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ABSTRACT

Alfalfa, mung bean, radish, and red clover are world’s main sprout vegetables
production categories and are consumed by a huge population both in the US and
around the world. Due to their good taste and many health benefits, there is a growing
trend to consume sprouts. However, sprouts are often associated with food-borne
outbreaks. Salmonella is the major pathogenic bacteria associated with sprout
outbreaks, due to their strong attachment to seeds and proliferation under drought
environment. Seeds could be contaminated during growing, harvesting, transportation
or distribution and the initial contamination load is usually low. During seeds’
sprouting process, temperature, humidity, pH, and available nutrients in the sprouting
environment provide an ideal warm environment for bacteria to multiply and the final
pathogenic bacteria population could reach 6-7 log. Without cooking treatment,
consumption of raw sprouts can easily make people sick and cause food safety issues.
Therefore, effective decontamination methods are needed to treat seeds before
sprouting to prevent pathogen contamination. Currently the Food and Drug
Administration (FDA) no longer recommends using 20,000 hypochlorite chemical
wash to decontaminate seeds because it was proven to be very inefficient; only
achieve 2-3 log reduction on pathogens. The new 2017 FDA sprout production
guidelines recommends using physical treatment or combined treatment methods to
achieve 5 log reduction of pathogens. Dry heat treatment is considered as a physical

treatment method and heat can penetrate the whole seed. Some previous research
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already showed the high effectiveness of dry heat treatment on seed decontamination
but not too many studies on seed germination after treatment.

In this research, different dry heat temperature, treatment time, and seeds’
water activity (aw) were precisely controlled to develop the optimal dry heat treatment
conditions for alfalfa, mung bean, radish and red clover seeds. Both microbial log
reduction and germination results were monitored during the treatment. The optimal
conditions are considered to reach 5 log reduction of Salmonella population as well as
maintain seeds germination after the dry heat treatment. Microbial and germination
results after 20,000 ppm sodium hypochlorite wash for 15 or 20 minutes were also
studied and compared to dry heat treatment results. Our results showed that when
alfalfa seeds with aw of 0.1 were dry heat treated at 71.0°C for 140 hours and 120
hours, Salmonella inactivation could reach 6.03 log and 4.53 log, respectively, while
germination weight yield ratio could maintain 96.42% and 101.42%, respectively.
When mung bean seeds with ay of 0.2 were dry heat treated at 71.0°C for 50 hours,
Salmonella inactivation could reach 5.14 log, while germination weight yield ratio
could maintain 98.60%. When radish seeds with aw of 0.2 were dry heat treated at
71.0°C for 50 hours, Salmonella inactivation could reach 3.80 log, while germination
weight yield ratio could maintain 61.03%. When red clover seeds with aw of 0.2 were
dry heat treated at 71.0°C for 50 hours, Salmonella inactivation could reach 3.36 log,
while germination weight yield ratio could maintain 66.73%.

Taking together, dry heat treatment has a very promising application on seeds

decontamination. Our results showed that lower water activity level provided a better

Xii



overall trade-off on each seed. Higher treatment temp could decrease seeds’ viability,
but could also shorten treatment time. Therefore, a proper treatment temperature is
needed for each seed. Microbial results were similar among 4 seeds, while
germination results varied per seeds. Germination results behaved well on alfalfa and
mung bean, but not so well on radish and red clover. 71.0°C/aw 0.1/140h is considered
as the most optimal treatment condition for alfalfa, while 71.0°C/aw 0.2/50h is
considered as the most optimal treatment condition for mung bean, radish, red clover.
Dry heat treatment showed better results for microbial/germination overall trade-off
on alfalfa and mung bean, but not as ideal as for radish and red clover. However, even
for radish and red clover, dry heat treatment method is still considered superior to the
results from chlorine wash treatment groups.

From industry perspective, required processing equipment for dry heat
treatment is very simple and low cost. Dry heat treatment technology developed in this
study could be easily scaled up for large scale decontamination of seeds and easily
applied to the sprout industry. Despite the cost of equipment investment, this new
technology could also cut down the cost for sprouting yield loss and outbreak recall
for sprout producers caused by using inefficient seeds decontamination methods.
Overall, dry heat treatment is a very promising decontamination technology for
sprouting seeds. It is recommended for sprout producers to use dry heat treatment

technology for post-harvest treatment before sprout growth.
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Chapter 1

INTRODUCTION

1.1 Background and Issues

Sprouts have been discovered and utilized to serve as human food for a very
long time. Archaeological evidence indicates that soybean seeds were present in
some bronze vessels in ancient China in 1,000 B.C. The sprouting of soybean seeds
was also mentioned in Shennong Bencaojing (an ancient Chinese book on agriculture
and medicinal plants), written between about 206 B.C. to 220 A.D. (Huang et al.,
2008) With such a long history of planting, mung bean and soybean sprouts are
widely consumed in East Asian countries. Nowadays, serval kinds of sprouts are
consumed by humans. Mung bean, soybean, radish sprouts are mostly consumed by
Asian countries. Alfalfa and red clover sprouts are mostly consumed by European
countries and the US. It was estimated about 20 years ago that 80 million and 15-20
pounds of alfalfa and mung bean sprouts were produced each year, respectively
(Russelle, 2001), forming a very large food market. Sprout production has been
increasing since then and is becoming more popular in the United States.

Sprouts are popular due to their good taste and many health benefits. Sprouts
have the following health benefits: 1) sprouting process can reduce the content of
several anti-nutritional components like trypsin inhibitors and phytic acid which are

often associated with digestion problems (Doblado, 2007), 2) sprouting process itself



produces digestion-aiding enzymes (Ghani, 2016), 3) unlike eating seeds solely,
sprouts contain an increased amount of bioactive compounds which can scavenge
free radicals in the human body and protect cells (Hochstein and Atallah, 1988), and
4) macronutrient contents are broken down into amino acids, polyunsaturated fatty
acids, dietary fiber and vitamins during the sprouting period (Hou et al., 2019). Due
to all the above health benefits, sprouts are becoming more and more popular in
many countries, especially developed countries where people pay more attention to
the nutrition benefits of food. On the other hand, sprouts are higher value-added
products than seeds and have a big economic benefit as well. In our study, 20 g of
seeds can grow into 200-300 g of sprouts, which is a more than ten times the yield
than seeds alone. Both nutritional and economic benefits make sprouts a commercial
food product and a trend food in US.

However, sprouts are often associated with food-borne outbreaks. When
seeds are harvested from the field, it is inevitable that bacteria can be introduced onto
the seeds where they can survive for a considerable amount of time. The
environment required for sprouts’ growth is a very warm, humid, and high-nutrient
environment with a proper pH, which is also ideal for bacteria to grow and thrive. If
seeds are contaminated with bacterial pathogens, these pathogens could grow to a
very high level during the growing process. When people eat these raw or under-
cooked contaminated sprouts, the pathogens could cause gastrointestinal diseases. It
is estimated that from 1996 to 2016, 48 food-borne outbreaks associated with sprouts
occurred, resulting in 2499 cases, 179 hospitalizations, and 3 deaths (Gensheimer

and Gubernot, 2016). Among these cases, alfalfa sprouts accounted for 30 cases,



followed by 7 cases of clover, and 6 cases of mung bean sprouts. In terms of
pathogenic bacteria causing these cases, Salmonella accounted for most of the
outbreak cases (34 cases), followed by Escherichia coli (12 cases) and Listeria (2
cases) (Gensheimer and Gubernot, 2016). In 1996, an outbreak of Escherichia coli
0157: H7 infection occurred among schoolchildren in Sakai City, Osaka, Japan.
Radish sprouts from a local farm were contaminated with E. coli O157: H7 and raw
sprouts were consumed by children, causing 9,000 sicknesses and 12 deaths
(Michino et al., 1999). These outbreak cases caused a huge social and economic loss
and it is urgent to find effective decontamination methods for sprouts.

Some food-borne bacteria, such as Salmonella, can be very persistent in a dry
environment, because the drought can stimulate the formation of biofilms and
filaments to protect the bacteria cells (Finn et al., 2013). Most of the seeds are stored
in a relatively dry environment (usually in a RH 20%-40% environment), which is a
very ideal Salmonella storage condition. Most of the Salmonella cells can survive
this drought storage condition and thrive when seeds are sprouting in warm and
humid conditions. Because of the drought-resistance property, Salmonella
contributes to most of food-borne outbreaks in sprouts, and they are causing most of
the food safety issues. In those 48 sprout-associated outbreak cases, almost 70%
cases were related to Salmonella, and 63% cases were associated with alfalfa sprouts.
Because Salmonella was causing most of the food safety issues on alfalfa sprouts in
the US, alfalfa and Salmonella are two major and representative research objects in
the research for the current thesis. Although other three types of seeds (mung bean,

radish, red clover) were studied as well, alfalfa seeds were considered as the most



important seed type in our study and the results for alfalfa seeds were the most

detailed among the four seeds.

1.2 Significance and Value

The FDA used to recommend using 20,000 ppm of calcium hypochlorite to
wash seeds for 15-20 minutes (Brooks et al., 2001; Ding et al., 2013). However, this
method can only achieve about 1-2 log reduction of Salmonella and the surviving
bacteria can still thrive to a very high concentration in the following sprouting
process and cause food safety issues. In our research we also found that washing
alfalfa seeds with 20,000 ppm of chlorine for 15 min resulted in a 1.9-log reduction
of Salmonella. As mentioned above, biofilm and filament can form to protect
Salmonella cells from being injured by chemical treatments. Secondly, the micro-
structure of seeds is not as smooth as they are visually observed. Kwack et al. (2014)
showed that under the electron microscope, many cracks and gaps on the surface of
seeds are visible, which could possibly provide an ideal hiding place for bacteria. Fu
et al. (2022) found out that the bacteria cells’ distribution on the hilum part of alfalfa
seeds was higher than that of other parts of the seed coat after the inoculation with
Listeria monocytogenes or Salmonella enterica serovar Typhimurium on alfalfa
seeds. It is mainly due to the hilum being more curve-shaped and could provide more
hiding spots for bacteria on the seed’s surface. Finally, compared to E. coli,
Salmonella enterica Serovars experimentally showed a stronger attachment to alfalfa
sprouts and were harder to be rinsed off (Barak, Whitehand, Charkowski, 2002).

Based on these three major reasons, it is difficult to conduct decontamination process



for sprouting seeds and sprouts are causing a lot of food-borne outbreaks and food-
safety issues.

Chemical treatment is usually considered as a surface treatment method
because the chemical compound can only reach the very top surface but not the
inside of seeds. Due to the structure of sprouting seeds and properties of Salmonella
cells, chemical treatment is not a very effective decontamination method. One
outbreak case happened in 1999 in Wisconsin and six other states in US, where
people consumed raw alfalfa sprouts and got sick. Although the alfalfa seeds were
pre-washed by calcium hypochlorite before sprouting, Salmonella serovar Muenchen
was not completely inactivated and multiplied during the sprouting process, causing
at least 157 outbreak-related illnesses in multiple states (Proctor et al., 2001). The
new FDA 2017 guideline for sprout decontamination no longer require hypochlorite
wash treatment method. Instead, physical or combined treatment methods are
recommended in this guideline to achieve a 5-log reduction on food pathogens (FDA,
2017). As a result, a new decontamination processing method is needed for the
sprout industry to follow. An ideal method should be economical, more effective in
bacteria inactivation, and less lethal to seeds’ viability after the treatment.

Currently, some researchers are trying to develop a new treatment method for
sprouting seeds rather than chemical wash method because of the drawbacks of
chemical treatments. Besides calcium hypochlorite, acids are also used in seeds’
decontamination study. Alfalfa seeds and radish seeds treated with 8.7% (v/v) acetic
acid at 55°C for 2-3 h showed reductions in the populations of both E. coli O157:H7

and Salmonella on alfalfa and radish seeds by more than 5.0 log CFU/g, but the



germination after treatment was be affected (Nei et al., 2011). Physical treatments are
also studied as a potential treatment method for seeds, including wet heat, high
hydrostatic pressure (HPP), UV, and irradiation. Neetoo et al. (2008) found out that
when a 600 MPa high pressure was applied to alfalfa seeds at 20°C for >6 min, a 5-
log reduction of E. coli O157:H7 can be achieved. However, the problem with HPP
is that the equipment cost is very high, usually greater than 1 million dollars.
Biological treatment also resulted in a 5-log reduction of Salmonella enterica,
without affecting yield, if Pseudomonas fluorescens 2-79 was applied to alfalfa seeds
(Fett, 2006). Hurdle technology is another feasible method as well. It was proven that
HHP processing together with adding antimicrobial compounds like hypochlorite or
carvacrol can improve microbial inactivation results on both alfalfa and mung bean
sprouts (Pefias et al., 2009)

Thermal processing method has been used to sterilize canned food for a very
long time and remains as a popular food treatment method because of the
convenience, long shelf life, and low cost of production (Al-Baali and Farid, 2006).
The major difference between thermal treatment and UV treatment is that heat can

penetrate the food sample, while UV light cannot.

1.3 Research Objective

Alfalfa is the most popular sprout product consumed in US. Approximately
80 million pounds of alfalfa seed are produced each year in the United States
(Oregon Public Health Division, 2022). Mung bean sprouts are commonly consumed
in most Asian countries and are also popular in US. About 15-20 million pounds of

mung beans are consumed annually in the US, and most of them are consumed in the
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form of mung bean sprouts (Oregon Public Health Division, 2022). Radish and red
clover are widely consumed all over the world. Based on this market share of
sprouting seeds, alfalfa, mung bean, radish, and red clover seeds were chosen in our
study.

