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Preface

For several decades, Arabidopsis thaliana has been the organism of choice in the
laboratories of many plant geneticists, physiologists, developmental biologists, and
biochemists around the world. During this time, a huge amount of knowledge has been
acquired on the biology of this plant species, which has resulted in the development of
molecular tools that account for much more efficient research. The significance that
Arabidopsis would attain in biological research may have been difficult to foresee in
the 1980s, when its use in the laboratory started. In the meantime, it has become the
model plant organism, much the same way as Drosophila, Caenorhabditis, or mouse
have for animal systems. Today, it is difficult to envision research at the cutting edge of
plant biology without the use of Arabidopsis.

Since the first edition of Arabidopsis Protocols appeared, new developments have
fostered an impressive advance in plant biology that prompted us to prepare Arabidopsis
Protocols, Second Edition. Completion of the Arabidopsis genome sequence offered for
the first time the opportunity to have in hand all of the genetic information required for
studying plant function. In addition, the development of whole systems approaches that
allow global analysis of gene expression and protein and metabolite dynamics has
encouraged scientists to explore new scenarios that are extending the limits of our
knowledge. These advances will eventually lead to an understanding of how this com-
plex, multicellular organism works, how it copes with the particularities of a sessile life
style, and how these strategies compare with those developed in other organisms.

While conceiving this second edition of Arabidopsis Protocols, our aim remained as it
was in the first: the book should provide both experienced researchers and beginners in
the field of plant biology with a comprehensive set of up-to-date protocols covering the
many methods developed for work with this species. Readers should have little problem
understanding the general design or the specific details of the experimental protocols.
Nevertheless, we recommend reading the protocols in advance, before bench work is
started. Although a few chapters in this edition have been maintained and updated, most
are new and describe technologies that have only very recently been developed in
Arabidopsis. We hope that Arabidopsis Protocols, Second Edition will continue as a
standard reference for laboratories working with Arabidopsis and other plant species.

Julio Salinas
Jose J. Sanchez-Serrano
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Growth of Plants and Preservation of Seeds

Luz Rivero-Lepinckas, Deborah Crist, and Randy Scholl

Summary

This chapter focuses on growth of plants on agar and soil in various environmental settings and
especially in growth chambers and greenhouses. Harvesting, seed quality, and seed preservation are
also considered. In addition, this chapter elaborates the conditions that are critical to the growth and
development of healthy plants that produce high quality and quantity of seeds. The plant and seed
management methods are discussed in the chronological order in which they would normally be
utilized.

Key Words: Arabidopsis growth; seed storage; seed sterilization; seed harvest; seed preservation.

1. Introduction

Arabidopsis can be grown in a variety of environmental settings including growth rooms,
growth chambers, greenhouses, window ledges, and outdoors. Peat moss-based mixes (1), com-
mercial greenhouse mixes, relatively inert media watered with nutrient solutions, and agar can
all be employed as plant substrates. This chapter focuses on the growth of plants on agar and
soil in various environmental settings and especially in growth chambers and greenhouses.
Harvesting, seed quality, and seed preservation are also considered. Additions in this chapter
relative to the previous edition are (1) methods for growth of plants in sterile conditions, (2)
high-density/high-seed productivity growth protocols, and (3) various modifications to the basic
growth protocol, including fertilization, isolation of plants, and use of preventive application of
pesticides.

This chapter elaborates the conditions that are critical to growth and development of healthy
plants that produce high quality and quantity of seeds. The plant and seed management meth-
ods are discussed in the chronological order in which they would normally be utilized.

2. Materials
2.1. Growth and Harvest

1. Petri dishes (10-cm or 15-cm diameter, 10-cm square).

2. Growth media: 0.5X or 1X Murashige and Skoog (MS) mineral salts (see Note 1), 0.8-1%
Bacto™Agar (Becton Dickinson), 0-3% sucrose (see Note 2), and optional vitamins (included
with MS Complete Medium) (2). Preparation of 0.5X MS agar medium is as follows:

Add 4.31 g of MS salts to 1.8 L of distilled water and stir to dissolve.

Check and adjust pH to 5.7. Adjustments can be made with 1 M KOH.

Dilute to final volume of 2 L and add agar (10 g/L).

Autoclave for 15 min at 15 psi, 121°C.

Optional sucrose and vitamins should be added after agar medium cools, before pouring
solution into container (e.g., Petri dishes, magenta boxes, culture tubes) (see Note 3).

L =

From: Methods in Molecular Biology, vol. 323: Arabidopsis Protocols, Second Edition
Edited by: J. Salinas and J. J. Sanchez-Serrano © Humana Press Inc., Totowa, NJ
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Distilled water.

Magnetic stirring device.

Beakers (1 L).

pH meter.

Pasteur pipet and latex bulb.

Bleach solution: household bleach (5.25% [w:v] sodium hypochlorite), 0.05% Tween-20.

Labeling tape or printable labels.

10. Permanent marker.

11. 8-cm round watch glass.

12. Plastic pots (e.g., 10-cm square, 5.5-cm square) or plastic flats (e.g., approx 26-cm X 53-cm)
with holes in bottom.

13. Soil mixture (e.g., PRO-MIX “BX” or other peat moss-based potting mix).

14. Commercial fertilizer in slow-release pellets (e.g., Osmocote 14-14-14).

15. Large spoon or trowel.

16. Plastic transparent floral sleeves (Zwapak, Allsmeer, The Netherlands) for 10-cm square pots,
or other devices such as Aracons™ (Lehle Seeds) or plastic bags.

17. Insecticides: Enstar, Tempo, Conserve, Marathon (granular), or similar.

RN AW

2.2. Postharvest Seed Management

1. Lightweight transparent plastic food storage bags (approx 4-L).
2. Hand sieves (mesh size = 0.425 mm).
3. Small glass jars (125 mL) or other storage containers, such as small manila envelopes (e.g.,
6cm X 9 cm).
Cryovials (1 mL) or other sealed containers for permanent seed storage.
Forced draft oven.
Analytical balance.
Desiccator with silica gel.
Lightweight heat-resistant dishes with cover (preferably aluminum).
9. Tongs or forceps.
10. Petri dishes (10-cm diameter) or other similar containers.
11. Absorbent paper (e.g., filter paper).
12. Distilled water.
13. Parafilm or tape.

® NNk

3. Methods
3.1. Plant Growth
3.1.1. Planting and Germination in Sterile Conditions

It is generally necessary to use sterile conditions to grow Arabidopsis for specific applica-
tions such as selection of drug-resistant plants, transformed plants, early root and shoot pheno-
types, lethal mutants, and so on. Contaminants can essentially take over plant cultures. Various
shapes and sizes of containers such as Petri dishes, “magenta” boxes, or culture tubes could be
used, depending on the required length of the growing time (2-3 wk or to maturation) and
characterization of phenotypes (shoots or roots). This section emphasizes the use of Petri dishes.
All procedures should be accomplished in a sterile hood or environment.

Seeds can be surface-sterilized by soaking for 8 min in bleach solution and rinsing the seeds
3 to 5 times with sterile distilled water. Be sure that all bleach residue is removed. Maintain
seeds in a small amount of water in a watch glass and plant immediately.

There are several methods for placing the seeds on medium, depending on the preferred
plant density and type of container used:

1. For planting of individual seeds in low density, a small Pasteur pipet with a latex bulb on the
upper end can be used. Exhaust air from the pipet, submerge its tip, and use slow-release
pressure on bulb to draw a single seed into the end of the pipet. The seed can be dropped at the
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desired location by carefully exhausting the pipet. Do not draw seeds beyond 1 to 2 cm into the
pipet. Repeated pipettings are used for the remainder of the seeds.

2. For planting at high densities with uniform distribution on agar, mix seeds in sterile distilled
water (or 0.1% cooled top agar), pour onto the dish, and swirl to distribute seeds evenly. A
sterile Pasteur pipet tip can be used to move seeds around to adjust the distribution, and to
remove excess water. Allow the water or top agar to dry slightly before replacing the lid.

After planting seeds on Petri dishes with agar, replace the cover and seal with Parafilm to
prevent desiccation. Place dishes at 4°C (refrigerator temperature) for at least 2 to 4 d (see
Notes 4 and 5) if needed. Dishes can be placed directly into the growth environment. A tem-
perature of 23 to 25°C, 130 to 150 wE/m?/s illumination are suitable.

