733  0.6051 0.0417 0.0530 0.7395 0.8769
AWC x WT x Inoculum 0.6584 0.6614 0.8867  0.8462 0.0741 0.9346 0.6427 0.4647
AWC x WT x Cultivar 0.1454 0.7106 0.8035  0.9530 0.9825 0.6369 0.0446 0.7436
AWC x Inoculum x Cultivar 0.9369 0.6473 0.6691  0.8629 0.8152 0.9309 0.9748 0.6426
WT x Inoculum x Cultivar ~ 0.4358 0.5423 0.1226  0.2168 0.5899 0.8594 0.4722 0.4668
AWC x WT x Inoculum x4 478 04936 08194 06748 07881  0.8013 02530  0.7468

Cultivar
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Total emergence of treatment 2 and 3 ([treatment 2: application of ice 1h after post-planting
with 1.7°C temperature exposure during the first phase]; [treatment 3: application of liquid water
at 1.7°C with 1.7°C temperature exposure within the first phase]) declined with inoculum
compared to treatment without inoculum (Figure 4.3). In contrast, treatments 1 and 4, which did
not involve cold water treatment, exhibited similar emergence rates regardless of whether
inoculum was applied or not. However, all the treatments showed more than 85% emergence in
all cases.

Brennan et al. (2003) observed that optimal mycelial growth and inhibition of wheat
seedling growth occur within a temperature range of 10-30°C. However, seeds can also germinate
quickly and are less susceptible to disease within this temperature range (Ellis et al., 2011). The
study conducted by Yan and Nelson (2022), a reduction in soybean emergence occurred in 10°C
in treatment with Fusarium compared to 20 and 25°C. This fungus predominantly infects under
cold temperatures, which also slow seed germination. The cool and wet conditions created by the
application of ice and liquid water at 1.7°C may be the reason for the lower emergence observed

in treatments 2 and 3 when inoculated.
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Figure 4.3. Percentage of total emergence (normal seedling + abnormal seedling) as a function of
interaction between water-temperature treatment (WT) and inoculum conditions. The WT
treatment ID values are described in Table 4.3. Means followed by same letters were not
significantly different (P<0.05). Error bars within a series depict standard error of the mean.

The interaction of inoculum condition with cultivar on the percentage of dead seeds was
significant and cultivar 3.4 RM exhibited a higher percentage of dead seeds when inoculum was
applied. In contrast, the percentage of dead seeds in Cultivar 3.7 RM remained unaffected,
regardless of whether inoculum was applied or not (Figure 4.4). Both cultivars were untreated.
According to the company literature, both varieties exhibit some level of Phytophthora field
tolerance and resistance to sudden death syndrome though no ratings for Fusarium resistance were
available. According to company literature, Cultivar 3.7 RM demonstrated better resistance to
Phytophthora than Cultivar 3.4 RM. Regardless, dead seeds were less than 5% of the total planted
for each cultivar. Furthermore, lower dead seeds percentage was recorded under 60% AWC
without inoculation compared to 80% AWC and 60% AWC with inoculation conditions (data not

shown).
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Figure 4.4. Dead seeds percentage (%) as a function of interaction between cultivar (C) and
inoculum application (inoculum). Mean followed by same letters were not significantly different
(P<0.05). Error bars within a series depict standard error of the mean.

Some of the seedling that were infected with inoculum, brown color lesions can be observed on
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root bottom (Figure 4.6). The significant effect of the inoculum (p<0.0001) was determined
through an ANOVA result (Table 4.4) that included both inoculated and non-inoculated data. The
documented lesions were not present on the seedlings that were not inoculated with F.
graminearum. Apart from the cultivar effect, the number of plants with brown lesions on the root
was not influenced by the imposed WT treatments or AWC. For Cultivar 3.4 RM, 27% of seedlings
were infected with brown-colored lesions, while for 3.7 RM, only 19% were infected. These were
cultured in the laboratory, and the growing F. graminearum conidia can be seen in Figure 4.5.
When comparing the root growth patterns of soybean seedlings with and without the inoculum, no

visual differences were observed (Figure 4.6a, b).
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Figure 4.6. (a) Seedling with brown lesions in on the crown area, (b) seedlings infected with
F.graminearum, (c) Seedlings grown without inoculum

The biomass of normal seedlings, abnormal seedlings, and total seedlings was not
influenced by the application of inoculum. There is limited research available that investigates the
activity of this fungus under cold temperature conditions. It is also possible the termination of the
experiment 11 days after planting was not sufficient time to fully quantify biomass reductions and

potential death resulting from F. graminareum infection.