We also chose Salmonella as our research bacteria model and indicator
bacteria since most of the sprout contamination scenarios occurred because
Salmonella is the most resistant food-borne pathogen in sprouts (Newell et al., 2010).
Salmonella also caused most of the sprout associated food-borne outbreaks in the
US. If Salmonella can be successfully inactivated, it is safe to say that other more
vulnerable bacteria strains can be inactivated under the same treatment conditions.

Water activity is a very important parameter in our research as well. The
definition of water activity of a food is the ratio between food’s vapor pressure and
the vapor pressure of pure water under the same temperature (Karel and Lund, 2003).
In some previous research, water activity was associated with a higher Salmonella
survival rate. Low water activity of food could preserve or even improve the survival
of Salmonella Heidelberg and Salmonella Montevideo in dried milk and cocoa
powder (Juven et al.,1984). It has been proven by serval researchers that when water
activity is lower, the Salmonella is harder to inactivate. Beuchat and Scouten (2002)
found out that the death rate of Salmonella on alfalfa seeds after heat treatment had a
positive correlation with the level of water activity during the seeds’ storage. Heat
inactivation of Salmonella at 65.9°C was less effective in seeds with 0.3 or 0.5 aw
compared with seeds with an aw of 0.6 (Neetoo and Chen, 2014). All these previous

results are in accordance with our research results as well, as the lower ay of seeds



could result in a less efficient thermal inactivation on Salmonella. On the other hand,
seeds’ water activity is also associated with seeds’ viability. Some pre-dry treatment
for seeds of cucurbit crops before conducing dry heat treatment could slightly
enhance the viability and germination rate of those seeds (Kubota et al., 2012). This
is the same results for our research as well. When alfalfa, mung bean, radish, red
clover seeds had a lower water activity, seeds were more thermally resistant and had
a higher germination yield. The detailed results will be fully illustrated in Chapter 3.
Because water activity can affect both Salmonella inactivation efficiency and
germination yield rate, it is very important to precisely control the water activity to
reach the balanced point. Since dry heat treatment method was also involved in this
research, it was also very important to control the treatment temperature to a certain
level. In our study, it was demonstrated that when water activity was kept in the
range of 0.1-0.2 and treatment temperatures were kept at 71.0°C or 76.6°C, this
optimal balanced point can be reached on alfalfa and mung bean seeds.

The goal of this research is to discover and develop a novel treatment method
to successfully inactivate Salmonella inoculated on alfalfa, mung bean, radish, and
red clover seeds, as well as maintain the seeds’ viability and germination yield rate
after treatment. The target we set for this research was to achieve >5 log reduction of
Salmonella while minimizing the loss of sprout yield. In general, our research results
showed that if water activity, treatment temperature, treatment time were properly
controlled, this dry heat treatment method was very effective in Salmonella

inactivation and maintaining seeds’ viability. It is a very promising food processing



technology and could be a potential superior alternative to the traditional chemical

wash treatment method for the sprout industry.

1.4 Innovation and Application

Results from this study clearly demonstrated that alfalfa and mung bean seeds
responded well to the dry heat treatment. Both 5-log reductions of Salmonella and
over 90% of the yield ratio were achieved after the dry heat treatment with the proper
control parameters. Although radish and red clover seeds showed a less ideal result
than the other two types of seeds, the overall results are still considered superior to
the results from chemical wash treatment.

The most innovative part in this project is that water activity parameter is
taken into consideration while using the dry heat treatment to treat seeds before
sprouting. Although there are many literatures studied on the correlations between
water activity and Salmonella inactivation on seeds, there are not too many studies
that determined the correlation between water activity and seed germination.

The dry heat processing technology has a very broad and promising
application prospect and can be applied as a critical control point for microbial safety
in sprouts production. It is also environmental-friendly and cost-effective. Compared
with traditional chemical cleaning methods, dry heat processing can effectively
inactivate food-borne pathogenic bacteria without a negative effect or with only a
minor negative effect on germination and growth of heat-treated seeds. In addition,
the technology does not leave any chemical residues on the surface of the seeds, thus
has no safety or quality impact on food for human consumption. Compared to some

non-thermal food processing technology, the required processing equipment for dry
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heat treatment is simple and low cost. The dry heat treatment processing method
developed in this study could be easily scaled up for large scale decontamination of

seeds.
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Chapter 2

LITERATURE REVIEW

2.1 Origin of Artificial Sprouts Cultivation and Sprouts’ Purpose

Human consumption of sprouts has a very long history. Soybean (Glycine
max) is believed to have one of the longest histories of human domestication.
Soybean sprouts were recorded in ancient Chinese medical and agriculture book
called “Shennong Bencaojing” (Huang et al., 2008). Soybean sprouts were first used
for medical purpose and later ancient Chinese found their cuisine purpose and
developed them into a very important food in China, and also spread them to other
east Asian countries. The earliest document that records soybean sprouts as food
appeared in Shanjia Qinggong [Basic Needs for Rustic Living], by Lin Hong in the
Song Dynasty (year of 1127-1279) (Shurtleff and Aoyagi, 2016). It is clear from the
document that soybean sprout was a very important daily food for the Chinese one
thousand years ago. Soybean sprouts and other sprouts are believed to be brought
into the United States by Chinese immigrants during 1930s. Some small firms in
Chinatown in New York City were growing soybean into soybean sprouts and served
local restaurants and markets (Trelease and Trelease, 1943). The first formal
production of soybean sprouts in the United States was done by a Japanese company,
Yuta Moyashi Seizo-sho (Utah Beans Sprout Co.) in Salt Lake City, Utah in 1952
(Shurtleff and Aoyagi, 2016). In the United States and Europe, soybean sprouts are
growing in a rapid speed as a food type because Asian immigrant community cuisine

habits influence the local cuisine habits as well.
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Besides soybean sprouts, there are also other kinds of seed sprouts consumed
widely around the world. Alfalfa (Medicago sativa) has the largest production among
all sprouts in the United States nowadays. Alfalfa is believed to originate in south-
central Asia and was first cultivated in ancient Iran (Oakley and Westover, 1922).
Then throughout time, this type of seeds was introduced to Europe. According to
Pliny, alfalfa was brought into Greece by Persian soldiers around 490 BC when the
Persians invaded Greek territory (Stronk, 2019). Alfalfa sprouts were widely used for
human food and horse fodder in Europe for two thousand years. In the 16th century,
Spanish colonizers introduced alfalfa to the Americas as fodder for their horses
(Bilello,2016). At first alfalfa was not produced in the United States, but only limited
to the South America. Alfalfa seeds were imported to California from Chile in the
1850s, and that was the first time when alfalfa seeds were introduced and spread
across the United States. Currently it is considered as the sprout type that is
consumed the most in the United States. According to the data of the world total
production of alfalfa in 2009, North America produced 41% (11.9 million hectares;
29 million acres), Europe 25% (7.12 million hectares; 17.6 million acres), and South
America 23% (7 million hectares; 17 million acres) (Cash 2009). Both America and
Europe share a big amount of alfalfa production, and North America has the most
production according to the data.

Mung bean (Vigna radiata) sprouts have been consumed and planted for
culinary purposes in China for over 2000 years. Mung bean is believed in Chinese
culture to eliminate acne during hot and humid seasons. In the book Ben Cao Qiu

Zhen, mung bean is documented to have the merit in regulation of gastrointestinal

15



upset and moisturizing the skin (Min, 2001). Seeds and sprouts of mung beans are
also widely consumed as fresh salad vegetable or common cuisine in India,
Bangladesh, Southeast Asia, and western countries (Fery, 1990). Similar to soybean
sprouts, mung bean sprouts became popular in the United States because of the Asian
immigrants.

Radish (Raphanus raphanistrum subsp. sativus) is commonly distributed in
the wild all over the world and is believed to have been firstly domesticated in Asia.
However, no apparent archaeological evidence showed the exact place of origin for
its artificial cultivation and early history (Zohary and Hopf, 2000). Some genetic
evidence has located the initial origin of Raphanus sativus in Southeast Asia, where
the truly wildtype was firstly formed. India, central China, and Central Asia seem to
be the secondary centers where differing forms of radish were developed (Glaubrecht
and Kohler, 2004). Radish was first recorded historically in the third century BC.
Greek and Roman agriculturalists gave some definition of radish of different types
according to their sizes and shapes. Radish is considered as the first type of European
crop introduced into the Americas (Panetsos and Baker, 1967). Radish is commonly
consumed and used for cuisine in China, Japan, and European countries.

Red clover (Trifolium pratense) is native to Europe, Western Asia, and
northwest Africa, but it has been planted in other continents, like North and South
America (Jones, 2020). The red clover was introduced and planted in Argentina and
Chile over 100 years ago, although it is not yet known how exactly it was introduced
(Rosso and Pagano, 2005). Red clover is widely used as fodder, ornamental plant,

raw material for essential oil extract, and edible food. Because of red clover’s high
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economic value, it is a pillar crop in Chile (Arretz and Macfarlane,1986). Red clover
has medical attributes as well. It is used in traditional Indian medicine as

antispasmodic, expectorant, sedative, anti-inflammatory agent (Khare, 2008). Due to
the medical and health benefits, red clover can be consumed as a functional food and

some related food products are produced mainly in South America.

2.2 Structure and Germination of Seed and Sprouting

Sprouting is a process whereby seeds germinate and form a root from the
inner parts of the seeds, then stem and leaves are formed. Because all sprouting seeds
have a similar sprouting process, alfalfa seeds are used as an illustration. Alfalfa is a
dicotyledonous plant. Usually, the outside coat of an alfalfa seed has a yellow to
olive green color. Looking into the detailed structure of alfalfa seed, it is called a
dicotyledonous plant because it contains mainly two parts: cotyledon and radicle
(primary root). Cotyledon is a significant part of the embryo within the seed of a
plant, and it stores the necessary nutrient for plant anabolism process during seeds’
germination and growth (Kawashima and Goldberg, 2010). As shown Figure 2.1, the
radicle part is in the lower part of the seed. The radicle develops into the root of
alfalfa sprouts and absorbs essential nutrients and water for the seeds’ growth needs.
When the radicle part is big enough and forms an actual part of the root, it will
penetrate the len (weak point) on the seed coat (Meyer, 1999). Hilum is a scar tissue
left on a seed coat by the former attachment to the ovary wall of the seed pod,
usually known as “eye” of seeds. (Undersander, et al., 1997) The hilum is usually
less smooth than other parts on the seed coat and some studies have found that the

hilum is the hiding site of most of the bacteria cells on seeds. Fu et al. (2022) found
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that after inoculation with Listeria monocytogenes or Salmonella enterica serovar
Typhimurium, the bacteria load on the hilum of alfalfa seeds was higher than that of
other parts of the seed coat. Micropyle is a remnant of the tiny opening, and this part

grew during the process of fertilizing the female ovary (Meyer, 1999).

Seed Coat

Hilum

Cotyledon Radicle

Lens

Epicotyl

Hypocotyl

Figure 2.1 Alfalfa seed structure

During the germination stage, seeds show different forms in different stages.
Seeds can either be planted in soil or water. Sprouts are usually developed into their
immature form and then harvested for food purposes 3-8 days after seed gemination
(DeEll, 2014). Figure 2.2 shows the time course of alfalfa seed sprouting from day 0
to day 8. The picture was taken using alfalfa seeds from room temperature storage
and we usually harvested seeds at the eighth day after germination in our study.
Usually during the first 1-3 days of sprouting, the radicle penetrates the seed coat and

grows towards the water source. In our research, those seeds with heat treatment
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usually have a slower germination process than untreated seeds. It took longer for the
radicle part to penetrate the seed coat, indicating that dry heat treatment can indeed
hurt the seeds. After the seeds germinate, the stem of the cotyledons grows longer.
Usually on days 5-8, leaves are formed, and the intact sprouts are formed and could

be harvested.

)\ > \ k\ \ ¢

\
\

Unsoaked Soaked Day1 Day2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8

Water Uptake & Leaves & Main Stem
Radicle Formation Development

Figure 2.2 Sprouting stages of alfalfa in different days

2.3 Nutrition and Health Benefits of Eating Sprouts

Sprouts are considered as a very healthy food. During the sprouting process
when seeds are transformed into sprouts, macronutrients are broken down into more
digestible micronutrients (Pefias, 2008). Macronutrient contents are broken down
into amino acids, polyunsaturated fatty acids, dietary fiber, and vitamins during
sprouting period (Hou et al., 2019). During soaking and sprouting of seeds, cereal
grains’ stored protein content is broken down into albumins, globulins, and amino

acid lysine during sprouting, which can increase the quality of cereal proteins
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(Chavan et al., 1989). Alfalfa sprouts after freeze-drying contain 49.6% protein,
33.6% carbohydrate, 2.6% fats, 10.5% water, and 3.7% ash (Hong et al., 2009). This
content analysis shows that sprouts contain a very high ratio of protein and
carbohydrate content, which is very beneficial to human health.

On the other hand, the sprouting process can also produce other specific
healthy organic compounds. It is proven that it can reduce the content of several anti-
nutritional components such trypsin inhibitors and phytic acid which are originally
present in seeds and often associated with digestion problems (Doblado, 2007). The
sprouting process can also produce some digestion-aiding enzymes (Ghani, 2016).
Sprouts contain a higher number of bioactive compounds than seeds, which can

scavenge free radicals in human body (Hochstein and Atallah, 1988).