3.1.2. Planting and Germination on Soil

Different mixtures and media can be utilized for growing Arabidopsis. Growth of plants on
“soil” includes all media that can be successfully utilized for nonsterile growth of plants in pots
or other similar containers. Mixtures of soil that have substantial peat moss with some perlite
and vermiculite for aeration can be used successfully. Peat-based commercial mixes represent
a convenient and reliable base for growing plants. Mixes such as Pro-Mix BX support healthy
Arabidopsis growth and have fertilizer added so that fertilization is not necessary in the very
early growth phases. Seeds can be planted in various ways (see Note 6). However, strict control
of numbers of seeds planted can be maintained, and separate rows of different lines can be
planted in the same pot for critical comparisons with the technique described here. Preparation
of pots and planting can be accomplished as follows:

1. Thoroughly wet soil with tap water and apply Osmocote 14-14-14 (see Note 7). Alternatively,
nutrient solution can be used to wet the soil (3). Mix well with a trowel or large spoon. Soil can
be autoclaved to eliminate pests, but this is not usually necessary.

2. Place soil loosely in pots; level without compressing to give a uniform and soft bed. Pots are
ready for planting (see Note 8).

3. When planting many seeds in a pot, scatter them carefully from a folded piece of filter or other
paper, distributing seeds evenly onto the surface of the soil. When planting individual seeds,
use a Pasteur pipet (see Note 9 and Subheading 3.1.1.).

4. Cover pots with clear plastic wrap, and cut several small slits in the plastic with a knife (see
Note 10). Place pots in 4°C (refrigerator temperature) for at least 2 d (see Notes 4 and 5).

5. After cold treatment, place pots in the growth area (growth chamber, growth room, green-
house, and so on). Remove plastic wrap and maintain approx 2 cm of water around the base of
the pots during the germination phase. Leave plastic wrap on for plants grown in a growth
chamber and do not add additional water.

3.1.3. Care of Plants During Growth

The growth and development of Arabidopsis, including time of flowering, is affected by a
number of growth conditions in addition to the genetic background. Seeds of the commonly
used lines germinate 3 to 5 d after planting under continuous light, 25°C, adequate watering,
and good nutrition (see Note 7). They form rosettes, bolt, and flower within 3 to 4 wk and can
be harvested within 8 to 10 wk.

Management of light, temperature, and water during the growth of plants will ensure that
healthy plants develop and produce high quality and quantity of seeds. The effect of each factor
is discussed separately.

3.1.3.1. LIGHT

Optimum light is approx 130 to 150 WE/m?/s. Very high output or cool white (VHO or SHO)
fluorescent lamps, supplemented by incandescent lighting, are used for growth chambers. Older
plants tolerate higher light intensity, up to full sun, although the use of 60% shade cloth in



6 Rivero-Lepinckas et al.

summer greenhouses helps with light intensity control and temperature regulation. Supplemen-
tal evening and morning light is provided in the greenhouse during winter, as the plants gener-
ally require a long photoperiod (at least 12 h) for flowering. Continuous light (long photoperiod)
can be used to accelerate the reproductive cycle. Photoperiods of 16 h work well for green-
house growth. Short days (less than 12 h) favor growth of vegetative tissue and prevent or delay
flowering.

3.1.3.2. TEMPERATURE

The optimum growth temperature range for Arabidopsis is 23 to 25°C. Lower temperatures
are permissible, but higher temperatures are not recommended, especially for germination
through early rosette development. Older plants tolerate higher temperatures, at least up to
30°C. It is advisable to set the greenhouse temperature at 21 to 23°C to avoid fluctuations to
higher temperatures. It is recommended that night temperatures be maintained 2 to 4°C lower
than the day temperature. In general, high temperatures favor a reduced number of leaves and
flowers, and fertility is reduced. At lower temperatures, growth is slow, favoring the vegetative
phase, and flowering is delayed. Some late flowering natural accessions (ecotypes) require an
additional 4°C incubation (vernalization) of young rosettes for 3 to 4 wk to accelerate flowering.

3.1.3.3. WATERING AND HUMIDITY

After germination, plants are watered as needed to avoid water stress. Water is best applied
by subirrigation when the soil begins to dry. Subirrigation can be achieved by placing pots into
flats or trays, allowing proper drainage of the soil. Over-watering should be avoided due to the
potential for algal or fungal growth on the soil surface (see Note 11). Overwatering of green-
house plants also provides favorable soil conditions for fungus gnat larvae. More frequent wa-
tering may be necessary during the first few days, as it is necessary to avoid any drying before
the first two true leaves begin expanding. After plants have developed true leaves, watering
frequency may be reduced to as low as once or twice per week until the plants flower. The
water requirement of plants increases dramatically during silique filling. Daily watering at this
stage is necessary for good seed production.

Water requirement is strongly influenced by relative humidity. Arabidopsis plants, includ-
ing seedlings, tolerate low humidity (e.g., 20-30%) although increased humidity (e.g., 50-60%)
greatly reduces the risk of accidental drying of the soil surface and subsequent desiccation of
the fragile germinating seedlings. Very high humidity (more than 90%) can cause plant steril-
ity. Low humidity (less than 50%) is desirable when siliques begin to mature.

3.1.3.4. PReVENTIVE USE OF INSECTICIDES

Where local governmental regulations permit and infestation is highly probable, application
of insecticide as a preventive measure can be very effective in ensuring plant health throughout
growth and avoiding heavy use of chemicals after infestations have occurred (see also Chapter
2 in this book). The following procedure is recommended:

1. Add 1.2 mL of Enstar, 1.2 mL of Tempo, and 1.2 mL of Conserve to 12 L of water. Mix well.

2. Spray lightly on rosettes prior to bolting stage—before placement of any isolation devices (see
Subheading 3.1.4.).

3. Marathon (granular) can be applied at 1/8 teaspoon/pot (10-cm size), as directed by the label
(see Note 12).

This treatment will prevent infestation of thrips, aphids, fungus gnats, and white flies.
3.1.4. Plant Isolation and Harvesting

It is necessary to avoid seed mixing among adjacently growing lines and to prevent loss of
seeds due to shattering while ensuring quality of the harvested seeds. It is essential to keep
plants of one line isolated from neighboring plants to ensure that absolutely no cross-contami-
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nation can occur. It is useful to keep inflorescences from sprawling for maximum use of growth
area. Various means and devices, such as Aracons™, plastic floral sleeves, and plastic bags can
be employed to achieve these goals.

Watering of pots should be discontinued several days prior to harvest so that pots are dry
when harvest is conducted. It should be noted that delays in harvesting following physiological
maturation of the plant result in seed deterioration, especially under nonoptimal environmental
conditions. Several seed collection strategies are compared below.

3.1.4.1. EARLY HARVEST OF INDIVIDUAL SILIQUES

Seeds from individual siliques can be harvested after the siliques have turned completely
yellow, if rapid turnover is required. However, such seeds have high levels of germination
inhibitors. For normal seed production, seeds are harvested only after the siliques have com-
pletely browned and when pressed with fingers do not compress (if the silique has dried even
further, it may shatter at this point). At this stage, seeds are completely formed.

Because formation and maturation of siliques occur over time, early siliques can be har-
vested before later ones mature to avoid seed loss. However, it is usually recommended to wait
until the entire inflorescence has browned before harvest.

3.1.4.2. BuLk PrRobuCTION ON THE OPEN BENCH

For bulk seed production, the best method is to simply grow the plants on the open bench,
keep all lines separated by adequate space, avoid disturbance of maturing inflorescences, and
harvest when all siliques are dry. The entire inflorescence is cut off at its base and carefully
placed into an approx 4-L or larger transparent plastic bag, depending on the size of the bulk of
plants. This is compatible with the goals of high seed quality, maximum seed yield, and good
pest protection. Some seeds may be lost, but the remainder are almost always healthy and result
in vigorously germinating seedlings. After harvest, the entire contents of the bag are allowed to
dry in preparation for threshing.

3.1.4.3. COMMERCIAL SEED COLLECTORS

Aracons placed soon after bolting are effective for single plant harvesting. Harvesting after
pots have been allowed to dry is accomplished easily by carefully cutting off the inflorescence
under the device, placing the Aracon plus contents carefully into a large plastic bag (approx 4-L),
removing the plant material from the plastic cylinder, and then shaking the seeds into the bag.
Alternatively, if plants are totally dry, the plant material can be placed directly onto threshing
sieve (see Subheading 3.2.1.).