The normal seedling biomass was significantly impacted by WT treatments, irrespective
of whether an inoculum was applied. Among all the water-temperature treatments, Treatment 3

(which involved the application of liquid water at 1.7°C with a temperature exposure of 1.7°C
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during the first phase) resulted in the lowest normal seedling biomass (as shown in Figure 4.7).
Upon examining the temperature fluctuations depicted in Figure 4.3, it was observed that
Treatment 3 experienced a greater decline compared to the other treatments. This greater
fluctuation in temperature could potentially be a contributing factor to the observed results. In the
experiment outlined in Chapter 3, Figure 3.4, it was observed that the application of liquid water
at 1.7°C and 10°C, or ice, resulted in a lower normal seedling biomass compared to the treatment
where no water or ice was applied. However, in this study, treatments involving the application of
ice or liquid water at 10°C reported higher biomasses than the treatment with liquid water
application at 1.7°C. This discrepancy may be attributed to differences in the media used and its

characteristics, which can significantly impact seedling emergence.
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Figure 4.7. Normal seedling biomass (g) of soybean as a function of four water-temperature
treatments. The WT treatment ID values are described in Table 4.3. Means followed by same
letters were not significantly different (P<0.05). Error bars within a series depict standard error of
the mean.
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4.4.3 Daily emergence pattern

The T1o, Tso, and Teo values were not significantly affected by any imposed factors. Even
though, treatment 2 and 3 showed a greater declining of total emergence with WT, time to
emergence was not affected by imposed WT (Table 4.5).

Table 4.5. Analysis of variance results for time in days spent to achieve 10, 50, 90 % emergence
and difference between 10 to 90 % emergence (T1o, Tso, Too, T10-00) Of Soybean for available water

content (AWC), water-temperature treatment (WT), inoculum application (inoculum), cultivar,
and their interactions.

p-value
Effect T1o Tso Tao T10-90
AWC 0.4221 0.5645 0.5192 0.4755
WT 0.4267 0.3182 0.1947 0.1489
Inoculum 0.3321 0.9360 0.8285 0.7131
Cultivar 0.3245 0.5947 0.5088 0.4926
AWC x WT 0.4264 0.3359 0.2743 0.3190
AWC x Inoculum 0.3321 0.7503 0.6749 0.5385
WT x Inoculum 0.4178 0.7426 0.7372 0.6225
AWC x Cultivar 0.3244 0.1921 0.2886 0.3603
WT x Cultivar 0.3249 0.6276 0.7592 0.7963
Inoculum x Cultivar 0.3244 0.3117 0.4625 0.5463
AWC x WT x Inoculum 0.4184 0.2549 0.4057 0.498
AWC x WT x Cultivar 0.4052 0.6262 0.6731 0.7265
AWC x Inoculum x Cultivar 0.3246 0.441 0.3854 0.3731
WT x Inoculum x Cultivar 0.4059 0.7744 0.7941 0.7500
AWC x WT x Inoculum x Cultivar 0.4057 0.8331 0.7831 0.7345

4.5 Conclusion and recommendation

Cold water or ice reduced soybean emergence under F. graminearum inoculated media by
6% compared to non-inoculated media. Inoculated media produced more dead seeds under 60%
moisture content compared to 80% moisture content. However, the presence of inoculum did not
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affect the total biomass accumulation in soybean seedlings. The study suggests that the activity of
F. graminearum had some effect on seedling emergence under cold precipitation, though future

research should be conducted to expand upon these results.
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Chapter 5. Overall Summary and Recommendation

5.1 Summary

The research presented within this thesis primarily investigated the effects of cold
temperatures and water on soybean germination and emergence. The research was structured
around three main objectives, each corresponding to the second, third, and fourth chapters of the
thesis. The second chapter quantified the impact of the duration of exposure to cold conditions
during the imbibition and early germination phases on seed germination in two soybean cultivars.
It concluded that the cold temperature during the imbibition phase had a minimal effect on soybean
germination, resulting in an 83% or higher germination rate for all durations of cold exposure.
However, it was found that initial exposure to cold temperatures for 12 to 24 hours was the most
detrimental to soybean seeds. This resulted in a 6-7% lower germination rate compared to the
untreated control after 10 days. Though germination assays were conducted using rolled towel
methods in controlled temperature conditions, these results do suggest cold temperatures alone
may not fully explain stand reductions in field environments.