2.4 Industrial Sprouting Process and Sanitation Procedure

The usual industrial sprouting process includes several steps: harvesting
seeds, packing into larger seed bags, seed storage, prewashing with clean water to
remove dust, soaking with 20,000 ppm calcium hypochlorite to sanitize seeds for 15
minutes, rinsing seeds with water for serval times, growing seeds in trays, buckets or
rotating drums, allowing some air circulation during sprouting, harvesting, weighing,
and packaging (11T, 2022). Some seed types like alfalfa, red clover, and radish are
grown with light access to allow the chloroplasts to produce chlorophyll, while mung
bean and soybean seeds are usually grown industrially in a dark environment (Fett,
2005). In the germination results of this research, when mung bean seeds were grown
with light access, the seeds’ color usually turns into red and the leave color is green,

which is different from mung bean sprouts consumed in the market.
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To make sure the manufacture process is safe and clean, GMP is strictly
followed during industrial sprouting. When seeds bags are received by sprouting
factories, bags should be visually inspected to make sure the bags have no evidence
of contamination such as insects, water stain or bird droppings. Before entering the
facility, workers must wear proper personal protective equipment and wash hands
before each operation. Sanitation and hygiene procedures are done on the working
surfaces and especially on the equipment. The routine cleaning of sprouting
equipment should be performed after each batch of sprouting, including physical
rubbing and agitation, washing with soap or detergent, and followed by rinsing with

flowing water (11T, 2009).

2.5 Sprout Production and Consumption in the US and the World

Because of all the health and economic benefits and culinary usage of sprouts
described above, sprout is a major food source in many countries in the world.
Different kinds of sprouts are consumed in different amounts in different regions and
countries. Alfalfa, mung bean, radish, and red clover are four types of sprouts that
are commonly consumed by most of the countries. The detailed production amount

by major countries in the world will be illustrated in this section.

2.5.1 Alfalfa

During the early 2000s, alfalfa was the most cultivated forage legume in the
world, of which the total world annual production was 436 million tons in 2006
(Reddy et al., 2014). The data of the world total production of alfalfa in 2009 is that:

North America produced 41% (11.9 million hectares), Europe 25% (7.12 million
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hectares), South America 23% (7 million hectares), Asia 8% (2.23 million hectares),
and Africa & Oceania produced the remainder (Cash 2009). Among all the sprouts,
alfalfa sprouts are the most consumed in the United States. Several other countries
also have large farmlands to grow alfalfa. The top largest production area is found in
Argentina (6.9 million hectares), Canada (2 million hectares), Russia (1.8 million
hectares), Italy (1.3 million hectares), and China (1.3 million hectares) (Cash 2009).
In 2009, the United States was the largest alfalfa producer in the world by
area, with 9 million hectares (22 million acres) (Cash 2009). It is estimated that 80
million pounds of alfalfa are produced annually in the United States, although most
alfalfa is used for animal fodder (Mueller, 2008). In the United States in 2012, the
top three alfalfa-growing states were California, Idaho, and Montana (USDA, 2013).
The most recent alfalfa production in the United States in 2021 was estimated
at 49.2 million tons, a decrease by 7 percent from the 2020 total. Harvested area, at
15.2 million acres, was 6 percent lower than in 2020. Average yield was estimated at
3.23 tons per acre, decreasing 0.04 ton from 2020, and the top three production states
were Idaho, California, Nebraska (USDA, 2022). The harvested area reduction from
2009 to 2021 is possibly due to the disruption of economy and supply chain after the

COVID-19 pandemic.

2.5.2 Mung Bean

Mung bean sprouts are usually the most consumed sprouts around the world.
The global mung bean planting area was about 7.3 million hectare and global output
was about 5.3 million tons from 2015 to 2017, India and Myanmar each supplied

about 30%, China 16%, and Indonesia 5% (World Vegetable Center, 2016). China
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produces 200,000 tons of mung bean and soybean sprouts each year (Kang, 2011).
Japan produces 1,200-1,300 tons of bean sprouts per day (BSGAJ, 2011).

About 10% of the United States’ population consume sprouts regularly (Sikin
et al., 2013). Due to the Asian American community, mung bean sprouts are
commonly served in Asian restaurants and Asian markets in the United States. It is
reported that there are 15-20 million pounds of mung bean consumed in the United
States each year and most of them are consumed in the form of sprouts, three fourth

of which are imported from other countries (Small, 2009).

2.5.3 Radish

The domestication and human selection of preferred types of radishes have
led to significant variations in their size, color and taste (Yang, 2022). Among those
different varieties, small-rooted radishes are grown in temperate zones and harvested
throughout the year (Crisp 1995), while large-rooted radishes such as Chinese
radishes are predominant in East and Southeast Asia (Schippers 2004). Radish roots
production is estimated to be 7 million tons per year worldwide, accounting for 2%
of the total world production of vegetables (Schippers 2004). In China, Japan and
Korea, and Yemen, radish is considered as a very importance vegetable category

(Schippers 2004).

2.5.4 Red Clover
Red clover is an important forage crop in temperate zones of the world,
especially in America and Europe (Steiner and Alderman, 2003). Red clover is

grown throughout the northeastern United States for forage purposes and is mainly
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used for soil improvement (PSU, 1993). In Canada, the production of red clover seed
averages about 3 million kg annually, with the farming land of 90,000 acres,
although in 1970, output was more than 6 million kg. Most of the red clover
produced in Canada are exported to the United States, where red clover is primarily
used as a top dressing for winter wheat for plough-down purposes (PRFSA, 2022). In
Chile, red clover is a very important resource for animal forage and the seed
industry, representing almost 15% of the sown pastures and 60% of the forage seed

exports (Ortega et al., 2014).

2.6 Microbiological Safety Issues of Sprouts

Sprouts used for commercial human consumption is often associated with
food-borne pathogens, including Salmonella and toxic forms of Escherichia coli
(Tournas, 2005), and such outbreaks caused by microbiological bacteria are so
frequent in the United States that the investigators even call them "sproutbreaks"
(Neuman, 2011). It is estimated that from 1996 to 2016 in the United States, 48 food-
borne outbreaks associated with sprouts were reported, resulting in 2499 cases, 179
hospitalizations, and 3 deaths. Among these cases, alfalfa sprouts accounted for 30
cases, followed by 7 cases of clover, and 6 cases of mung bean. In terms of
pathogenic bacteria causing these cases, Salmonella accounted for most of the
outbreak cases (34 cases), followed by Escherichia coli (12 cases) and Listeria (2
cases) (Gensheimer and Gubernot, 2016).

Salmonella and E. coli can be introduced through irrigation system, harvesting

process, or improper package operations. During the seeds’ sprouting process, the

warm, humid, and high nutrient environment creates an ideal environment for
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microbial growth. It is estimated that a single surviving bacterium in a kilogram of
seeds is enough to contaminate a whole batch of sprouts (Neuman, 2011). Some
researchers found that the microbial population of sprouts are often 2-3 log higher
than that of seeds (Feng, 1997). When contaminated sprouts are packaged and sold in
the market, people consume those contaminated sprouts with the high microbial load

and easily get sick, especially when sprouts are eaten raw without heat treatment.

2.7 Contamination Sources and Pathways

Through seeds’ growth on the farm and all stages of product handling from
harvest to the point of sale, the food product may be contaminated with pathogens
(Beuchat, 1996). In this case, seeds and sprouts are the contamination object for
harmful pathogens. During seeds’ growth, pathogenic bacteria could inhabit and
contaminate seeds through contaminated soil and irrigation water, wild animals and
birds, and dirty farming equipment (James, 2006). During harvest, farm tools,
utensils, and packaging materials could possibly contaminate seeds. Worker’ health
and hygiene are also important. Unsanitary operation or seed contact surfaces could
possibly cause contamination. In addition, transportation and distribution practices
could affect product quality and safety (James, 2006). When it comes to seeds’
sprouting, the initial microbial load is even more important for seeds’ microbial
safety, because sprouting is a perfect environment for microbial growth. If there are
some initial contaminations on seeds, bacteria populations can increase to a very
high-level during seeds’ sprouting and cause food safety issues. Many
epidemiological investigations showed that seed contamination is the main reason for

sprout related outbreaks (Puohiniemi et al.,1997). As a result, it is very important and
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urgent to detect harmful bacteria initially on seeds and use effective seed
decontamination methods.

However, the usual bacteria loads on seeds before sprouting are very low and
unevenly distributed, which makes the early detection of pathogens very difficult
(Cui et al., 2017). Seeds are usually produced in a very large quantity, therefore the
detection and isolation of a small quantity of defect seeds cannot represent the whole
batch of seeds and some contaminated seeds can still go into the sprouting process.
During the sprouting process, high nutrition, warm temperature, and high humidity
environment are providing the ideal growth condition for pathogenic bacteria.
Bacteria population on the seeds will multiply quickly to a significant high level
during sprouts’ germination and growth. It is reported that a 24-hour sprout growth
period could result in a 4-log increase of Salmonella enterica (Howard and
Hutcheson, 2002), and a 48-hour sprout growth could result in the population of
some strains of Salmonella enterica to reach as high as 108-107 CFU/g (Taormina et
al., 1999). Fett (2005) found out that sprout growth under at 20-30°C could increase
E.coli and Salmonella population by 4 log.

Besides fast bacteria multiplication, bacteria attachment to seeds and sprouts
is another reason that causes food safety issues. Fu et al. (2022) found that Listeria
monocytogenes or Salmonella enterica serovar Typhimurium tended to present on
alfalfa seeds’ hilum than on other parts of the seed coat. Both Salmonella enterica
and Escherichia coli O157:H7 could adhere and grow on alfalfa sprouts, but the
growth on and adherence to sprouts were different between Salmonella enterica and

Escherichia coli O157:H7 (Barak, 2002). Escherichia coli O157:H7 tended to adhere
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to the radicle part of sprouts, while Salmonella enterica tended to attach to the
broken edges of the seed coat, and large Salmonella aggregates were observed after
48 hours of sprouting (Charkowski et al., 2002). When the root part was submerged
in E. coli O157:H7-contaminated water during sprouting, E. coli 0157:H7 was found
present in all edible parts of radish sprouts (Hara-Kudo, 1997). When radish seeds
were inoculated with E. coli O157:H7 initially and then grown into sprouts, E. coli
0157:H7 was detected on outer and in inner tissues of radish sprouts (Itoh, 1998).
Fett (2000) found that E. coli and Salmonella were able to form biofilms during
multiplication on sprouts and those biofilms were detected after 48-hour growth.
Strong attachment, fast multiplication, and biofilm formation make seed
decontamination processes very difficult and cause those food safety issues related to

sprouts.

2.8 Sprouts’ Associated Foodborne IlInesses
Bacteria contamination is often considered as the major cause of sprouts’

associated food borne illnesses. The earliest sprout related illness documented was in
1973 from home sprouting kits with soybean, cress and mustard that were
contaminated with Bacillus cereus (Taormina et al., 1999). There are two sprout
related food-borne outbreak cases that cause the widest range of people to get sick,
and they took place in Japan in 1996 and in Germany in 2011.

The case that happened in Osaka, Japan, was caused by elementary school
students’ lunch box containing white radish sprouts contaminated with E. coli
0157:H7, resulting in a massive food poisoning outbreak with 6,000 people affected,

398 people hospitalized and 12 deaths (Michino et al., 1999). The following
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investigation suspected that white radish sprouts in lunch boxes supplied by a single
local farm got contaminated with E. coli O157:H7 during sprout growth on the farm
(Imamura et al., 2007). Radish sprouts were not cooked and were eaten raw and
young school children didn’t have a very strong immune system, which could cause
this massive food-borne outbreak (Michino et al., 1999).

The case that initially happened in Germany in 2011 was caused by
contaminated fenugreek sprouts (grown from seed from Egypt) and the bacteria
strain was identified as E. coli 0104:H4 (Beutin and Martin, 2012). The outbreak
caused about 4,000 sicknesses, 852 of whom developed Hemolytic Uremic
Syndrome (HUS) and 54 deaths (Soon et al., 2013). Many related cases were also
reported in several countries including Switzerland, Poland, the Netherlands,
Sweden, Denmark, the UK, Canada, and the USA (Bilinski et al., 2012). Most of the
illness was characterized by bloody diarrhea and hemolytic-uremic syndrome (Soon
et al., 2013). Hemolytic—uremic syndrome (HUS) is a group of blood disorders
characterized by low red blood cells, acute kidney failure, and low platelets, and
patients need urgent treatment when developing HUS (Cody and Dixon, 2019). E.
coli 0104:H4 was first identified and sequenced in this serious outbreak and this E.
coli strain is classified as a virulent hybrid type of both enterohemorrhagic E. coli
(EHEC) and enteroaggregative E. coli (EAEC) (Prager et al., 2014). E. coli 0104:H4
strain can produce Shiga toxin 2 (stx2), which often shows aggregative adherence to
intestinal epithelial cells (Bielaszewska et al., 2011).