3.1.4.4. Use oF PLASTIC FLORAL SLEEVES

For bulk seed production using individual pots, the pots can be placed into transparent plas-
tic floral sleeves (see Note 13) near the time of bolting, so that all plant inflorescences are
maintained within the sleeve, forming a propagator for each pot. At harvest, the sleeves can be
cut or torn, the inflorescences cut off at the base, and the plant material placed into plastic bags
or, if plants are totally dry, directly onto the threshing sieve (see Subheading 3.2.1.). This
method is very effective for achieving high densities of lines while maintaining the productiv-
ity and purity of each pot.

3.1.4.5. BAGGING INFLORESCENCES BY POT

Inflorescences of non-erecta lines can simply be trained into an approx 4-L transparent plas-
tic bag before any siliques begin to brown. The bag, however, may potentially collect moisture
from transpiration or careless watering and provides a haven for insects when greenhouses are
sprayed. To reduce these possibilities, the tops of these bags should be kept widely open at all
times. Wait until the inflorescence has browned before harvesting. This method is conducive to
strict isolation of the lines, and the bag serves to collect shattered seeds. Harvesting is accom-
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plished by carefully cutting the entire inflorescence off at its base after all seeds have matured
and shaking the seeds into the plastic bag.

3.2. Post-Harvest Handling and Preservation of Seeds

The longevity of seeds can be affected by (1) genotype, (2) prestorage environment, such as
conditions during seed maturation, harvesting and seed handling, and (3) seed storage conditions.
The genotype and prestorage conditions are important because they determine the maximum
potential for seed longevity. Our experience regarding the effect of genotype is limited, although
rapid deterioration of seeds has not been observed for the diverse collections currently main-
tained at the Arabidopsis Biological Resource Center (ABRC). The abscisic acid mutants are
an example of a possible exception.

A slow process of deterioration begins as soon as seeds mature on a plant. Therefore the
sooner seeds are placed into storage, the better. Harvested seeds should be processed promptly
(including threshing, cleaning, drying and packaging) and then placed into storage. The follow-
ing procedures form a sequence that ensures that the seeds will be conserved in the best pos-
sible condition.

3.2.1. Threshing and Cleaning

If seeds are collected in a plastic bag, the harvested plant material should be allowed to dry
for a few days in the opened bag before threshing, as threshing is easier when the inflores-
cences are dry. Seeds should be threshed when the moisture content is approx 10%, to mini-
mize seed damage during threshing. This moisture content will be reached when all material in
the bag appears to be dry. The plastic bags containing dried inflorescences can be gently hand-
pressed from the outside, and the seeds will fall to the bottom of the bag (see Note 14). Most of
the dry inflorescence can be removed from the bag by hand before the seeds are sieved to
separate them from the chaff.

Hand sieves with graded mesh sizes are recommended to remove debris, with seeds passing
through the mesh and collected on clean paper. Totally dry plants from Aracons and sleeves
can be placed directly onto the sieve. After sieving, the seeds are still likely to be mixed with
soil and residue. A combination of additional sieving, blowing, and visual inspection can be
employed to clean the seeds completely. Small samples can be cleaned by hand with the aid of
a pointed tool on an opaque glass plate illuminated from below. Cleaned seed samples are
placed in open, carefully labeled glass jars (do not use plastic due to static effects), or in small
manila envelopes to allow seeds to dry.

3.2.2. Seed Drying

The moisture content of Arabidopsis seeds after threshing is usually around 10%. The seeds
should be dried to 5 to 6% moisture prior to storage. Higher moisture content can cause seed
deterioration. There are many methods available for drying seeds. The safest method is to air-
dry the seeds at room temperature for 1 to 3 wk (see Note 15). Low relative humidity (20 to
30%) is necessary for seeds to reach the desired moisture content. The lower the humidity, the
faster the seeds will dry and the lower their final moisture content. If, after testing, the moisture
content is found to be not low enough, continue to dry further and check again.

3.2.3. Seed Moisture Content Determination

Moisture testing is necessary to verify that seeds are dry enough for storage. Seed moisture
content can be determined by several methods. The following method is a destructive method,
and the seeds employed for testing will no longer be viable. This is a “modified low constant
temperature oven” method.

1. Preheat oven to 100 to 105°C (see Note 16).
2. Accurately weigh one clean numbered dish and its cover to four decimal places using an ana-
lytical balance. Record the weight (W1) (see Note 17).
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3. Add approx 100 or 200 mg of seeds distributed evenly over the base of the dish, replace the
cover, and accurately weigh the dish and cover. Record this weight (W2).

4. Place the dish in a safe place, and continue to prepare the second and/or third replicates in the
same way.

5. When all samples have been weighed into numbered dishes, place each dish on top of its
numbered lid in the oven. Heat the samples for 15 to 17 h.

6. Remove the dishes from the oven, replace their covers, and immediately place in a desiccator
at room temperature to cool for 30 to 45 min. After heating, the dishes must be placed directly
into the desiccator so that the dry seeds do not absorb any moisture.

7. Remove the dishes one by one from the desiccator, immediately weigh each dish and lid, and
record the weight (W3). Do not leave the desiccator open while weighing the samples.

8. Moisture content is calculated as the percentage loss in weight of the original weight of seeds.
This is known as the wet or fresh-weight basis, and is expressed to one decimal place. Algebra-
ically, if W1 is the weight of the dish, W2 the weight of dish and seed before drying, and W3
the weight of dish and seed after drying, then:

% Moisture Content = (W2 - W3) /(W2 -W1) x 100

3.2.4. Seed Packaging for Storage

When seed moisture content is within the safe storage limits, dried seeds should be placed in
tightly sealed, impermeable containers to prevent rehydration. Cryovials (with threaded lids
and gaskets) are convenient for storage. They hold large numbers of seeds, seal tightly, and can
be resealed many times.

When packaging seeds, each container should be labeled with relevant information, includ-
ing date of storage, using a waterproof permanent marker or a suitable printed label. In deter-
mining seed quantities, approx 1250 seeds = 25 mg = 50 pL. Seal the container immediately
after filling, and visually check. During storage, check the containers at regular intervals to
ensure that they remain in good condition.

3.2.5. Seed Storage and Preservation

The major factors influencing seed longevity are storage temperature and seed moisture
content. The higher the value of either, the shorter the lifespan of the seeds. Seeds left at ambi-
ent temperature and relative humidity lose viability relatively quickly, although they may be
viable for about 2 yr if stored in a dry atmosphere at room temperature. The conditions that
prolong viability during storage have been well defined for plant seeds (4-6). Seed storage
principles for Arabidopsis are similar to those for other plants.

For sealed cryovials or any moistureproof container, where seeds already have 5 to 6%
moisture content, there are two storage options:

1. For active collections that are stored for short to medium terms and are accessed often, a
convenient temperature is approx 4°C (regular refrigerator temperature).

2. For base collections where seeds are placed in long-term storage without disturbance, a tem-
perature of —20°C is appropriate.

For open containers such as envelopes, the seeds can be stored at 15 to 16°C, with a relative
humidity of 15%. Under this controlled environment, the seeds will maintain suitable low mois-
ture content (7).

Removal of vials from storage represents a potentially very dangerous step. Vials must be
warmed to room temperature before opening. Rapid rewarming (placing vial in a 37°C water
bath for approx 10 min) serves to minimize freeze/frost damage that can occur during this
process. Working in a low relative humidity environment, if possible, also aids in prevention of
hydration. If it is suspected that condensation has occurred in a vial during storage or opening,
the vial should be left open in a dry location until seeds have desiccated before returning them
to cold storage.
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The arrangements of vials in storage can vary, but it is important to record the exact location
of each line. Codes can be used to indicate boxes, racks, trays, and refrigerators/freezers.

3.2.6. Seed Viability and Testing

Seed viability is the condition in which seeds are alive and have the potential to germinate
and develop into normal reproductively mature plants, given the appropriate conditions. Fac-
tors that affect viability include the initial viability of the seeds at the start of the storage, seed
moisture content, and storage environment. Viability should be monitored at regular intervals
(8,9). It is anticipated that viability of Arabidopsis seeds should remain high for long storage
periods, assuming proper conditions. The International Board for Plant Genetic Resources
(IBPGR) recommends that seeds in long-term storage under optimal preservation standards
should be monitored at least every 10 yr. Seeds in long-term storage with either poor storage
life or poor initial viability and seeds in short- to medium-term storage should be monitored at
least every 5 yr.