Farmers often encounter not only cold temperatures but also cold precipitation or snowfall
shortly after the early planting of soybeans. In field conditions, factors such as temperature, soil
moisture, planting depth, and variety selection - all part of farmer management practices - can
contribute to stand reduction associated with early planting. The third chapter reported on the
impact of soil moisture content at planting, planting depth, temperature, and form of precipitation
affect soybean emergence and early growth. It concluded that cold precipitation within first 24

hours after planting reduced soybean emergence and seedling biomass substantially, though
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exposure to cold temperatures (above freezing) within the first 11 hours, without any water
application within the first 24 hours, did not reduce soybean germination and emergence. Planting
at a deeper depth in drier soil under cold temperatures resulted in better biomass and emergence
as compared to shallower depth under drier soil conditions.

The extended period of seed germination and emergence, often associated with early
planting and cold temperature conditions, can expose soybean seeds to infections from seed or
soil-borne pathogens. This can lead to a reduction in stand due to pre-emergence or post-emergence
damping off, as well as seed decay caused by these pathogens. In fourth chapter, cold water/ice
precipitation increased F. graminearum activity on soybean emergence. . However, the presence

of inoculum did not affect the total biomass accumulation in soybean seedlings.

5.2 Recommendations and Suggestions

These studies helped emphasize that the first 24 hours after planting are crucial for soybean
germination. Therefore, it is important for farmers to closely monitor weather forecasts within the
next 24 hours. If there is a chance of cold precipitation within the first 24 hours, it is advisable to
postpone planting on (at least some) hectares. Additionally, deeper planting is recommended if
soil moisture is low (20% AWC) during early planting. Given the observed impact on seedling
emergence under cold precipitation due to F. graminearum activity, seed treatment is likely
necessary to combat early-season soil or seed-borne diseases when exposed to cold temperatures

and moisture.
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5.3 Limitations and Comparisons with existing literature

One limitation of second and third study were the practice of uprooting seedlings within 11 days.
In studies where seeds were planted directly into soil or media, emergence percentages were as
low as 20% in some instances. Some literature suggest that germination under cold soil conditions
can extend up to 14 to 16 days. Therefore, future studies might consider extending the observation
period. This may have also helped increase emergence totals beyond the values reported here.
Compared to most previous literature, this study recorded a higher final germination rate
(83% or greater) using the rolled paper towel method. In contrast to past studies where soybean
seeds were held at 25°C before exposure to cold temperatures, this study placed seeds between 10
to 15.5°C prior to cold exposure. This approach may have prevented the seeds from experiencing
a sudden cold shock, which is often the case in past studies where seeds were directly placed at
25°C before being exposed to cold temperatures. In this study, seeds were exposed to relatively
lower temperatures before the cold temperature exposure, which better acclimatized the seeds in

preparation for the cold.

5.4 Future research needs

While this study is primarily based on greenhouse and laboratory conditions, the impact of these
setups on field conditions needs to be further explored. Future trials are necessary to provide more
conclusive recommendations for farmers. One key finding from the second study is that cold water
is more detrimental than cold temperature in terms of soybean germination and emergence.
Therefore, it is crucial to understand how soil moisture content affects seed germination, seed

moisture content, and soil crusting/compaction. Planting deeper in drier soil emerged as a
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significant conclusion from this study. However, how this practice varies in field conditions also
needs to be investigated. Another component to be considered when studying ultra-early planting
could be to adjust seeding rates, so even if 60% attrition of seeds is experienced a critical stand

may still be achievable to fully leverage the early planting date yield gains.