While E. coli caused two outbreak cases which involved most of the

sicknesses, Salmonella-related sprout food-borne outbreaks are more frequent in the
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United States and the world. According to FDA investigations, from 1996 to 2016,
48 food-borne outbreaks associated with sprouts were reported in the US, resulting in
2499 cases, 179 hospitalizations, and 3 deaths. Among these cases, Salmonella
accounted for most of the outbreak cases (34 cases), followed by Escherichia coli
(12 cases) and Listeria (2 cases) (Gensheimer and Gubernot, 2016). This is a part of
the reason in our research, we chose Salmonella as our research model. Because
Salmonella is the major cause of sprout associated food-borne outbreaks.

Besides Salmonella and E. coli as the two major causes of sprout associated
outbreaks, other pathogens such as Listeria monocytogenes and Yersinia
enterocolitica also caused a portion of outbreak cases (Sivapalasingam et al., 2004).
Other pathogens, including Aeromonas hydrophila, Aeromonas caviae,
Staphylococcus aureus, and Klebsiella pneumoniae, were also isolated and detected
from sprouts, although they were not considered as the microbial causes in outbreak

cases (Callister and Agger, 1987; Robertson et al., 2002).

2.9 Salmonella spp.

2.9.1 General Characteristics of Salmonella spp.

Salmonella is non-spore forming, facultative anaerobic, motile, gram-
negative, rod shape bacilli with 1-2 pm in length and 0.35-0.6 um in width (Smith et
al., 2021). Salmonella enterica and Salmonella bongori comprise 2 species in the
genus Salmonella, and there are over 2,500 serovars in total (Fookes et al., 2011).

Salmonella serotypes that are commonly linked to food-borne diseases

include Enteritidis, Newport, Stanley, and Typhimurium (Thung et al., 2018).
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Salmonella is also notorious for its ability to survive in dry environments and can
survive for years in dry environments or foods (Mandal and Kwon, 2017).
Salmonella cannot be destroyed by freezing, but UV light and heat can inactivate
them (Beuchat and Heaton, 1975). They will die after being heated at 55 °C (131 °F)
for 90 min, or at 60 °C (140 °F) for 12 min (Goodfellow and Brown, 1978).
Therefore, it is recommended by the USDA that heating food to an internal
temperature of 76.6 °C (167 °F) is sufficient to inactivate Salmonella in food

(USDA, 2022).

2.9.2 Pathogenesis of Salmonella spp.

Worldwide, it is estimated that the incidence rate for Salmonella infections
was 1140 per 100,000 person-years in 2010 and 93.8 million cases of gastroenteritis
were due to Salmonella infections The estimated number of deaths due to Salmonella
infection was approximately 155,000 (Majowicz et al., 2010). In the United States,
the Centers for Disease Control and Prevention (CDC) estimated that Salmonella
causes about 1.35 million illnesses, 26,500 hospitalizations, and 420 deaths every
year. The more susceptible groups to salmonellosis are children, pregnant women,
elderly people, and those with deficient immune systems (CDC, 2022).

The usual time for symptoms to show is 6 hours to 6 days after infection and
symptoms will last 4-7 days. Most people with a Salmonella infection will have
symptoms of diarrhea (that can be bloody), fever, stomach cramps, and some people
can also have nausea, vomiting, or a headache (CDC, 2022).

Salmonella serotypes can be divided into two major groups: typhoidal and

nontyphoidal. For non-typhoidal salmonellosis, the infectious dose is approximately
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103 cells, while for enteric fever, the infectious dose is about 10° cells (Bronze and
Greenfield, 2005). Due to the growth difference under different pHs, the infectious
dose may also be dependent on a patient’s stomach acidity (Bronze and Greenfield,
2005). When ingested, Salmonella can invade different cell types, including
epithelial cells, M cells, macrophages, and dendritic cells (LaRock et al., 2015). Most
of the Salmonella cells target the intestine epithelium cells. Salmonella pathogenicity
islands (SPI) encode injecting effectors into the cytoplasm (Eng et al., 2015). SPIy is
responsible for the initial infection, while SP1> accounts for the later spread to and
infection of organs (Alghoribi et al., 2019). Salmonella can also attack macrophages
and dendritic cells, which is usually associated with the death of host cells, causing
chronic colonization, local inflammation, and fevers in patients (Fink and Cookson,

2007).

2.10 Government Regulations and Guidelines

Due to the large number of outbreak cases related to sprouts and the wide
populations involved, government implemented some regulations and guidelines to
improve food safety for sprouts. The National Advisory Committee on
Microbiological Criteria for Foods (NACMCEF) released guidelines for microbial
safety improvements, which include the education of seed growers and producers,
good agricultural practices (GAPS), the use of one or more decontamination
treatments, the development of food safety systems including a Hazard Analysis and
Critical Control Point (HACCP) plan, and additional research in all categories of
sprout production (NACMCF, 1999). In the same year, the Food and Drug

Administration (FDA) also released two industrial guidance recommendations for
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sprouts: 1) sprout growth with treatment, storage/handling and pathogen testing; 2)
pathogen detection from irrigation systems used for seeds (FDA, 1999a, b). In the
first FDA document, FDA recommended decontaminating seeds with a 20,000 ppm
hypochlorite wash, which is a frequently used treatment method by the sprouts
industry. In the second document, E. coli and Salmonella were recommended to be
tested for in both sprouts and irrigation water, because these two types of bacteria
caused most of the sprout related food-borne outbreaks and needed a closer attention
than other pathogens.

Initiated in September 2011, the U.S. Food and Drug Administration, in
cooperation with the Illinois Institute of Technology’s Institute for Food Safety and
Health (11T IFSH) created the Sprout Safety Alliance (SSA) to help sprout producers
identify and implement best practices in the safe production of sprouts (FDA, 2018).
All the sanitation procedures, good agricultural practices, and good manufacture
practices during seed cultivation, harvesting, transportation, storage, pre-treatment,
sprouting, packaging, and distribution were listed and described by the SSA, to help
improve the microbial safety for sprouts during the whole process. There are also
online and in-person safety training courses available from SSA for producers to
have better safety practices during sprout productions (11T, 2022). In 2017, FDA
released a “Guidance for Industry: Sprouts” recommendation paper, that provides
detailed guidelines from growing the seeds to the consumer’s end. All the personnel
training and equipment sanitation involved during the whole process are fully
described in this guidance (FDA, 2017). This guidance withdrew the previous

recommended 20,000 ppm hypochlorite wash, because this method is proven to be
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ineffective to decontaminate pathogens on seeds, which is also proven by our
research as it also only reached a 1-2 log reduction of Salmonella on alfalfa, mung
bean, radish, and red clover seeds. The new guidance paper also recommends using
physical treatments or combination treatments to reach a higher log reduction on
pathogens. It is recommended by FDA to use some new decontamination methods to
reach a 5-log reduction in microbial inactivation.

In the United States, the Code of Federal Regulations (CFR) states that
sprouts must be grown inside sealed buildings to prevent environment contamination
sources (Food and Drugs, 2022a). Seed growers must establish sampling procedures
to test spent water or sprouts for these two major pathogens, E. coli and Salmonella,
as well as testing for the growth or survival of Listeria species, specifically Listeria
monocytogenes (Food and Drugs, 2022b). Verifying documentation that the seeds
have been treated in at least one FDA approved way, either from the supplier or
grower is mandatory (Food and Drugs, 2022c). A written environmental monitoring
plan, and written sampling plan are also mandatory for each batch, and sample
frequency should be no less than once a month (FDA, 2022d, €). In addition, the
FDA requires that one supervisor or responsible party who has received food safety
training from the Sprout Safety Alliance or an equal level must be present during
sprout production.

In the European Union, to prevent the sprout outbreaks similar to the 2011
Germany EHEC epidemic, the European Commission issued three new, tighter
regulations: 1) Regulation (EU) No 208/2013 requires that the origins of seeds must

always be traceable at all stages of processing, production, and distribution.
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Therefore, a full description of the seeds or sprouts needs to be kept on record
(European Commission, 2013a). 2) Regulation (EU) No 209/2013 amends
Regulation (EC) No 2073/2005 in respect to microbiological criteria for sprouts and
the sampling rules for poultry carcasses and fresh poultry meat (European
Commission, 2013b). 3) Regulation (EU) No 211/2013 requires that imported
sprouts and seeds intended to produce sprouts have a certificate, drawn up in
accordance with the model certificate in the Annex of the regulation, that serves as
proof that the production process complies with the general hygiene provisions in
Part A of Annex | to Regulation (EC) No 852/2004 and the traceability requirements

of Implementing Regulation (EU) No 208/2013 (European Commission, 2013c).

2.11 Decontamination Methods

Because there are so many food-borne outbreaks related to sprout, many
researchers are seeking new decontamination methods to eliminate pathogens on
sprouts. Chemical treatments were frequently used in the sprout industry for many
years. FDA used to recommend the use of 20,000 ppm calcium hypochlorite to pre-
wash seeds for 15 minutes before sprouting to reduce the contamination risks for
bacteria on seeds and sprouts (Ding et al., 2013). But this method can only reach 1-2
log reductions on bacteria population and still cause food-borne outbreaks even from
those chemically washed seeds. It is urgent to come up with some new
decontamination methods for the sprout industry. The new method should be more
effective in bacteria inactivation to reduce the microbiological risks in sprouts. On

the other hand, the new treatment method should also maintain seeds’ viability and
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germination. For economic reasons, the building cost of processing equipment
should be reasonable for manufactures to use.

In this section, different treatment methods developed by different
researchers for seeds and sprouts are listed and reviewed. Some of the methods
achieved very good results on bacteria inactivation. However, when it comes to
germination results, most of the researchers only studied seed germination rates after
treatment. While germination rate is a very important factor in such studies, it is not a
practical factor for the industry to follow because germination rate can only indicate
the number of seeds germinated. This factor cannot indicate how healthy sprouts can
grow after treatment. In our study, we tested dry heat treatment and, in some cases,
although the germination rates were 100% compared to untreated control, seeds grew
not as healthy as those from the untreated control and the actual height and yield
weight of sprouts were much lower. That’s why in our study, we used germination

yield ratio to examine the post treatment effects on seed germination and viability.

2.11.1 Chemical Treatments

Chemical treatments are frequently used in the sprout industry and this
method is well studied by many researchers as well. FDA used to recommend use
20,000 ppm calcium hypochlorite to pre-wash seeds for 15-20 minutes before
sprouting to reduce the contamination risks for bacteria on seeds and sprouts (Ding et
al., 2013; Brooks et al., 2001). However, many studies showed that this treatment can
only reach a 2-log reduction and some manufactures that used this method for
treating seeds were still ending up causing outbreaks related to E. coli or Salmonella

(Proctor et al., 2001). The reason for outbreaks after chemical treatment is that
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chemicals can only reach the surface of the seeds, and the bacterial cells hidden
deeply inside the seeds’ inner holes and caracks cannot be inactivated. In Wisconsin,
in 1999, one food-borne outbreak related to alfalfa sprouts was caused by the fact
that Salmonella cells were not completely decontaminated on seeds by hypochlorite
wash, and the remaining bacteria cells proliferated in the subsequent growth of
sprouts, causing food-borne diseases after being consumed (Proctor et al., 2001).
Another reason for difficulties in decontamination with hypochlorite is due to the
formation of biofilms and filaments when Salmonella is under the drought stress
(Finn et al., 2013). Seeds are usually stored under dry conditions, which will
stimulate Salmonella or other pathogens to form biofilms and filaments. Biofilms
and filaments can make Salmonella more resilient to the outside environment and the
matter that surrounds the bacteria can first interact with chlorine and eventually
reduce the effectiveness of chemicals on the bacteria (Estrela et al., 2002).

Acids are also tested by researchers for seed decontamination. When alfalfa
seeds were treated with 8.7% gaseous acetic acid for 1-3 hours, a 4.3-5-log reduction
of E. coli, and a 2.5-5-log reduction of Salmonella was achieved, but the treatment
resulted in a slight decrease in seed germination (Nei et al., 2011). Three percent of
peroxyacetic acid wash for 15 minutes achieved a 1.34-log reduction in Salmonella
Stanley populations, with a slightly negative effect on seed germination so this
method is not commercially unacceptable (Buchholz and Matthews, 2010). Five
percent lactic acid wash for 10 minutes at 42°C was shown to have a 3-log reduction

in E. coli on alfalfa seeds (Lang et al., 2000).
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Other chemicals were also applied to treat seeds and analyzed by different
researchers. Treating alfalfa seeds with gaseous ozone at 25°C for 24 hours achieved
a 1.5-log reduction of Salmonella (Rajkowski and Ashurst, 2009). Mung bean seeds
that were treated with 100 ppm of Oxychloro-Based Sanitizer resulted in a 3.8 and
9.1 log-reduction of Salmonella and E. coli, respectively, with no effects on mung
bean germination (Kumar et al., 2006).

Because of the seeds’ structure and pathogens’ characteristics mentioned
above, it is very hard for chemical treatments to reach FDA recommended 5-log
reduction of pathogens. Only two kinds of chemical treatment methods (gaseous
acetic acid and oxychloro-based sanitizer) mentioned in this section can reach a 5-log
reduction on either E. coli or Salmonella (Nei et al., 2011; Kumar et al., 2006). It was
also shown that chemical compounds can possibly bind to produce after chemical
treatment, which could potentially affect the quality of food product (Pradhan et al.,
2007). In general, chemical wash is not recommended for seed decontamination
treatment because of low efficacy in microbial inactivation and low product quality
post-treatment. In 2017 FDA’s guideline, physical treatment or hurdle technology are

more recommended than chemical treatments as well.