A viability test for Arabidopsis seeds can be conducted in 3 to 6 d. Tests should be carried
out before seeds are packaged and stored, so that poor-quality seeds can be recognized. A
germination test is the best method of estimating seed viability. Arabidopsis seeds may fail to
germinate because they are dormant or because they are dead. Dormant seeds typically remain
firm and in good condition during the germination test, whereas dead seeds soften and are
attacked by fungi. Imbibing seeds with water at low temperatures (see Note 4) can usually
break dormancy. The following method is suitable for Arabidopsis:

1. Place two layers of filter paper (free from chemical residues that could interfere with the ger-
mination of the seeds) firmly in the bottom of a 10-cm diameter Petri dish, labeled with line
number and date.

2. Moisten the paper with distilled water. The paper should be totally saturated, but no excess
water should be left in the dish.

3. Distribute 100 seeds uniformly on the surface of the paper. Replace the lid and seal the dish
with Parafilm or clear tape, to preclude desiccation.

4. Cold-treat seeds by placing Petri dishes in the refrigerator for 2 to 4 d.

5. Place the dishes on an illuminated shelf (or in a growth chamber) under standard light and
temperature conditions (see Note 18).

6. After 3 to 6 d count germinated versus ungerminated seeds, and record germination percentage.

4. Notes

1. “Ready to use” MS complete medium, including vitamins, can be purchased from Sigma (St.
Louis, MO).

2. Plants grow more vigorously and more quickly in media containing sucrose, but bacterial and
fungal contaminants must be rigorously excluded.

3. Plates with solidified agar can be stored in a container that prevents desiccation for several
weeks at 4°C.

4. The use of a cold treatment (4°C for 2—4 d) to break dormancy of seeds, also called stratifica-
tion, is very important for plantings utilizing freshly harvested seeds, which have more pro-
nounced dormancy. Most widely used lines have moderate dormancy, and cold treatment may
not be required when planting older seeds of these lines. However, a cold treatment may
improve germination rate and its synchrony. For certain lines as many as 7 d of cold treatment
are necessary. Cold treatment of dry seeds is usually not effective in breaking dormancy.

5. Seeds suspended in sterile water or top agar can be cold treated (stratified) prior to planting on
agar or soil surface.

6. Pots approx 5.5 cm square can be used to grow one plant, 10-cm square pots are suitable for
growing up to 60 plants, and rectangular flats that are approx 26 cm X 53 cm can accommodate
as many as 200 to 600 plants to maturity. Another option especially suitable for genomic
studies is 96-well insets. Higher densities, approx 3000 plants per 30-cm square, can be used if
plants are harvested at the seedling stage.
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Osmocote 14-14-14 (14% nitrogen, 14% phosphate, 14% potassium) is a commercially avail-
able extended time-release fertilizer, feeding up to 3 mo from planting. Apply in amounts
according to the label.

Prepared pots can be stored in covered pans or trays for several days before planting, although
pot preparation and planting should be conducted on the same day if possible.

Seeds can be planted by various methods depending on the purpose of the plants and availabil-
ity of seeds. The density of planting depends on the genetic material and the purpose of the
planting. For seed production, high yields are achieved utilizing densities of 10 to 20 plants per
10-cm-square pot. Larger populations do not necessarily reduce yield, but production per plant
is reduced inversely. Larger populations are necessary for maintenance of representative pro-
portions in a segregating population; this can be achieved with more dense plantings in one or
two 10-cm pots or in flats. Planted seeds should not be covered with additional soil;
Arabidopsis seeds need light for germination.

If several pots are planted, they can be placed in a tray or other similar container and covered
with clear plastic wrap. In all cases the plastic wrap should not be allowed to contact the soil
surface. The wrap is perforated in order to provide some aeration. Clear plastic domes are
available for covering flats, but should not be tightly sealed. However, in the greenhouse, this
method can overheat the soil surface and kill the germinating seedlings. In this case, the pots
are left uncovered and placed in pans filled with 1 to 3 cm of water, which is maintained
continually until all plants germinate and have expanded cotyledons.

If algae cover the soil as a result of overwatering of young plants, the algae can be carefully
scraped from the soil surface if necessary. The pots should then be allowed to dry, which will
kill algae before the plants become stressed.

Marathon can be added to the soil surface per the product label. However, applications for
small plants can be made in the tray with water in cases in which the pots are being subirrigated.
This practice reduces the risk of damage to the plants by the insecticide.

Floral sleeves fit snugly around a 10-cm pot, extend 60 cm upward, and are wider at the top,
allowing for expansion of the developing inflorescences. Sleeves made of biaxially-oriented
polypropylene (BOPP) are very clear, maintain upright stiffness, and tear easily for harvesting.
Hand rather than machine threshing and cleaning of the small Arabidopsis seeds is recom-
mended mainly because the threshing machines need rigorous cleaning between lines to prevent
sample cross-contamination, require very careful adjustment and do not accommodate the vari-
able size of Arabidopsis seeds well.

Because Arabidopsis seeds equilibrate to room conditions, it is possible to reliably predict the
approximate moisture content of seeds stored in open containers by simply measuring the
room humidity. The relationship for Arabidopsis is similar to others published for crop seeds
having similar chemical composition (5).

High temperatures should not be used because the oil in the seeds may also vaporize and give
false results. Temperatures of just over 100°C evaporate water and minimize vaporization of oils.
Lightweight dishes should be used, so that the ratio of the weight of the seeds and the dish is
not too disproportionate. It is suggested that a minimum of three replicates of 100 mg of seeds
or two replicates of 200 mg of seeds per sample be used. Always work with care and finish one
sample at a time. Do not leave the dishes open in the laboratory between weighings because
the seeds will absorb moisture rapidly from the air, and small changes in weights can result in
large differences in the calculations.

Environmental conditions for seed germination tests are the same as for growing plants. Two
replicates of 100 seeds each provide reliable germination estimates. Cases in which observed
germination is <80% may warrant follow-up testing to verify the low rate before it is accepted.
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Prevention and Control of Pests and Diseases

Jenifer Bush, Georg Jander, and Frederick M. Ausubel

Summary

A well-controlled growth environment with plants that are not unduly stressed is essential for
Arabidopsis molecular biology research. Even if they do not kill the plants outright, insect pests and
microbial pathogens can cause subtle changes in gene expression or plant metabolism that affect
experimental results. Therefore, regular scouting for infestations, frequent cleaning of plant growth
areas, proper disposal of dead or diseased plant material, and controlled access to the greenhouses or
growth chambers will help to make experiments more reproducible. Powdery mildew, a fungal
pathogen, and arthropod pests, including aphids, thrips, fungus gnats, and spider mites, are the most
common greenhouse problems. Biological control methods such as parasitoid wasps and Bacillus
thuringiensis crystal toxin can be used to contain some insect infestations. However, if an infesta-
tion gets out of hand despite reasonable precautions, insecticide or fungicide spraying by a licensed
applicator may be necessary. Bacterial and viral infections of Arabidopsis, though they do occur,
tend to be less common and can usually be controlled by maintaining optimal growth conditions and
promptly disposing of dead or diseased plant material.

Key Words: Fungus gnats; thrips; aphids; spider mites; powdery mildew; Botrytis.

1. Introduction

Most Arabidopsis experiments require healthy plants that are free from pests and diseases.
As Arabidopsis plants are grown from seed, have a short life cycle, and are often raised in
growth chambers rather than greenhouses, it is possible to maintain an almost entirely pest-free
growth environment. However, pests including insects, mites, and pathogens do sometimes
find their way into Arabidopsis growth facilities. Early recognition, treatment, and continued
monitoring are key to preventing a pest outbreak from getting out of control.

Many greenhouse pests, including thrips, aphids, spider mites, and powdery mildew, can
infest Arabidopsis (1) . Therefore, common greenhouse practices used in the care of other plant
species can be applied equally well to preventing pest and pathogen infestations of Arabidopsis.
This chapter focuses on the monitoring and management of pests and pathogens that are fre-
quently found on Arabidopsis. It also includes a general description of plant symptoms, life
cycles of the most common pests, and some of the available treatment options. Some specific
chemical treatments and biological control organisms are discussed, but this does not represent
an exhaustive list, nor is this chapter an endorsement for any particular chemical manufacturer.
The specific treatment strategy adopted to control a particular pest depends on many factors
and it is not possible to give a general approach that will apply to all Arabidopsis growth situations.