Although we concluded in the fourth chapter that seed treatment is necessary to combat disease
pressure with early planting, both seed types used in this study were untreated. Therefore, further
studies should be conducted to understand how F. graminearum activities interact with treated and
untreated seeds. These recommendations for future research will help to bridge the gap between

laboratory findings and practical field applications, ultimately benefiting farmer applications.
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Appendix

SAS code for germination percentage from Chapter 2

data germination;

input cultivar$ trt$ run ltemp ger abnor dead;
gerper = ger*2;

abnorper = abnor*2;

deadper = dead*2;

cards;

P34A65PR 0000 1 7.2 46 2 2
P34A65PR 0000 2 7.2 46 2 2
P34A65PR 0003 1 7.2 46 2 2

proc print;

run;

proc sort; by ltemp; run;

ods graphics on;

'Temperature comparisons';

proc glimmix nobound plots=(residualpanel);

class ltemp cultivar trt run;

model gerper = ltemp|cultivar|trt;

random run run*ltemp;

lsmeans ltemp|cultivar|trt/lines;
run;

R code for generating Surface Map for variation of normal seedling counts with imposed

duration treatments- Chapter 2

Response surface methodology (RSM)

#This package helps create surface maps

library(rms)#install this package to create the surface maps

library(rsm)#install this package to create the surface maps

library(fields)#install this package to add a legend to the surface maps.
setwd("C:/Users/anune/OneDrive - The Ohio State University/Desktop/generating heat map/data
sheet arrange for R code/datasheet arrangement for seperate cultivar™)#my working directory
rsmdata<-read.csv("pr34.csv"”, header = TRUE)#my data file

View(rsmdata)

rsm.mod_germ10=rsm(germ10d ~ SO(duration,entry), data=rsmdata)#run rsm model#SO is
second order derivative
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a<-contour(rsm.mod_germ10, ~duration+entry, image=TRUE, img.col=terrain.colors(100,
rev=TRUE), main="Germination Percent at 10 days")#create surface map only, without legend
and save the figure.

#a<-contour(rsm.mod_germ10, ~duration+entry, image=TRUE, main="Germination percent at
10 days™) warnings() #run this code

a+image.plot(zlim = ¢(87.3,94.6), legend.only = TRUE, side = 4, col = terrain.colors(100,
rev=TRUE),

axis.args = list(at = NULL, labels = NULL, cex.axis = 1.0),

legend.width = 0.6, legend.shrink = 1, legend.mar = 6, legend.lab = "Germination
Percentage",

horizontal = FALSE)#this code will create legend only(with specified limits (85-100%).
save the legend.group the legend and surface map in power point.

SAS code for biomass data for Chapter 3 and 4

data;
input moisture trt depth cultivar$ run norcount norbiomass abnorcount
abnorbiomass dead;

tbiomass = 100* ( (norbiomass+abnorbiomass)/8) ;
pnemerge = 100* (norcount/8) ;
paemerge = 100* (abnorcount/8);

pdead = 100* (dead/8) ;
temerge= 100* (norcount/8)+100* (abnorcount/8) ;

cards;

60 1 1.5 3.4RM 1 4 4.37 1 0.97 3
60 1 1.5 3.7RM 1 3 3.54 3 2.1 2
60 1 1 3.4RM 1 6 5.93 1 0.04 1
60 1 1 3.7RM 1 4 3.04 O 0 4

proc print;

run;

proc sort; by moisture; run;

ods graphics on;

proc glimmix nobound plots=(residualpanel);

class moisture trt depth cultivar run;

model norbiomass = moisture|trt|depth|cultivar;

random run moisture (run) trt*moisture(run) depth*trt*moisture (run);
lsmeans moisture|trt|depth|cultivar/lines;

run;
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SAS code for sigmoid model from NLIN procedure for Chapter 3 and 4

data fgerm;

input awc wtr depth var$ rep ID day count pgerm;
y= (pgerm/100)+0.0001;

x=day+0.001;

datalines;

20 1 1 3.4RM 1 1 0 0 0
20 1 1 3.4RM 2 2 0 0 0
20 1 1 3.4RM 3 3 0 0 0

proc sort; by ID;
proc print;

run;
proc nlin best=40 method=newton;
parms

a=0.0 to 1.1 by 0.05

b=-100 to 10 by 2

c=0 to 2 by 0.1

d=-0.05 to 0.15 by 0.05;
model y=(a/ (1 + (EXP(b-(c*x)))))+d;
by ID;
run;
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