2.11.2 Biological Treatments

In research, biological treatments are also explored to determine if they could
be applied to the sprout industry. The basic principle of biological treatment is to use
other nonpathogenic bacteria to compete with target pathogenic bacteria, so those
pathogenic ones will die from lack of nutrient or bacteriocins produced by other

bacteria strains. Unlike chemical treatment, the advantage of biological treatments is
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that these methods use other microorganism or organic substances, so they won’t
leave residues on sprouts after treatment.

Pseudomonas fluorescens 2-79 was shown to inhibit five serovars of
Salmonella enterica and, when added to the soaking water for alfalfa seeds, a 5-log
reduction was achieved without affecting alfalfa sprout yield or appearance (Fett,
2006). When Pseudomonas jessenii was added to Salmonella inoculated mung bean
seeds, there was a 3-log reduction in Salmonella (Weiss et al., 2007). Mung beans
inoculated with P. jessenii 24 hours prior Salmonella inoculation did not show any
growth of Salmonella (Weiss et al., 2007).

Bacteriocins are defined as bacteria produced small poly peptides that have
antimicrobial effects against other closely or non-closely related bacteria (Cleveland
et al., 2001). Lactic acid bacteria (LAB) produce the majority of bacteriocins that
contain a great variety of microorganisms defined as “generally recognized as safe
(GRAS)” by the FDA. As some of the bacteriocins are commercially applied in food
processing, their application was also explored to applied on sprouts (Gulluceet al.,
2013; Ramu et al., 2015). A colicin produced by E. coli HU194 could reduce E. coli
0157:H7 by 5 log CFU/g after one day of incubation on alfalfa seeds (Nandiwada et
al., 2004). Mundticin synthesized by Enterococcus mundtii, could inactivate 2 log
CFU/g of L. monocytogenes on mung bean sprouts when applied to washing water
before sprouting (Bennik et al., 1999).

Although biological treatments showed good results on the inactivation of
Salmonella and E. coli, the drawback of this treatment type is that the treatment itself

could introduce new bacteria strains on food sample. Even if those stains are not
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considered as food-borne pathogens, other potential effects to the human body

remain unknown and need to be investigated.

2.11.3 Physical Treatments

Physical treatments use different types of physical agents like heat, pressure,
light, or irradiation to treat seeds or sprouts to inactivate bacteria and fulfill the
decontamination requirement. The advantage of physical treatments is that the
treatments themselves don’t leave any foreign chemical or biological residues on
food product. Without greatly affecting the product after treatment, physical
treatments are more recommended by the FDA for the sprout industry, as long as the
decontamination requirement are fulfilled.

Thermal treatment has a very long history of application in food processing,
and the advantage of thermal treatment is that the required equipment is very simple
and low cost. When it comes to thermal treatment, there are two categories: wet heat
and dry heat. Wet heat involves the direct interaction of the heat medium such as
heated water with seeds. Dry heat uses heated air to conduct heat to the seeds. Dry
heat is milder compared to wet heat, so usually dry heat treatment takes longer than
wet heat treatment. Wet heat treatment will be discussed here, while dry heat
treatment will be discussed in Chapter 2.11.5. Mung bean seeds with a thicker
coating can germinate better post wet heat treatment than those with thinner coats
like alfalfa and radish seeds (Suzuki and Takizawa, 1997). This is also proven by our
dry treatment method that mung bean seeds behaved better than alfalfa, radish, and
red clover after treatment. Bari et al. (2008) found that when mung beans were

dipped in 90°C hot water for 90 seconds and chilled for 30 seconds, a 6-log reduction
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and a 5.34-log reduction were achieved for E. coli and Salmonella, respectively.
When treating alfalfa sprouts instead of seeds with a hot water dipping at 100°C for 3
seconds, a full elimination of Salmonella was achieved, though sprouts’ quality after
the treatment remains to be tested (Pao et al., 2008).

Nonthermal physical treatments, including high pressure processing (HPP),
irradiation, supercritical carbon dioxide, and UV light, have also raised a lot of
attentions by researchers. Neetoo et al. (2008) found that using HPP to treat alfalfa
seeds for 2 minutes at 550 MPa/40°C could result in a 5-log reduction of E. coli
0157:H7. Irradiation is another nonthermal physical treatment and treating with 0.5
kGy showed a 4-log reduction of Salmonella population (Rajkowski and Thayer,
2000). Supercritical carbon dioxide used on alfalfa seeds with 27.6 MPa at 50°C for
15 minutes reduced 81.3% of E. coli K12 (Mazzoni et al., 2001). Treating alfalfa
seeds with pulsed ultraviolet light up to 90 s at 8-cm distance from the UV strobe
reduced the population of Escherichia coli 0157:H7 by more than 4 log CFU/g
(Sharma and Demirci, 2003).

Although nonthermal treatment can usually achieve a very high microbial log
reduction and also retain nutrients well after treatment, the drawback of these
treatments is the high cost for building the whole production line, which is
impracticable for most of the food producers. It is estimated that the initial
investment of a whole HPP production line could cost $600,000-$4,000,000 and
building a food irradiation plant could cost millions of dollars as well (FIPA, 2006;
Yamamoto, 2017). If these new nonthermal treatment technologies are applied to

sprouts decontamination, it will create a huge economic burden for sprout producers.
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2.11.4 Hurdle Technology

Sometimes it is also a good approach to combine different treatment methods
listed above into one combined method to increase the overall treatment effects,
which is called hurdle technology in food processing. Hurdle technology is also
widely researched in the seed and sprout processing area.

It is proven that HPP could be enhanced by using some antimicrobial
compounds like hypochlorite and carvacrol on alfalfa or mung bean sprouts, but
potentially could negatively affect the seeds’ germination as well (Pefias et al., 2009).
Millan-Sango et al. (2017) found out that when ultrasound and aqueous chlorine
dioxide were combined to treat alfalfa and mung bean sprouts, the overall log
reduction of E. coli and Salmonella increased than using these two methods alone.
The combined treatment of soaking alfalfa seeds first in water for 60 min and then
treating with HPP at 600 MPa for 2 min at 20 °C were successfully decontaminated
to E. coli and afterwards showed a germination rate of 91% (Neetoo et al., 2009).
Mung bean seeds dipped in hot water at 85°C for 40 seconds followed by dipping in
cold water for 30 seconds then soaking into 2,000 ppm chlorine solution for 2 hours
could decontaminate all inoculated Escherichia coli 0157:H7 and Salmonella
Enteritidis on mung bean seeds, and no pathogens were founded in the following
sprouting process (Bari et al., 2010).

Different combinations of treatment methods could apply to seed
decontamination and currently under research. There is a very high potential for
hurdle technology to enhance the microbial inactivation than just the single treatment

method.
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2.11.5 Dry Heat and Effectiveness Factors

Dry heat treatment is a very good approach for inactivating pathogens,
especially when it comes to seeds. Because seeds are usually oval shaped, some
surface treatment method like UV light cannot reach the deep surface of seeds.
Kwack et al. (2014) showed that under an electron microscope, there were many
cracks and gaps on the surface of seeds, which could possibly provide an ideal hiding
position for bacteria cells. Fu et al. (2022) found that bacteria cells’ distribution on
the hilum of alfalfa seeds was higher than that of other parts of the seed coat after the
inoculation with Listeria monocytogenes or Salmonella enterica serovar
Typhimurium on alfalfa seeds. With such seed structures and strong bacteria
attachment to seeds, surface treatments cannot do very good work in pathogen
inactivation. Dry heat will process the whole seed part because the heat can penetrate
every part of the seed. In previous studies, dry heat treatment also showed a good
inactivation efficiency of Salmonella and Escherichia coli O157:H7 on alfalfa seeds.
With the 55°C dry heat treatment for 6 days, Salmonella and Escherichia coli
0157:H7 were inactivated 2 log and 8 log, respectively, and no significant damage to
seeds viability occurred (Feng et al., 2007). With the proper control of treatment
temperature and time, dry heat can achieve higher log reductions on Salmonella and

shows a promising application.

2.11.5.1 The Relationship between Water Activity and Salmonella Thermal
Resistance
It is a heavily studied phenomenon that with a lower water activity, the heat-

resistance of Salmonella can increase accordingly. Finn et al. (2013) stated that the
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formation of biofilm and filament in Salmonella could explain this heat-resistance
increase due to lower water activity. Some other literatures have already proved this
phenomenon as well, in dried food products such as dried milk powder (Dega et
al.,1972; McDonough and Hargrove,1968; Wei et al., 2020). Wei et al. (2020)
discovered that milk powder under 76.6°C heat treatment, the D-value of Salmonella
can significantly increase as twice as much when aw decreases from 0.3 to 0.2. In our
study, at 71.0°C dry heat treatment, when aw decreased from 0.2 to 0.1, the required
treatment time for a 5-log reduction increased from 60 hours to 140 hours, which was
more than 2 times. The same experimental phenomenon happened for 76.6°C
treatment in our study as well. This is an indication that when seeds are heat treated
under a lower ay environment, Salmonella on seeds are usually more resistant and

the treatment time should be extended to reach the same level of log reduction.
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Chapter 3

MATERIALS AND METHODS

3.1 Alfalfa, Mung Bean, Radish, and Red Clover Seeds Preparation and Storage
Alfalfa (Medicago sativa), mung bean (Vigna radiata), radish (Raphanus
raphanistrum subsp. sativus), and red clover (Trifolium pratense) seeds were
purchased from International Specialty Supply (Cookeville, TN, USA). Seeds were
kept in nylon bags at room temperature (24°C+1) and natural relative humidity (RH)
to mimic general industrial seed storage conditions. The water activity levels of seeds
ranged from 0.3-0.5 (RH30%-50%), depending on different seasons and weather.

Seeds were used for both microbial and germination studies.

3.2 Microbiological Analysis of Dry Heat Treatment on Seeds

3.2.1 Bacteria Strains and Culture Preparation

Four serotypes of Salmonella were used in this study: Salmonella Heidelberg
45955, Salmonella Typhimurium 14028, Salmonella Montevideo 51, Salmonella
Newport H1073. Bacteria strains came from University of Delaware Culture
Collections. All these bacteria strains contain the nalidixic acid resistance mutation,
so they could grow in media containing nalidixic acid and media could select for the
inoculated Salmonella only. One loopful of each of the four original Salmonella
strains was inoculated into 10 ml of tryptic soy broth (Becton, Dickinson and

Company, MD, USA) with 6% yeast extract (HiMedia Laboratories Pvt. Ltd., India)
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and 1mg/10ml nalidixic acid (Fisher Scientific, NH, USA) (TSBYE-N). Each of the
TSBYE+N tubes was incubated at 35°C for 12 hours then streaked on XLT-4 Agar
(Becton, Dickinson and Company, MD, USA) and incubated at 35°C for 24 hours to
verify the inoculums as Salmonella spp. Each inoculum was also streaked on tryptic
soy agar (Becton, Dickinson and Company, MD, USA) with 6% yeast extract
(HiMedia Laboratories Pvt. Ltd., India) and 1mg/10ml nalidixic acid (Fisher
Scientific, NH, USA) (TSAYE-N) and incubated at 35°C for 24 hours, then stored at
4°C for stock cultures (stock cultures could be used for one month, then repeat this

culture preparation step to make new cultures).

3.2.2 Seed Inoculations

Each of the four stocks of Salmonella strains on TSAYE-N Petri dishes was
inoculated into 10 ml of TSBYE-N. One colony was picked from each plate and
transferred to four individual tubes. TSBYE-N tubes were incubated at 35°C for 12
hours, then 1 ml of culture from each TSBYE-N tube was transferred into 4 bottles
with 300 ml TSBYE-N. The 4 bottles were shaken on an orbital shaker at 120 rpm
and incubated at 35°C for 48 hours. The cultures were transferred into 4 centrifuge
bottles. The 4 bottles were centrifuged at 20°C at 4000 RPM for 10 minutes. After
the centrifugation, the bacteria were collected and resuspended in 300 ml of sterile
0.1% peptone water (Becton, Dickinson and Company, MD, USA) to obtain a
cocktail of the strains. The cocktail was mixed with 400 g of alfalfa, mung bean,
radish, or red clover seeds. The mixture was homogenized by constant stirring with a
glass rod for 25 minutes to allow bacteria cells to attach to the seeds. After

homogenization, seeds were placed on a double layer of cheesecloth and dried inside
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a biosafety hood at room temperature for 48 hours. The water activity range was

usually 0.5-0.8 after 48-hour drying.

3.2.3 Water Activity Control

Inoculated seeds were dried and controlled to different water activity levels to
meet the dry heat treatment water activity requirement. Water activity values were
constantly measured by an Aqualab Water Activity Meter (METER Group, Inc.,
WA, USA). Self-build desiccators with fans were used to store the seeds. To reach
different levels of water activity, different saturated salt solutions were used in each
desiccator: potassium carbonate (aw 0.432), magnesium chloride (aw 0.328), and
potassium acetate (aw 0.225). Inoculated seeds were kept in different desiccators to
reach the target aw level. To reach aw 0.2, a constant climate chamber (Memmert,
Germany) was used to keep inoculated seeds and stabilized them at an aw of 0.2. The
lowest level the constant climate chamber could reach was 0.2, so other seeds were
kept in sealed jars with silicon beads to continue to dry them to a lower aw of 0.1 and
0.05. The seeds’ water activity was constantly monitored and when the target aw
level was reached (aw 0.1 or aw 0.05), the silicon beads were removed from the jars

and the jars were completely sealed to maintain the stabilized aw level.