2. Pest Prevention Using Good Horticultural Practices
Healthy, vigorously growing plants will generally be less prone to pests and diseases than
weak or stressed plants. Attention to the plants and their growth environment minimizes the

From: Methods in Molecular Biology, vol. 323: Arabidopsis Protocols, Second Edition
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risk of a pest outbreak (2). It is much easier to prevent a pest problem than it is to contain one
after it gets started, and early detection will make any outbreak that does happen much easier to
manage. Here, we outline good cultural practices that will help to prevent pest outbreaks.

2.1. Growth Area

1.

3.

Keep the growth area clean. Start with a clean shelf or greenhouse bench. Used soil and old
plant debris can harbor insects or fungal spores from previous plantings. Therefore, before
planting, clean the bench area thoroughly.

Periodically schedule a time when the growth area can be completely emptied out. Wash all
surfaces with a greenhouse disinfectant such as Zerotol™ (Biosafe Systems), Physan 20™
(Maril Systems), or 10% bleach. Bleach will leave a residue, so if using bleach, it is important
that it be rinsed off afterwards. After cleaning, turn up the temperature in the growth facility as
high as possible for 2 to 4 d. Because you have removed the host material, sanitized, and
“cooked” the area, it is very unlikely that any pests or spores will survive.

Clean the floors of the greenhouse or growth room weekly. Sweep up debris and mop the floors.

2.2. Growth Supplies

1.

Always use clean or new pots and trays. For potting soil, use bagged, commercial, peat-based
soilless mixes. If pots or flats must be reused, they should be cleaned thoroughly and sterilized
by soaking overnight in 10% bleach solution and rinsing with water afterward.

Some Arabidopsis growers choose to autoclave their soil before planting in order to kill any
pests or pathogens that may be present. This is not advisable, however, because it may
adversely affect the soil properties. Commercial mixes normally contain a wetting agent and a
nutrient charge that may be altered after autoclaving. Autoclaving soil also involves much
extra labor.

2.3. Dead Plant Material

1. Do not leave dead or drying plants in the growth area. When plants are no longer needed, bag

them securely and remove them from the growth facility. Also, remove cells that do not have
any germinated seeds from plant flats. These cells will stay wetter than ones with plants grow-
ing in them and can breed fungus gnats and diseases.

Plants that are dry and awaiting seed harvest should be moved out of the growth facility. This
reduces the chance that pests from potentially heavily infested senescing plants will migrate to
vulnerable seedlings. The ideal situation is to have a separate seed harvest room, where
senescing or dry plants can be stored at room temperature, away from the growth facility,
allowing valuable growth space to be used for actively growing plants.

2.4. Controlling Pest Outbreaks

Avoid introducing and spreading pests.

1.

If there are already pests in the growth facility, establish an entry protocol whereby anyone
who has entered an infested area refrains from entering uninfested areas later on that same day.
Make sure that all the users of the growth facility adhere to this protocol, even if it seems
inconvenient.

Wear a lab coat when working in the growth facility. Pests are easily spread on clothing, both
by people moving within the facility and by people coming in from the outdoors. Dedicate a
set of “growth area only” lab coats for all users of the facility. Use sticky mats at the entrance
of the growth facility to help prevent pests from being tracked in.

Quarantine any new plants to avoid introducing pests from another growth area. Isolate the
new material for a few days and carefully inspect it for emerging pests. This waiting period is
important because pests that are not visible initially may hatch out.

The easiest way to control a pest outbreak is often to dispose of the affected plants. Although
this may set back a research project for a few weeks, it is worth considering in order to curtail
a more serious outbreak. If the infested plants are essential and must be saved, move them to a
separate growth chamber or other isolated area that is away from unaffected plants. When
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moving infested plants, prevent pests from spreading by covering the flat with a dome or by
bagging the flat. Clean the cart and dome afterwards.

Keep similarly aged plants together. Plants of the same age will be easier to monitor for pests.
Older, senescing plants seem to be more vulnerable to pests and it is best to keep them sepa-
rated from young seedlings. The ideal approach is to coordinate growth of plants in a particular
area so that they mature at about the same time, allowing the growth facility to be cleaned out
before planting again.

A licensed pesticide applicator or greenhouse manager will be able to handle pesticides safely
and properly. In the United States, the regulations of the Worker Protection Standard
(www.epa.gov/pesticides/safety/workers/workers.htm) must be followed to protect workers
and pesticide handlers from exposure. Local rules may vary, and different regulations for
pesticide use will apply in other countries. Some of the pesticides mentioned in this chapter
are required by law to be applied by someone who has had pesticide applicator training. In
some cases it is necessary to restrict access to the growth facility while the pesticides are being
applied, as well as for a period immediately afterward. Pesticide labels describe the specific
“reentry interval,” as well as the required personal protective equipment (nitrile gloves, respi-
rator, etc.).

For spraying fewer than 10 flats, a small hand sprayer will be sufficient. For larger infesta-
tions, use a pump sprayer. Set the nozzle to a fine setting. It is best to create a “mist” of small
droplets that will evenly cover the surfaces of the plant rather than a “rain” of larger ones.
Some pesticides, such as those used to treat fungus gnat larvae, must be applied as a “sprench.”
The goal is to spray and drench the soil at the same time. For fewer than 10 flats, a common
laboratory squirt bottle works well for this. For larger numbers of flats, use a pump sprayer
with the nozzle set at the coarsest setting.

Always check for phytotoxicity on a few plants before undertaking a large-scale pesticide
application. Read and follow the directions on the pesticide label, use proper personal protec-
tive equipment, adhere to reentry interval guidelines, and keep good records of all pesticide
applications.

Consider the growth environment before spraying. Greenhouses are usually designed so that
they can be sealed off before spraying, but that is not necessarily the case for growth rooms,
which may vent into work spaces. Make sure that the air from the growth rooms does not
recirculate with air in neighboring labs and offices. Growth chamber manufacturers recom-
mend that pesticides should not be applied in reach-in chambers.

Biological pest controls such as predatory mites, parasitoid wasps, nematodes, and the bacte-
rium Bacillus thuringiensis can be used on Arabidopsis. However, such control methods are
not absolute and usually require some tolerance to low-level pest populations. Extremely keen
scouting abilities are also important to ensure that biological controls are implemented early in
an infestation. Biological pest control is not always appropriate for Arabidopsis research because
even a low-level pest problem can alter plant phenotypes beyond experimental parameters.
Biological control agents work best when applied before a pest outbreak, rather than once it
has started. Therefore, weekly releases of biological control organisms are recommended.

2.5. Early Signs of Pest Outbreaks

Learn the early signs of pest outbreaks and monitor for these. Often, damaged or sick plants

can be recognized before the pests themselves are observed (3). Regularly inspect all plants in
the growth area. Keep a record of the locations where you suspect a pest outbreak and check
those areas closely.

2.6. Maintaining Healthy Plants

1.

Provide optimal plant growth conditions (temperature, light, humidity) to generate healthy
plants (4; see also Chapter 1 in this book). Arabidopsis grows well at 20 to 23°C, 50 to 65%
relative humidity, and a light intensity of 80 to 150 UE.

Do not overwater or underwater plants. Thoroughly wet the soil and then allow it to dry out
slightly before watering again. In most situations watering two times per week is sufficient,
though the watering schedule will change with the age of the plants. An added advantage to
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such a watering protocol is that the incidence of fungus gnats and other underground pests is
reduced if the soil is not continuously wet.
3. Ensure that there is good air circulation around plants.

3. Arthropod Pests

Fungus gnats and thrips are the most common pests of Arabidopsis in growth chambers,
growth rooms, and greenhouses. Aphids and spider mites are less problematic, but can also
infest Arabidopsis, especially in greenhouses where they may already be established on other plants.

3.1. Fungus Gnats

Fungus gnats (Bradysia spp.) are one of the most serious Arabidopsis pests. They can
appear, seemingly from nowhere, and quickly take hold. Often, fungus gnats are not detected
until the adult flies emerge. However, it is the larval stage that does all the damage and it is
therefore important to monitor plants for signs of larval feeding. Fungus gnat larvae feed on
tender roots, fungi, decomposing organic matter, and decaying plant tissue in the soil. They
will also chew on leaves that are touching the surface of the soil. Larvae pupate underground
and emerge at the surface as adult gnats. Adult fungus gnats do not harm the plants, except by
laying more eggs, which soon hatch into more hungry larvae. The full fungus gnat life cycle
takes 3 to 4 wk, which may account for the fact that the heaviest infestations are usually seen on
older plants.