3.2.4 Dry Heat Treatment

Twenty grams of inoculated seeds were placed in a sealed glass tube. Figure
3.1 showed the actual set-up of lab-scale dry heat treatment system, using water bath
as the heat source. Dry hot air was the heat conduction medium in the sealed jar. The

tube was exposed to dry heat at temperatures of 65.9°C, 71.0°C, 76.6°C respectively.
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Seeds were dry heat treated for at most 180 hours (65.9°C) and 160 hours (71.0°C,
76.6°C). Water activity levels of 0.45, 0.35, 0.25, 0.2, 0.1, 0.05 were used for dry
heat treatment, with different treatment temperature and treatment time. Microbial

population density was analyzed before and after the dry heat treatment.

Circulator
Sealed Jar —l D |
/ & ®
Water Bath E .

Water Qﬂot AQ Water Pump

o Water Heater

Seeds in Treatment Lead Ingots Sealed Tube

Figure 3.1 Lab-scale dry heat treatment system

3.2.5 Microbiological Analysis

Before and after the heat treatment, Salmonella inoculated seeds were
collected and mixed with 0.1% peptone water, at a ratio of 1:5 or 1:10 (seeds: total
weight of mixture). The mixture was homogenized in a stomacher for 2 min at 260
rpm (Seward Stomacher, UK). After homogenization, serial dilution was preformed
to the appropriate microbial population load and plated on TSAYE-N plates. The
plates for microbial population calculation before treatment were incubated at 35°C
for 24 hours. The plates for microbial population calculation post treatment were
incubated at 35°C for 48 hours, because Salmonella were likely injured after dry heat

treatment and needed more time to form colonies. Colonies on plates were
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enumerated and CFU/g were calculated to estimate the log reduction of Salmonella
population on alfalfa, mung bean, radish, and red clover seeds, before and after

treatment.

3.3 Germination Analysis of Dry Heat Treatment on Seeds

3.3.1 Water Activity Control and Dry Heat Treatment

Procedures for water activity control and dry heat treatment in this part is
very similar to the procedures used for part 3.2.3 and 3.2.4, except in this
germination study, no Salmonella inoculation was needed. Uninoculated seeds were
directly taken from bags and placed separately in the desiccators (aw 0.45, aw 0.35, aw
0.25), the constant climate chamber (aw 0.2), and sealed jars with silicon beads (aw
0.1 & aw 0.05). Water activity level was precisely controlled to 0.45, 0.35, 0.25, 0.2,
0.1, 0.05. Twenty grams of aw controlled seeds were placed in a sealed glass tube.
The tubes were exposed to dry heat at temperatures of 65.9°C, 71.0°C, 76.6°C,
respectively. Seeds were dry heat treated for at most 180 hours (65.9°C) and 160
hours (71.0°C, 76.6°C). Different treatment temperatures and different treatment
times were used in accord to the parameters used in the microbiological analysis part.

After the heat treatment, tubes were cooled for 1 minute.

3.3.2 Seed Cultivation and Yield Ratio Calculation
After dry heat treatment, seeds were soaked with DI water for 3 hours.
Untreated seeds at the same aw level were also soaked for 3 hours and served as the

control group. Then heat treated and untreated seeds were placed as a single layer on
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seed sprouters. Daily watering was needed, and seeds were grown on the sprouters
for 8 days. After 8 days, the seeds had grown into sprouts and the total weight of the
sprouts was measured. Heat-treated seeds were visually examined to determine if
they formed healthy sprouts. Yield ratios were determined by the following formula:

Weight of heat treated sprouts

YR X 100%

- Weight of untreated sprouts (control)

3.4 Combined Analysis of Microbiological and Germination Studies

Both inactivation and germination studies were conducted separately, but
with the same water activity level, treatment temperatures, and treatment time in
each group. Therefore, under the same condition, both log reduction and yield ratio
results could be compared and analyzed. With the analysis of all the results, the most
optimal dry heat treatment was determined. Salmonella log reduction of 5-log
reduction or higher and the best seeds yield ratio at the same time was considered as
the optimal conditions for alfalfa, mung bean, radish, and red clover seed dry heat
treatments. If only one aspect of both microbial and yield ratio standard could be

fulfilled, then meeting the adequate yield ratio was the first priority.

3.5 Chemical Treatment

FDA used to recommend applying 20,000 ppm concentration of calcium
hypochlorite to wash seeds for 15-20 minutes and this method is frequently used by
the sprout industry (Brooks et al., 2001; Ding et al., 2013). This research project also
conducted studies on Salmonella log reductions and on seed germination using the

actual industry chemical decontamination method procedures. A 20,000-ppm
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chlorine solution was prepared by adding 104.13 g of bleach containing 6.05% (w/w)
sodium hypochlorite into tap water for a final volume of 300 mL. Thirty grams of
inoculated seeds were placed in chlorine solution for 15 or 20 minutes, with frequent
agitation. After the time was over, the seeds were recovered using cheese cloth and
rinsed serval times with tap water. The same viable plate count method described in
section 3.2.5 was used to measure and analyze the population of Salmonella on the
four different seeds before and after the chemical treatment. Then the log reduction
of CFU/g of Salmonella during chlorine wash process was calculated.

Germination studies after the chlorine washes of the uninoculated seeds were
done as well. Chlorine wash procedures were the same as described in section 3.5.
After chlorine wash, washed seeds and unwashed control seeds were soaked with tap
water for 3 hours, then plant seeds on the sprouters. After 8 days’ growth, seeds were
harvested, and germination yield ratio was calculated with the formula in section

3.3.2.

3.6 Temperature Profile Curve

To monitor the correct temperature during the dry heat treatment, temperature
profiles were measured during the treatment. A 2-Channel Thermocouple Datalogger
(Omega Engineering Inc., CT, USA) was used to monitor the temperature, and the
probe was inserted into the seeds. The seeds were put into a glass tube and the tube
was placed into a jar in a water bath. Temperature was monitored every 30 minutes
during the treatment. Temperature profile curves were formed and used as reference

to the 65.9°C, 71.0°C, 76.6°C dry heat treatment temperature groups.
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3.7 Statistical Analysis

All the experimental results were repeated at least three times. Temperature
profile curves were processed and presented in Origin (OriginLab, MA, USA).
Averages and standard deviations were obtained in Excel (Microsoft, WA, USA) and

JMP (SAS Institute, NC, USA).
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Chapter 4

RESULTS AND DISCUSSION

4.1 Temperature Curve
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Figure 4.1 Temperature curve

Here is the temperature curve monitored for three treatment temperature
groups used in this study: 65°C, 70°C, and 75°C. Temperatures was monitored every
5 minutes. Temperature was rapidly increasing in the first hour when seeds were
initially put into the water bath, reaching to 65.3, 70.0, and 75.2°C, respectively. It
took 2 hours for the temperature inside glass tubes to stabilize and stay consistent
during the rest phase of heat treatment. The actual measured temperatures had some
slight deviations from the target range. The actual measured stabilized temperature

values were 65.9°C, 71.0°C, and 76.6°C, respectively.
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4.2 Alfalfa Seeds

4.2.1 Microbial Effect of Dry Heat Treatment

4.2.1.1 Results at 65.9°C

Table 4.1

Effects of dry heat treatment at 65.9°C on the log reduction of Salmonella and the
germination yield ratio of alfalfa seeds at aw of 0.2. Data here represents the average
of 3 replicates + standard deviation

Treatment time Salmonella Germination
(h) log reduction yield ratio (%)
180 5.76+0.33* 84.07+2.49
140 3.82+1.15 93.50+3.32
100 2.41+0.34 98.89+2.85

*: The detection limit of viable plate count was 1 log CFU/g. Data had no colony detection on plates and the final
data was determined by initial log population — 1.

In this group, all the alfalfa seeds were treated by dry heat at 65.9°C and they
were treated when the water activity had stabilized at 0.2+0.01. The treatment
durations were 180, 140, and 100 hours, respectively. Table 4.1 shows the
experimental results of Salmonella inactivation efficiency by dry heat treatment for
different treatment times at 65.9°C. At 65.9°C and aw 0.2, an 180-hour treatment was
needed to reach a 5-log CFU/g reduction of Salmonella as an average of a 5.76 log
reduction was observed. It is predictable that under the same treatment temperature
and water activity, treating seeds with a longer treating time would cause more
Salmonella cells to die and increase the average log reduction. Treating the
inoculated seeds for 180, 140, and 100 hours reached log reductions of 5.76, 3.82,

2.41, respectively.
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In the studies by Beuchat and Scouten (2002) and Feng et al. (2007), 5-log
reduction could be achieved when seeds were dry heat treated at 55°C for 8 days and
6 days, respectively. In our study, we used 65.9°C as the lowest treatment
temperature, and 180 h (7.5 days) was required to have a 5-log reduction. This result
is similar to their research results, although the temperature difference was 10°C. It is
possible that the different Salmonella serotypes used in the different studies differed
in their susceptibility. The water activity differences of the alfalfa seeds used in the
different studies are another possible cause of the differing results, since in our study,
alfalfa seeds were treated with a lower water activity value (aw 0.2). As described in
Chapter 2, Salmonella resistance during dry heat treatment is always associated with
water activity, because drought conditions can stimulate the formation of biofilms
and filaments that protect the bacteria (Finn et al., 2013). Since we treated this group
of seeds under very low water activity, it is possible that Salmonella cells gained
more resistance to heat. Therefore, the treatment time was similar to those of the
other studies that treated alfalfa seeds at 55°C, although the treatment temperature
was 10°C higher in our study.

At a treatment time of 140 hours, the log reduction reached 3.8 and was
reduced by 2 logs, compared to 180-hour treatment. When alfalfa seeds were treated
for 100 hours, the final log reduction reached 2.4. From the 140-hour treatment to the
100-hour treatment, the log reduction decreased by 1.4. This indicated that 40 hours
differences in treatment time could have a great impact on Salmonella log reduction.

In general, under a mild temperature of 65.9°C, dry heat requires 6-8 days to

achieve a 5-log reduction of Salmonella. This is a very long treatment time as it will
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take more than a week to decontaminate seeds. Although 5-log reduction could still
be fulfilled at 65.9°C, this temperature is not considered desirable in terms of energy

consumption for sprouts manufactures.

4.2.1.2 Results at 71.0°C

Table 4.2

Effects of dry heat treatment at 71.0°C on the log reduction of Salmonella and the
germination yield ratio of alfalfa seeds. Data here represents the average of 3
replicates * standard deviation

aw level Treatment time Salmonella Germination
(h) log reduction yield ratio (%)
0.2 60 5.25+0.16 71.1842.25
0.2 50 4.21+£0.03 83.134+4.78
0.2 40 3.75+0.07 94.224+2.30
0.1 160 6.40+0.23* 91.31+1.90
0.1 140 6.03+0.74* 96.42+0.21
0.1 120 4.53+0.19 101.42+0.58
0.1 100 4.18+0.08 101.62+1.80
0.1 80 3.17+0.10 102.76+£2.18
0.1 60 2.21+0.06 103.90+2.11

*: The detection limit of viable plate count was 1 log CFU/g. Data had no colony detection on plates and the final
data was determined by initial log population — 1.

According to Table 4.2, at 71.0°C and aw 0.2, a 60-hour treatment time was
needed for a 5-log reduction of Salmonella, and the average for this treatment time
was a 5.25-log reduction. Under the same condition, 50-hour and 40-hour treatment
achieved 4.21 and 3.75 log reductions, respectively.

Within the same treatment temperature, when the aw decreased, the
inactivation efficiency decreased as well, which means it took a longer time to treat
alfalfa seeds in order to achieve the same log reduction. When seeds were treated at

71.0°C and aw 0.1, at least 140 hours were required to reach a 5-log reduction as a
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6.03 log CFU/g reduction was observed. The longest treatment time we used in this
study for the same temperature and aw condition was 160 hours, and it resulted in an
average log reduction of 6.40. Under the same condition, 120, 100, 80, 60 hours
treatment times achieved a 4.53, 4.18, 3.17, 2.21 log reduction, respectively.

With two groups of the same water activity treatments (aw 0.2), when
temperature increased from 65.9°C to 71.0°C, treatment time to reach 5-log
reduction was greatly shortened from 180 to 60 hours. This 71.0°C treatment
temperature is preferred over the 65.9°C treatment because the treatment time is
greatly shortened.

The microstructure of the seeds is not as smooth as visually perceived. Under
the scanning electron microscopy, a lot of cracks and folds on the surface of alfalfa
seeds are observable, providing ideal spots for bacteria attachment (Kwack et al.,
2014). Charkowski et al. (2002) found that under microscope, Salmonella enterica
could quickly colonize the cracks on the surface of alfalfa seeds during the first 24
hours of germination. Fu et al. (2022) discovered that Listeria monocytogenes or
Salmonella enterica serovar Typhimurium formed aggregates on the hilum part of
alfalfa seeds and the bacteria counts of the hilum were higher than those of other
parts of seeds coat after inoculation. The uneven surface of seed coats just provides a
perfect spot for bacteria to colonize and attach, which make seed decontamination
extremely hard. Barak et al. (2002) discovered that Salmonella enterica may endure
more stress than E. coli O157:H7 on seeds because Salmonella usually shows a
stronger attachment to seeds, sprouts, and plant tissues. Due to the special structure

of alfalfa seeds and strong attachment of Salmonella to seeds, it is hard for most of
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the decontamination procedures to reach a high microbial inactivation efficiency.
Even for dry heat treatment, it took 140 hours to reach a 5-log reduction of
Salmonella at 71.0°C and aw 0.1.

In another way, Salmonella can also be an ideal study model for seed
decontamination research. If a 5-log reduction is reached on this most heat-resistant
food-borne pathogenic bacterium, other more vulnerable pathogenic bacteria like E.
coli or Listeria can be easier to inactivate under the same dry heat treatment
condition applied on seeds. In addition, Salmonella is a major concern for food
manufacturers especially for low-moisture food because of their high-resistance
properties. Salmonella caused most cases of outbreaks related to sprouts because of
their high survival rate in low moisture environment and higher heat resistance on
low aw seeds. All these reasons support using Salmonella as reference bacterium and
study model in this research.

The advantage of heat treatment over other surface treatment methods is that
it can penetrate food samples fully and provide a better microbial inactivation effect.
Some of other kinds of treatment methods discussed in Chapter 2 could only achieve
2-3 log reduction of Salmonella on seeds, especially those surface treatment
methods. While through dry heat treatment, 5-log reduction of Salmonella can easily
be achieved at 65.9°C, 71.0°C, and 76.6°C. It took 140 hours of treatment to achieve
5-log reduction at 71.0°C with an aw 0.1. Overall, Salmonella reduction can reach a
higher level when seeds were treated with dry heat than other types of

decontamination methods. It is a very effective decontamination method and can
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meet the FDA requirement for seeds to achieve a 5-log reduction of food pathogenic

bacteria.

4.2.1.3 Results at 76.6°C

Table 4.3

Effects of dry heat treatment at 76.6°C on the log reduction of Salmonella and the
germination yield ratio of alfalfa seeds. Data here represents the average of 3
replicates * standard deviation

aw level Treatment time Salmonella Germination
(h) log reduction yield ratio (%)
0.1 60 6.21+0.23* 75.90+4.38
0.1 50 4.27+0.02 81.53+1.74
0.1 40 3.66+0.46 89.26+2.30
0.1 30 2.92+0.27 101.22+0.72
0.05 120 3.81+0.03 61.62+2.21
0.05 100 2.99+0.09 77.10+1.79
0.05 80 2.94+0.11 85.454+2.55
0.05 60 2.75+0.04 08.78+3.07

*: The detection limit of viable plate count was 1 log CFU/g. Data here had no colony detection on plates and the
final data was determined by initial log population — 1.

At 76.6°C and aw 0.1, a 6.21-log reduction was observed with a 60-hour
treatment and 4.27, 3.66, 2.92 log reductions were observed with a 50-, 40-, 30-hour
treatment time, respectively. At the same treatment temperature with a lower aw of
0.05, a longer treatment time was necessary to achieve the same log reduction. At
76.6°C and aw 0.05, only a 3.81-log reduction was observed when seeds were treated
for 120 hours, whereas this log reduction can be achieved by a 76.6°C/aw0.1
treatment within only 50 hours. A 2.99-, 2.94-, 2.75-log reduction was observed with
a shorter 100-, 80-, 60-hour treatment time, respectively.

Nissen et al. (1996) proved that low moisture food usually requires a higher
treatment temperature and higher treatment time than high moisture food using heat
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treatment to decontaminate food. Alfalfa seeds are considered as low moisture food
because the normal water activity level is 0.3-0.5 during seed storage. Although this
storage environment is not considered as an ideal bacteria growing environment,
bacteria can still survive for a long period of time in a low-moisture environment
(Carrasco et al., 2012). Then surviving bacteria, especially Salmonella, can multiply
during seed sprouting and cause food safety issues. The possible reason for this
phenomenon is due to the formation of biofilms and filaments when Salmonella is
under the dry environment stress (Finn et al., 2013). Biofilms and filaments can
make Salmonella more resilient to the outside environment and gain a better
resistance to stress like dry heat. Even a dry heat treatment took 140 hours to reach a
5-log reduction at 71.0°C. It took a 60-hour treatment to reach a 6-log reduction of
Salmonella, even though the treatment temperature was as high as 76.6°C.

There are a lot of studies showing that with a lower water activity, the heat-
resistance of Salmonella can increase accordingly. Some studies demonstrated this
phenomenon in dried food products such as dried milk powder (Dega et al., 1972;
McDonough and Hargrove, 1968; Wei et al., 2020). Wei et al. (2020) observed that
treating milk powder at 75°C, the D-value of Salmonella increased twice as much
when the aw decreased from 0.3 to 0.2. In our study, at 71.0°C dry heat treatment,
when aw decreased from 0.2 to 0.1, the required treatment time for a 5-log reduction
increased from 60 hours to 140 hours. The same experimental phenomenon
happened for the 76.6°C treatment as well (120 hours/aw0.05 & 50 hours/aw0.1). This
is an indication that, when seeds are heat treated under a lower aw environment,

Salmonella on seeds are usually more resistant and the treatment time should be
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increased to reach the same level of log reduction. At the same time, treatment time
should not only fulfill the log reduction, but also fulfill the requirement for seeds
germination, because the longer the treatment time is, the more harmful it will be for
seed viability and germination. A “sweet spot” is needed to fulfill both requirements,

which will be fully discussed in the next section.

4.2.2 Germination Effect of Dry Heat Treatment

In this section, germination effects results are listed and discussed. Most
previous studies used the germination rate of seeds as their quantitative indicator.
However, in our research, we found that this indicator cannot fully represent the
actual height, weight, and health status of sprouts. Some heat-treated seeds had a
100% germination rate, but the sprouts looked shorter and weaker than untreated
sprouts. Therefore, in our research we introduced the total weight of a whole tray of
sprouts grown from 20 grams of seeds, compared to the total weight of untreated
control seed sprouts. We call this quantitative indicator germination yield ratio to

best describe the true germination status after treatment.

4.2.2.1 Results at 65.9°C

According to Table.1, under 65.9°C dry heat treatment with aw 0.2 and
treatment times of 180, 140, 100 hours, the germination yield ratio was 84.07%,
93.50%, and 98.89%, respectively. Combined this data with Salmonella inactivation
data, this set of parameters did not fully achieve the goal of 5-log reduction of
Salmonella and 90% of germination yield ratio. Although an 180-hour treatment

reached the 5-log reduction goal (5.76 log), the yield weight ratio was only 84.07%
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and not a very economic outcome for manufactures. The 140-hour treatment had a
desirable yield rate of over 90% (93.50%), but the log reduction was only 3.82. Still,
this log reduction was better than that of the chlorine wash, which only gave a 2-3
log reduction (Table 4.4). Compared to Table 4.4, with the similar yield rate of
~80%, chlorine wash could only give a 1.9-log reduction, while dry heat treatment at
65.9°C could give a 5.8-log reduction.

This 65.9°C/aw 0.2/180h treatment condition is still considered to be much
superior than that of the chlorine wash because the Salmonella inactivation efficiency
was almost as three times higher than that of the chlorine wash (5.8 log to 1.9 log),
with a similar germination yield outcome (84.1% to 82.9%). The drawback of this
treatment parameter group is that the treatment time was too long, almost 8 days. But
for the overall results, this is still an ideal group for the treatment, especially

compared to the chlorine wash results.

4.2.2.2 Results at 71.0°C

When the treatment temperature was increased to 71.0°C, the treatment time
to maintain the same germination yield ratio was shortened. At 71.0°C and aw 0.2
(Table 4.2), when treating seeds for 60, 50, 40 hours, the germination yield ratio was
71.18%, 83.13%, and 94.22%, respectively. When comparing this group of data to
that of the 65.9°C/aw0.2 group, the increased temperature caused more harm to the
seed viability. At 65.9°C, when extending the treatment temperature by 40 hours
(100 h to 140 h), the yield ratio decreased by 5.39%. While at 71.0°C, extending the
treatment temperature by only 10 hours (40h to 50h) decreased the yield ratio by

11.09%. Farooq (2004) stated that the dry heat effect on seed viability depended on
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the dry heat intensity (treatment temperature) and duration (treatment time), and our
results for 65.9°C and 71.0°C showed accordance with this statement. With the
treatment temperature increasing and water activity unchanged, the survival rate of
seeds under dry heat decreased. When comparing this group of data to that of the
65.9°C and aw 0.2 group, the increased temperature caused more harm to seed
viability. At 65.9°C, when extending the treatment temperature by 40 hours (100 h to
140 h), the yield ratio decreased by 5.39%. While at 71.0°C, extending the treatment
temperature by only 10 hours (40 h to 50 h) decreased the yield ratio by 11.09%.
Thus, this was an indication that 71.0°C treatment can do more harm to the alfalfa
seeds than 65.9°C. Seed viability decreased more, even when the treatment times
were shorter in the 71.0°C group.

At 71.0°C, and when the water activity was lowered from 0.2 to 0.1, the seeds
became more heat resistant and the treatment time to keep a 90% germination yield
rate was much longer. When aw was 0.2, < 40 hours of dry heat treatment were
needed to maintain the yield ratio at over 90%. When aw was dropped to 0.1, < 160
hours of dry heat treatment was needed to maintain the yield ratio at over 90%.
However, lower water activity could also make Salmonella more heat resistant. And
that’s why we need to find a “sweet spot” to meet both microbial and germination
requirement.

Another significant parameter that can influence alfalfa seeds’ germination in
our study (also applied to other three seeds as well) was water activity (aw). All of
our data showed that under the same treatment temperature, when aw was lower,

seeds tended to gain more heat resistance and the treatment time to maintain a good
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germination yield ratio increases more than those of the seed groups with a higher aw.
Some studies have shown that pre-drying seeds before dry heat treatments can make
seeds more heat resistant and viable heat treatment time could increase because of
this property (Nakamura et al., 1978). With a lower water content in seeds, it could
increase the safety level to conduct dry heat treatment for seeds with minor damage
to seed viability (Kubota et al., 2012). These research results were also proved by our
experimental results. When aw was 0.2, <40 h of dry heat treatment was needed to
maintain the yield ratio at over 90%. When aw was dropped to 0.1, <160 h of dry heat
treatment was needed to maintain the yield ratio at over 90%. There was a four-fold
difference in treatment time when aw changed from 0.2 to 0.1. We speculate that the
drying process before dry heat treatment could push seeds into a dormant phase and
makes them more “stress tolerant”. The gene regulation and expression of seeds
could have been altered as well. When the seeds were exposed to heat stress, dried
seeds could have become more resistant to stress and thus survived better than those
seeds with a higher aw. However, this is only speculation and solid research results
are still needed to verify the correctness of this speculation.

Combining this set of germination data with the microbial data, the 71.0°C
treatment showed the best and most balanced results for both Salmonella inactivation
and alfalfa seeds germination, especially treating seeds with 71.0°C/aw0.1. Under this
condition, when alfalfa seeds were treated for 140 hours, 6.0-log reduction of
Salmonella and 96% germination yield ratio were obtained. Treating seeds for 120

hours gave a 4.5-log reduction but could even increase the yield ratio to 101%. This
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is also the most optimal treatment condition we recommend for alfalfa seed dry heat

treatment.

4.2.2.3 Results at 76.6°C

When the treatment temperature jumped to 76.6°C, it became more lethal for
seeds. With an aw 0.1, and a treatment time of 60, 50, 40, 30 hours, the germination
yield ratio was 75.90%, 81.53%, 89.26%, and 101.22% respectively. Because the aw
was lower than the aw of the 71.0°C treatment group, seeds were more heat resistant
and <30 hours were needed to keep seeds in a healthy state. With aw dropping from
0.1 to 0.05, the seeds seemed to gain more heat resistance and the treatment time to
keep a similar seed viability was even longer. With aw 0.05 and treatment time of
120, 100, 80, and 60 hours, the germination yield ratio were 61.62%, 77.10%,
85.45%, and 98.78%, respectively.

Beuchat and Scouten (2002) found that seed germination rate was not so
different from untreated seeds if seeds were dry heat treated at 60°C for 3 hours. But
seeds’ germination rate was greatly reduced if seeds were dry heat treated at 71.0°C
for more than 3 hours or treated at 80°C for more than 1 hour. Neetoo and Chen’s
(2011) observed that alfalfa seeds could reach the germinate rate of above 90% when
they were dry heat treated for 10 days at 55°C, 60°C, 65°C. However, if seeds were
treated at 70°C, the germination rate was only 80%. Both results were corroborated
by our study because dry heat treatment at 71.0°C was a turning point and all the
treatment temperature above 71.0°C hurt seed viability greatly. In our research, seed
viability could be well maintained at 65.9°C dry heat treatment for serval days, while

71.0°C and 76.6°C could maintain the seed viability only for hours. Martin et al.

77



(1975) found that plant seed germination rate could have a sudden drop after one
temperature point during heat treatment. This temperature turning point in their study
ranged from 70°C to 90°C among different species of legume seeds. Basavarajappa
et al. (1991) explained this phenomenon by stating that a lethal treatment temperature
could do damage to the structure and function of plant cells” membrane, plastids, and
mitochondria. We speculate that a similar mechanism happened during the dry heat
treatment of alfalfa seeds. When the temperature threshold is exceeded, which was
71.0°C, the seeds can be heavily damaged and cause seeds to lose viability.