Shore flies (Scatella spp.) are often confused with fungus gnats. These flies do slightly
resemble adult gnats, but are stockier, have white spots on their wings, and tend to fly when
disturbed. Fungus gnat adults will generally run along a surface when prodded. Shore flies are
associated with algae and breed in standing water such as that found in drainpipes and sink
traps. They are not a significant pest to Arabidopsis and are not covered here.

3.1.1. Fungus Gnat Prevention

1. Fungus gnat eggs can be found in commercial, bagged soilless mixes, especially those that are
high in partially decomposed organic matter. Before planting, drench the soil with a suspen-
sion containing Bacillus thuringiensis israelensis, which is sold as Gnatrol™ (Valent Bio-
sciences). Any fungus gnat larvae that hatch in the soil will be killed after they ingest the B.
thuringiensis toxin.

2. Allow growth media to dry slightly between watering and do not leave pools or puddles of
standing water on the floor or bench. Fungus gnats thrive in damp, humid conditions that also
promote fungus growth.

3.1.2 Fungus Gnat Detection

1. Plants grow slowly and lack vigor when fungus gnat larvae chew their roots. Seedling and
early-rosette-aged plants are the most vulnerable.

2. Small round holes will appear on leaves touching the soil surface where the larvae have
sampled leaf tissue (Fig. 1A). Seedlings are extremely vulnerable to fungus gnat larvae. With
severe infestations, whole seedlings can be devoured overnight. If suspected fungus gnat holes
are seen, carefully lift up the leaf and look for whitish translucent larvae with black heads (Fig.
1B). The larvae will avoid light, and usually respond by burrowing into the soil.

3. Yellow sticky cards (Whitmire Micro-Gen) hung throughout the growth area will catch adult
gnats (Fig. 1C). These cards work only as a monitoring device and should not be considered a
control method. Count the number of gnats on each card and keep records as a quantitative
measure of the severity of the infestation. Continue monitoring after treating for the gnats to
determine the efficacy of the treatment.

4. Cut a small (half-inch) plug of raw potato and place this on the soil surface. After one day, lift
the plug and look for larvae feeding on the potato. This is also a good technique to use for
monitoring the success of soil treatment, or as part of a regular scouting of the growth facility.
Mark the positions where the potato plugs are and check them every few days. They will need
to be replaced as they dry out or become moldy.
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Fig. 1. Fungus gnats (Braydisia sp.). (A) Arabidopsis leaves chewed by fungus gnat larvae.
(B) Fungus gnat larvae, approx 2 mm. (C) Fungus gnat adult trapped on sticky card, approx 2 mm.

3.1.3. Fungus Gnat Treatment

1. Treatment should be targeted at the larval stage. It difficult to control adults because they hide
in places where they are not easily reached by pesticides. Fungus gnat larvae live near the soil
surface, so the pesticide should be applied to the upper inch of the soil. This can be done using
a spray nozzle on a coarse setting and spraying the material onto the soil, or by carefully
watering the solution onto the flats. Eggs and pupae are generally not susceptible to pesticides,
so it will be necessary to repeat applications, following the directions on the label, every 5 to 7
d until the infestation is eliminated.

2. Gnatrol is not only a good preventive treatment for fresh soil, but also a good pesticide to use
on existing fungus gnat infestations. After ingestion of the B. thuringiensis bacterial toxin, the
gut becomes paralyzed, feeding stops, and the larvae die. The strain of B. thuringiensis in
Gnatrol specifically targets fly larvae and is not harmful to Arabidopsis or biological control
insects that are used in the greenhouse. Gnatrol is effective for only 48 h, so it must be applied
repeatedly.

3. Insect growth regulators (IGRs) are effective against fungus gnat larvae. These are pesticides
that interfere with the normal development of the insect pest. S-kinoprene, sold as the product
Enstar II® (Wellmark International) can be applied as a drench to the soil. Another IGR,
azadirachtin, sold as Azatin® XL (Olympic Horticultural Products), is also applied as a drench
and is extremely effective against fungus gnat larvae.
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In addition to B. t. israelensis mentioned above, the predatory mite Hypoapsis miles and the
predatory nematode Steinernema feltiae can be used on Arabidopsis for biological control of
fungus gnats with good results. Both of these organisms need to be incorporated into the soil at
planting time. The nematodes are sold under many brand names and, to ensure obtaining
viable nematodes, it is best to purchase them through a reputable biological control supplier.
A list of biological control suppliers in North America can be found at the Web site:
www.cdpr.ca.gov/docs/ipminov/ben_supp/contents.htm

3.2. Thrips

Thrips, in most cases the species Frankliniella occidentalis, are another serious pest of

Arabidopsis. In their 3-wk life cycle, these insects pass from eggs through two larval and two
pupal stages to become adults. Pupae are generally in the soil, but all other growth stages are
found on the plant. Thrips are good at hiding in axils, rosette centers, and even flower buds. As
a result, they are difficult to control and early detection is particularly important.

3.2.1. Thrip Prevention

1.
2.

Regular, methodical monitoring is important for detecting thrips in the early stage of infestation.
Old soil and dead dry plant debris can harbor thrips and thrip pupae. When disposing of plant
materials, completely remove them from the growth facility. A trash bag full of plants left by
the door can serve as a reservoir for thrips waiting to colonize new plants.

Thrip-proof screens made from 0.16-mm mesh can be installed on greenhouse vents. Keep in
mind, however, that these screens will severely restrict the air flow in the greenhouse. Addi-
tional ventilation may be required if such mesh is installed.

Keep greenhouse floors clean and clear of weeds that can harbor thrips.

Make preventive releases of the predatory mites Neoseiulus cucumeris or Hypoapsis miles
(discussed below).

3.2.2. Thrip Detection and Monitoring

1.

M

Typically thrip damage will be seen before the insects themselves are detected. Thrips scrape
the leaf tissue and then consume the plant juices, which results in silvery-white patches that
are usually seen at leaf edges, or near the center of the rosette (Fig. 2A). Sometimes the white
patches will be covered with black dots of thrip frass.

Distorted expanding leaves are often caused by thrip damage.

Adult thrips are tiny, slender, and difficult to see. They are 1 to 2 mm long and resemble a
small splinter (and are just as aggravating) (Fig. 2B). Larvae of thrips are slightly smaller, but
can also be seen (Fig. 2C). If thrip damage is discovered, blow on the plant gently and then
look at the damaged area with a hand lens. In response to the CO, in your breath, the adult and
larval thrips are likely to come crawling out from the center of the rosette where they are hiding.
Tap plants, especially flowering or senescing plants, over a piece of white paper, and thrips
will be seen crawling on the paper. In a similar manner, thrips are often found when harvest-
ing seeds.

3.2.3. Thrip Treatment

1.

Thrips can be suppressed with insecticidal soaps such as Safer®Brand (Woodstream Corp.), or
M-Pede® (DowAgroSciences), but complete control is difficult. If plants are stressed, due to
severe infestation or some other factor, soaps can sometimes damage leaves.

Thrips are known to readily develop resistance to several pesticides. For this reason it is
important to rotate pesticides with different modes of action. Conserve™ (Dow AgroSciences),
Mavrik Aquaflow® (Wellmark International), and Avid® (Novartis) all work against thrips on
Arabidopsis. Plan to make two or three applications 7 d apart.

Treat all plants in the infested growing area. Adult thrips fly, and can also be transported
on clothing.

Biological control is particularly challenging with established populations of thrips. However,
the predatory mite Neoseiulus cucumeris can be used, and it does have the advantage of being
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Fig. 2. Thrips (F. occidentalis). (A) Arabidopsis leaves damaged by thrip feeding. (B) Adult
thrip, approx 1.5 mm. (C) Thrip larva, approx 0.5 mm.

able to reach into the thrips’ hiding spaces (axils, flowers, etc.) where pesticides may not
reach. This mite is especially good at attacking first instar larvae. Use of this mite does require
a lot of attention to scouting and monitoring of both the predator population and the thrip
population. Several releases of N. cucumeris will be required, and, if chemical pesticides are
used, they must be compatible with this mite. Ask the biological control supplier about pesti-
cide compatibility when purchasing mites. The soil-dwelling mite Hypoapsis miles will attack
thrip pupae as well as fungus gnat larvae.