Overall, combining the germination data with the microbial data at 76.6°C
treatment, this group is not a very recommended treatment condition because seeds
could get easily killed at this higher temperature, though the treatment time is greatly
reduced. Although seeds’ viability could be well maintained under a very low aw
0.05, this water activity would make Salmonella extremely heat resistant and the
overall Salmonella inactivation results were not as desired. Still, the results from this

group were better than that for the chlorine wash.

4.2.3 Chlorine Wash

Table 4.4

Effects of 20,000 ppm sodium hypochlorite soak on log reduction of Salmonella and
the germination yield ratio of alfalfa seeds. Data here represents the average of 3
replicates * standard deviation

Soaking time Salmonella Germination
(min) log reduction yield ratio (%)
15 1.85+0.11a 82.86+1.35a
20 1.96+0.19a 82.5243.45a
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Table 4.5
Comparison of the optimal dry heat treatment parameters to chlorine wash. Data here
represents the average of 3 replicates + standard deviation

aw level Treatment time Salmonella Germination
(h) log reduction yield ratio (%)

0.1 140 6.03+0.74* 96.42+0.21

0.1 120 4.53+0.19 101.42+0.58

*: The detection limit of viable plate count was 1 log CFU/g. Data had no colony detection on plates and the final
data was determined by initial log population — 1.

If we compare Table 4.4 and Table 4.5, the Salmonella log reduction under
the optimal dry heat treatment for alfalfa seeds was significantly higher than that of
the chlorine washed seeds. Even the germination results (101%/96%) were much
better than those of the chlorine washed seeds (83%/82%). This is an almost three-
fold log reduction and 20% promotion of germination, definitely showing the

superiority of dry heat treatment method over chlorine wash method.

4.3 Mung Bean

4.3.1 Salmonella Inactivation and Germination Results at 76.6°C
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Figure 4.2 Salmonella inactivation at 76.6°C treatment under different a., levels
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Table 4.6
Initial comparison of 3-log reduction of Salmonella and germination results at
76.6°C

aw level Treatment time Salmonella Germination
(h) log reduction yield ratio (%)
0.45 13 3.424+0.32 0.00
0.35 14 3.49+0.54 47.44
0.25 20 3.12+0.18 68.14
Note:

1. Salmonella data represent the average of 4 replicates + standard deviation
2. Yield ratio data only represent one replicate.

Table 4.7

Initial comparison of 5-log reduction of Salmonella and germination results at
76.6°C

aw level Treatment time Salmonella Germination
(h) log reduction yield ratio (%)
0.45 19 5.32+0.69 0.00
0.35 22 5.05+0.22 0.00
0.25 30 5.27+0.50 43.33
Note:

1. Salmonella data represent the average of 4 replicates + standard deviation
2. Yield ratio data only represent one replicate.

Figure 4.1 showed that at 76.6°C treatment to reach the same level of 5-log or
3-log reduction, when water activity decreases, it took longer to inactivate
Salmonella. This outcome confirmed results of previous studies. When seeds have
lower water activity, Salmonella tended to become more heat-resistant. Combining
the 3-log reduction (Table 4.6) and the 5-log reduction (Table 4.7) of the microbial
results with the germination results, at 76.6°C, showed this treatment condition as not
ideal or mung beans, since seed viability decreased greatly and even no germination
was observed. However, this set of data provided the evidence for an experimental
design path to go to relatively a lower water activity, because a lower water activity
provides a better overall tradeoff for both microbial and germination results. This

prediction is also proven by our experimental results.
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4.3.2 Combined Analysis of Salmonella Inactivation and Germination at 71.0°C
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Figure 4.3 Salmonella inactivation & germination results at 71.0°C treatment with a,, 0.2

As Figure 4.3 showed, 71.0°C looked very promising with a very good
balance between Salmonella inactivation and seed germination. At 71.0°C/aw0.2
condition, dry heat treatment for 50 hours can achieve 5.14-log reduction and
maintain 98.6% of germination yield ratio compared to untreated mung bean. Dry
heat treatment at 71.0°C/an0.2 for 50 hours is considered as a “sweet spot” for mung
bean dry heat treatment. This is the optimal treatment condition we decided for the
mung bean sprout industry to reach the best balance of pathogen decontamination
and seed viability. It is recommended that mung bean sprout producers can use dry
heat treatment technology for post-harvest decontamination before sprout growth,
because both microbial safety and germination yield requirement are fulfilled in this

treatment condition.
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4.3.3 Chlorine Wash

Table 4.8

Effects of 20,000ppm sodium hypochlorite soak on the log reduction of Salmonella
and the germination yield ratio of mung bean seeds. Data represents the average of 3
replicates = standard deviation

Soaking time Salmonella Germination
(min) log reduction yield ratio (%)
15 1.30+0.16a 83.69+2.04a

If we compare Table 4.8 with Figure 4.3, Salmonella log reduction of optimal
dry heat treatment (71.0°C/aw0.2/50h) for mung bean seeds was significantly higher
than that of chlorine-washed seeds (5.1 log to 1.3 log). Even the germination results
(99%) were much better than those chlorine washed seeds (84%). This is even more
than a 3-fold log reduction and 15% promotion of germination for mung bean seeds,
definitely showing the superiority of dry heat treatment method over chlorine wash

method.

4.4 Radish

4.4.1 Combined Analysis of Salmonella Inactivation and Germination at 71.0°C

Table 4.9

Combined effects of dry heat treatment at 71.0°C on the log reduction of Salmonella
and the germination yield ratio of radish seeds. Data represent the average of 3
replicates * standard deviation

aw level Treatment time Salmonella Germination
(h) log reduction yield ratio (%)
0.2 60 4.22+0.18 50.37+4.27
0.2 50 3.80+0.67 61.03+1.57
0.2 40 2.71+0.37 67.46+2.97
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As Table 4.9 showed, the overall germination results of three treatment times
for radish seeds were not as good as those for alfalfa and mung bean seeds. Still,
when radish seeds were treated for 60, 50, and 40 hours, germination yield ratio
reached 50%, 61%, and 67%, respectively. Although the microbial results were
similar among different seeds, germination results among different seeds were very
different. Different seeds behaved differently when they were under heat stress and
this may be due to their structure and genetic differences. Based on this result, we
would recommend 71.0°C/aw0.2/50h as optimal dry heat treatment parameter for

radish seeds, because this parameter provided the best tradeoff.

4.4.2 Chlorine Wash

Table 4.10

Effects of 20,000ppm sodium hypochlorite soak on the log reduction of Salmonella
and the germination yield ratio of radish seeds. Data represents the average of 3
replicates * standard deviation

Soaking time Salmonella Germination
(min) log reduction yield ratio (%)
15 1.38+0.08 64.70+2.29

If we compare Table 4.9 with Table 4.10, Salmonella log reduction of
optimal dry heat treatment (71.0°C/aw0.2/50h) for radish seeds was higher than that
of the chlorine-washed seeds (3.8 log to 1.4 log). Although overall results were not
as ideal as results for alfalfa and mung bean seeds, dry heat treatment still showed a
better result than chlorine wash method. The germination results for dry heat-treated

radish seeds (61%) were similar to those for chlorine-washed seeds (65%), and the
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better microbial results of the dry heat treatment method were better than those for

the chlorine wash method for radish seeds.

4.5 Red Clover

4.5.1 Combined Analysis of Salmonella Inactivation and Germination at 71.0°C

Table 4.11

Combined effects of dry heat treatment at 71.0°C on the log reduction of Salmonella
and the germination yield ratio of red clover seeds. Data represent the average of 3
replicates * standard deviation

aw level Treatment time Salmonella Germination
(h) log reduction yield ratio (%)
0.2 60 4.00+0.06 50.56+5.76
0.2 50 3.36+0.18 66.73+£3.30
0.2 40 2.77+0.23 78.16+£3.77

As Table 4.9 showed, the overall germination results of three treatment times
for red clover seeds were not as good as those for alfalfa and mung bean seeds. Still,
when red clover seeds were treated for 60, 50, and 40 hours, germination yield ratio
reached 51%, 67%, and 78%, respectively. Although the microbial results were
similar among different seeds, the germination results were different. Different seeds
germinate differently when they are under the heat stress, and this may be due to
their structure and genetic differences. Germination results of red clover were not as
good as alfalfa and mung bean germination results. None of the treatment groups
could reach more than 90% of germination yield ratio. Based on this result, we
would recommend 71.0°C/an0.2/50h as optimal dry heat treatment parameter for red

clover seeds, because this parameter provided the best tradeoff.

84



4.5.2 Chlorine Wash

Table 4.12

Effects of 20,000ppm sodium hypochlorite soak on the log reduction of Salmonella
and the germination yield ratio of red clover seeds. Data represents the average of 3
replicates * standard deviation

Soaking time Salmonella Germination
(min) log reduction yield ratio (%)
15 1.48+0.08 69.96+1.44

If we compare Table 4.11 with Table 4.12, Salmonella log reduction of the
optimal dry heat treatment (71.0°C/aw0.2/50h) for red clover seeds were higher than
those for chlorine-washed seeds (3.4 log to 1.5 log). The germination results for dry
heat-treated red clover seeds (67%) were similar to chlorine washed seeds (70%),
which showed a better microbial result of dry heat treatment method over the

chlorine wash method for red clover seeds.
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Chapter 5

CONCLUSION

In conclusion, all the results showed that dry heat treatment is a
decontamination method superior to that of hypochlorite washing seeds destined for
sprouting. When treatment factors like treatment temperature, treatment time, and the
seeds’ water activity during treatment are properly controlled, a “sweet spot” can be
found to fulfill a very high log reduction on Salmonella inactivation and maintain
seed viability at the same time.

The optimal dry heat treatment parameter for alfalfa is to expose seeds to dry
heat at 71.0°C, under aw 0.1 for 140 or 160 hours. Under these conditions, both >5
log reduction and >96% germination yield ratio can be both achieved and is
considered as the most optimal dry heat treatment condition for alfalfa seeds.

The optimal dry heat treatment parameter for mung bean is to treat the seeds
with dry heat at 71.0°C, under aw 0.2 for 50 hours. Under these conditions, both >5
log reduction and >98% germination yield ratio can be achieved and is considered as
the most optimal dry heat treatment condition for mung bean seeds.

The optimal dry heat treatment parameter for radish is to expose the seeds to
dry heat at 71.0°C, under aw 0.2 for 50 hours. Under these conditions, both >3 log
reduction and >60% germination yield ratio can be achieved and is considered as the
most optimal dry heat treatment condition for radish seeds. Although this result was
not as good as those for alfalfa and mung bean, it is still better than that for the
chlorine wash treatment of radish (chemically washed only achieved 1.4-log

reduction/64.7% yield).
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The optimal dry heat treatment parameter for red clover is to treat the seeds
with dry heat at 71.0°C, under aw 0.2 for 50 hours. Under these conditions, both >3
log reduction and >60% germination yield ratio can be achieved and is considered as
the most optimal dry heat treatment condition for radish seeds. Although this result
was not as good as that for alfalfa and mung bean, it is still better than that of the
chlorine wash treatment of red clover (chemically washed only got 1.5-log
reduction/70.0% yield).

Dry heat treatment is very promising according to this research and can be
applied to the critical control point for microbial safety in sprout production
enterprises. Compared with traditional chemical cleaning methods, dry heat
processing can effectively inactivate food-borne pathogenic bacteria without
affecting the germination and growth of treated seeds too much. In addition, the
technology does not leave any chemical residues on the surface of the seeds, thus has
no safety or quality impact on human consumption. The required processing
equipment is simple, easy-to-build, and low cost. If the equipment for industrial
large-scale production can be determined later, this technology has a very promising

future of application and promotion in the sprout industry.
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Chapter 6

FUTURE AND ADDITIONAL RESEARCH

Most of this research project showed very ideal and promising results,
especially the overall results for alfalfa and mung bean seeds. There are four major
things | would like to refine and add to for this project.

First, although alfalfa and mung bean seeds could fulfill the required 5-log
reduction and keep at least a 90% of germination yield ratio, the optimal treatment
time was still a little bit long (alfalfa required 140/120 hours, mung bean 50 hours).
In the future, we would like to test some higher treatment temperatures, for example
80°C or 85°C, to shorten the treatment time. But this needs a careful treatment
because this treatment temperature could be detrimental to seed viability. Careful
control is needed for treatment parameters.

Second, E. coli O157:H7 and Listeria monocytogenes are concerned
pathogens that are often associated with sprout outbreaks as well. Although they are
believed to be more vulnerable than Salmonella, we would like to test if the optimal
dry heat treatment conditions for alfalfa and mung bean could still achieve 5-log
reductions for these two pathogens on these two seeds.

Third, radish and red clover seed germination behaved not as good as that of
alfalfa and mung bean seeds. Although the overall results were still better than those
of the hypochlorite wash method, the germination ratios to reach at least 3-log
reduction were low. Since we only tested these parameters for two seeds: 71.0°C/aw
0.2, and these parameters were the same parameters used for optimal mung bean

treatment, we would like to test radish and red clover with the same parameters as
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alfalfa’s optimal treatment parameters, which is treating seeds at 71.0°C/aw 0.1, to
observe if we could achieve a better log-reduction and germination yield ratio.

Finally, we would like to look into the industry-scale processing equipment
required for dry heat treatment of seeds and the actual cost for such equipment. Also,
some humidity control equipment suitable for seed storage is worthwhile

investigating.
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