3.3. Aphids

Aphids are common greenhouse pests that also infest Arabidopsis. Aphid outbreaks in
growth chambers or growth rooms occur less frequently, but there can be transfers of aphids
from nearby greenhouses. The green peach aphid, Myzus persicae, is the species that is most
frequently found on Arabidopsis, though other species (e.g., melon aphids and root aphids)
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Fig. 3. Aphids (M. persicae). (A) Nymphs and adults feeding on an Arabidopsis stem, 0.5 to
2 mm. (B) Winged adult aphid, 1.5 to 3 mm.

have been reported. M. persicae are soft-bodied, yellow, green, red, or tan pear-shaped insects,
1 to 3 mm long, that are usually seen in clusters on the undersides of leaves or along the stems.
Aphids reproduce by parthenogenesis, with females giving birth to genetically identical first-
instar offspring. Because of this, even a single aphid can quickly become a large infestation.
Winged asexual female aphids are produced when food becomes limiting—for instance, when
plants start to go to seed or are drying down. These winged parthenogens can spread quickly
and invariably produce wingless female offspring. Aphids can also reproduce sexually, but this
is initiated under cool temperature (15°C) and short daylight conditions that are not commonly
found in Arabidopsis growth facilities.

3.3.1. Aphid Prevention

Screens on greenhouse vents, diligent inspection of nearby host material, and good house-
keeping in the growth facility will help deter aphids.

3.3.2. Aphid Detection and Monitoring

1. Aphids can be found on flower stalks, on young leaves in the rosette center, and on the under-
sides of leaves (Fig. 3A). Winged aphids (Fig. 3B) are highly mobile and typically can be
found on the rosette leaves. They are often trapped on the yellow sticky cards used to monitor
fungus gnats.

2. A sticky, moist “honey dew” will coat the plant surfaces when aphid infestations are severe.
Sometimes this honey dew will turn black with sooty mold.
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3.3.3. Aphid Treatment Suggestions

L.

Insecticidal soaps such as SaferBrand or M-Pede are effective for treating aphids on
Arabidopsis, as long as the plants are otherwise reasonably healthy. Early detection of aphid
infestations is important because soap treatment can burn the leaves of stressed plants. As with
any chemical treatment of Arabidopsis, it is always a good idea to do a test spray on a few
plants first.

Other suggested aphid pesticides are Mavrik Aquaflow® and Enstar II® (both from Wellmark
International).

. Aphidius colemanii is a small parasitoid wasp that sometimes enters greenhouses without

assistance, or can be purchased from a biological control supplier. Female wasps lay eggs in
adult aphids, which hatch and feed on the dying aphid. Adult wasps emerge and go on to
parasitize more aphids. Evidence of wasp predation can be seen as tan-colored “shells” within
clusters of aphids, sometimes referred to as “aphid mummies.”

3.4. Spider Mites

The two-spotted spider mite, Tetranychus urticae, is a common greenhouse pest that can be

found on Arabidopsis. Like aphids, spider mites are sap-sucking and can cause leaves and
flowers to wilt and die. The entire mite life cycle takes about 3 wk: Eggs hatch into hungry
nymphs, the nymphs go through several cycles of feeding followed by dormancy, and adults
hatch after the third dormancy period.

3.4.1. Spider Mite Prevention

1.

2.

Spider mites thrive in hot, dry conditions. Maintaining a high relative humidity (greater than
50%) will deter spider mites.

Sanitation is important for preventing spider mite infestations, in particular if there has been
an outbreak recently or nearby. Spider mites are good at hiding in cracks in the floor and in
plant debris. Diapause, a type of hibernation, can occur when temperatures drop, days get
shorter, or when the food supply gets low, such as when plants are senescing. Fertilized adult
females will stop feeding and laying eggs, and will hide in cracks until conditions improve.

3.4.2. Spider Mite Detection

L.

All life stages of spider mites are usually found on the undersides of leaves, which makes early
detection difficult. Once established, however, they can sometimes be seen crawling across
the leaf surface or near the center of the rosette (Fig. 4A).

Mite feeding causes a stippling effect, in which the leaves become covered with white or
yellow chlorotic spots. In early infestations, the stippling tends to be more concentrated near
the leaf margins (Fig. 4b).

When the infestation becomes severe, spider mites will spin threadlike webbing that covers the
inflorescences. Mature flowering plants and senescing plants are especially vulnerable.

3.4.3. Spider Mite Treatment

1.

Only adult spider mites and feeding nymphs are susceptible to pesticides. The eggs and dor-
mant nymphs will not be harmed by chemical treatment. Therefore, it is important to plan on
multiple pesticide applications 5 to 7 d apart. Insecticidal soaps such as Safer Brand or the
pesticides Avid and Mavrik Aquaflow are effective chemical controls.

Several predatory mites that consume spider mites are available from biological control sup-
pliers. Some will provide more immediate control, whereas other types will establish them-
selves and provide control over the longer term. One caution is that some species of predatory
mites will feed on pollen when they run out of prey species. This could potentially cause
crosspollination, which most Arabidopsis researchers want to avoid. Ask the supplier for a
mite that does not feed on pollen.
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Fig. 4. Spider mites (7. urticae). (A) Spider mite adult, approx 0.5 mm. (B) Arabidopsis
plant with leaf stippling caused by spider mite feeding.

4. Diseases

The incidence of severe diagnosed microbial diseases in laboratory-grown Arabidopsis is
relatively uncommon, at least in part due to the short life cycle of Arabidopsis, the controlled
conditions that most researchers use to grow their plants, and the fact that Arabidopsis plants
are always grown from seed. In greenhouses, fungal and bacterial pathogens typically occur in
situations where there is high humidity, poor air circulation, or continuously wet soil. Viruses
are usually spread either by insects or when plants are propagated from cuttings. However,
Erysiphe sp. (powdery mildew) and Botrytis cinerea (gray mold), two fungal pathogens that are
familiar in horticultural settings, do occasionally cause spontaneous Arabidopsis infections,
and are described below.

On the other hand, it is likely that many cases of pathogens infecting Arabidopsis remain
unidentified, because it is often easier to dispose of a set of sick-looking plants and start over,
rather than trying to identify the potential microbial agent causing the problem. We know from
studies of plant—pathogen interactions that Arabidopsis is susceptible to many pathogens,
including a variety of viruses, bacteria, and both necrotrophic and biotrophic fungi. Almost
everyone working with Arabidopsis has encountered unexplained symptoms such as wilting,
yellowing of the entire plant, chlorosis of leaves, anthocyanin accumulation, or general lack of
vigor. Often, this is attributed to a “bad batch of soil,” but it is possible that these sickly plants
are infected with an unidentified pathogen.

4.1. Powdery Mildew (Erysiphe sp.)

Powdery mildew is an obligate biotrophic pathogen that infects many agricultural crops.
Species in the genus Erysiphe commonly infect Arabidopsis in greenhouses and growth cham-
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Fig. 5. Powdery mildew (Erisyphe sp.) on Arabidopsis leaves.

bers. Airborne fungal spores settle and germinate on living plant tissue. After germination, the
mycelium grows over the surface of the leaf, projecting food-absorbing haustoria into the epi-
dermal cells. The pathogen develops in this manner, invisible to the naked eye, until spore-
producing conidiophores are formed. This reproductive phase is visible on the leaf as a patch of
white “powder” that consists of the conidiophores and the multitudes of spores ready to become
airborne, continuing the cycle.

4.1.1. Powdery Mildew Prevention

1.

Reduce the relative humidity immediately surrounding the plants by allowing good air circula-
tion around plants. Keep plants spaced apart and use fans to keep air circulating throughout the
growth area. Although powdery mildew spores can germinate at a lower humidity than most
fungi, the progression of the disease on the plant is increased in high humidity environments.
Do not leave water standing in the trays beneath the pots, as this increases the humidity imme-
diately surrounding the plants.

Control the temperature and humidity in the growth facility. Warm days with low relative
humidity combined with cool nights with high relative humidity favor development of pow-
dery mildew. These conditions are common in winter in greenhouses that do not have good
temperature control.

Clean the growth area between plantings. After removing all plants, wash all surfaces (walls,
floors, benches, etc.), and then turn up the temperature as high as possible for a few days.
Cleaning will remove all remnants of plant material on which spores might survive. Heating
the area will dry out and kill any remaining spores.

4.1.2. Powdery Mildew Detection

1.

White patches of mildew will first become visible at the tips of the upper surfaces of older
rosette leaves (Fig. 5). When the powdery mildew infection is advanced, cauline leaves, stems,
and siliques will also show these patches.

Powdery mildew is most easily detected on plants that have reached the large-rosette stage.
Plants that are much younger and otherwise appear to be healthy can still have a powdery
mildew infection that has not yet reached the reproductive phase and is thus invisible to the
naked eye.

4.1.3. Powdery Mildew Treatment

1.

Early treatment is important because the airborne spores are easily spread. Avoid spreading
powdery mildew by not entering other plant growth areas after exposure to infected plants.
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Fig. 6. Botrytis infection on an Arabidopsis ein2 mutant plant. Under normal growth condi-
tions, Botrytis infections are uncommon and do not result in extensive lesions. However, some
commonly used Arabidopsis mutants, such as ein2, are hypersusceptible to Botrytis infection.
Botrytis can also cause extensive damage to plants that are grown under high-humidity conditions.

2. When powdery mildew is first discovered, cover the affected plant with a damp paper towel,
which reduces the spread of the spores. Spraying plants or moving infected plants drives spores
onto neighboring plants.

3. Sulfur-based fungicides sold for use in house and garden are effective against powdery mil-
dew. Use according to the directions on the label. In some cases, however, sulfur sprays may
cause older leaves to turn yellow or senesce prematurely. Do a test spray on a few plants.

4. A fungicide that is effective against powdery mildew is 3336F (Cleary Chemical Corp.).

4.2. Gray Mold (Botrytis sp.)

Botrytis is not very common on Arabidopsis, but in high-humidity conditions, plants that are
already weak, stressed, or compromised in some way can become infected. Arabidopsis mutants
in the ethylene signaling pathway (for example, the commonly used ein2 mutant) are particu-
larly susceptible to Botrytis infections.

4.2.1. Botrytis Prevention

1. Keep the growth area clean and remove plant debris that can harbor Botrytis spores.

2. Healthy, vigorously growing plants are unlikely to become infected with Botrytis. Avoid
wounding or damaging plants when handling flats. Wound sites are frequent areas of infection.

3. Keep the humidity low around plants by providing good ventilation and not overcrowding
plants. In a greenhouse, when night temperatures drop, a thin film of moisture can condense on
plant surfaces, creating an ideal condition for Botrytis spores to germinate. Airflow around the
plants helps to keep leaves dry. Water plants early in the day, and do not leave water standing
in the tray.

4.2.2. Botrytis Detection and Treatment

1. Botryis appears as a gray mold on older leaves (Fig. 6).
2. The fungicide 3336F is reported to be effective against Botrytis.
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North American Biological Control Suppliers can be found at the Web site:
www.cdpr.ca.gov/docs/ipminov/ben_supp/contents.htm.

References

1. Anderson, M. (1998) Control of pests and diseases of Arabidopsis, in Methods in Molecular Biol-
0gy, vol. 82: Arabidopsis Protocols (Martinez-Zapeter, J. M. and Salinas, J., eds.), Humana Press,
Totowa, NJ, pp. 19-26.

2. Nelson, P. V. (1998) Greenhouse Operation and Management. Prentice-Hall, Upper Saddle River, NJ.

3. Malais, M. and Ravensberg, W. J. (1992) Knowing and Recognizing: The Biology of Glasshouse
Pests and Their Natural Enemies. Koppert Biological Systems, Berkel en Rodenrijs, The Netherlands.

4. Preuss, D. (2002) How to grow Arabidopsis, in Arabidopsis: A Laboratory Manual (Weigel, D. and
Glazebrook, J., eds.) Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY, pp. 1-18.


www.cdpr.ca.gov/docs/ipminov/ben_supp/contents.htm




3

Growth of Other Species Related to Arabidopsis thaliana

Krithika Yogeeswaran and Mikhail Elia Nasrallah

Summary

Recent interest in the study of biological phenomena in Brassicaceae members (crucifers) related
to the model plant, Arabidopsis thaliana, fuels the need for standard protocols for growth and main-
tenance of these plant species. Like A. thaliana, many wild crucifers are amenable to growth in
greenhouses, growth rooms, and growth chambers for laboratory study. Some aspects of their care
are quite similar to A. thaliana. However, several unique traits, such as perennial growth habit, long
life cycle, large plant size, need to overwinter for floral initiation, and self-incompatibility, warrant
special procedures to ensure healthy growth and good seed set. This chapter attempts to provide
sources for acccessions and standard protocols for plant growth and seed harvest of wild crucifers
while providing special tips for species with which we have experience.

Key Words: Brassicaceae; crucifers; accessions; Arabidopsis lyrata; Capsella spp.; perennial;
growth; care of plants; environmental conditions; vernalization; self-incompatiblity; self-pollination.

1. Introduction

There has been a growing interest in a number of disciplines of plant molecular biology to
extend the study traits of interest across species of the Brassicaceae family (crucifers). The
model plant Arabidopsis thaliana belongs to this family, along with the economically impor-
tant genus, Brassica, which has been of long-standing interest to plant breeders. Less well
known crucifer relatives from the genera Arabidopsis, Capsella, Boechera, Sisymbrium, and
others have been of interest to Brassicaceae systematists for several decades. Only recently
have these wild species recieved some attention in basic biology (for examples, see 1-3). This
new trend fuels the need for standard protocols for the growth and maintenance of healthy
plants of relatives of A. thaliana for laboratory study.

Like A. thaliana, these plants are amenable to cultivation in growth chambers, growth rooms,
and greenhouses. While some aspects of growth of these crucifers are favored by conditions
that mirror those suitable for Arabidopsis thaliana, others differ due to contrasting habit, life
history, and reproductive behavior (see Table 1 for a list of contrasting traits). Arabidopsis
thaliana is an annual with a short life cycle, whereas many of its relatives are perennials and
have long life cycles. Special measures are often required to speed up the transition from veg-
etative to reproductive growth. Self-fertility in A. thaliana promotes copious seed production,
while many other crucifers are self-incompatible and set little or no seed.

General guidelines for indoor cultivation and control of environmental factors will be out-
lined in this chapter. We will pay special attention to unique aspects that one should consider
while growing relatives of A. thaliana. These details are based on experience gathered over the
past decade, from species we have worked with in our laboratory. These include accessions of
Arabidopsis lyrata ssp. lyrata, Arabidopsis lyrata ssp. petraea, Capsella rubella, Capsella
grandiflora, and a few varieties of B. oleracea and B. campestris. As Brassica cultivation is

From: Methods in Molecular Biology, vol. 323: Arabidopsis Protocols, Second Edition
Edited by: J. Salinas and J. J. Sanchez-Serrano © Humana Press Inc., Totowa, NJ
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Table 1

General Characteristics of Cruciferous Species

Arabidopsis thaliana

Arabidopsis lyrata

Capsella spp.

Brassica spp.

Common name

Other names

Geographical distribution

Habit

Base chromosome number
Ploidy

Self-fertilization barriers
Duration of life cycle
Unique features

Economic importance

Average plant size:
Vegetative: rosette diameter

Flowering: height and diameter

Average number of seeds per silique

Thale-cress

Eurasian origin,

Ecotypes found in N.
America, Europe, Asia,
and parts of Africa (9)

annual

5

diploid

SC

6-8 wk“

model plant system—
genome fully sequenced

weed

1-3 in.
6-10 in. tall,
2—4 in. in diameter

40-50

Lyre-leaf rock-cress

Arabis lyrata, Arabis petraea,
Cardiminopsis petraea (8)
A. lyrata ssp. lyrata: N. America
A. lyrata ssp. petraea:

Europe (8)

perennial

8

diploid and polyploid

SI

6-12 mo

aerial rosettes, fragrant flowers

weed; wild species

3-5in.
12-16 in. tall, up to 18 in.
diameter when vernalized

20-25

Shepherd’s purse

Eurasian origin, world-
wide distribution
except tropics (10)

annual and perennial spp.
8

diploid and polyploid
SC & SI

6—12 mo

heart-shaped siliques

weed; wild species

8-10 in.

14-18 in. tall, up to 24
in. diameter when
vernalized

10-15

Oilseed rape, broccoli, cauli-
flower, brussels sprouts,
kale, cabbage, kohlrabi,
radish, etc.

Eurasian origin,

Cultivated Brassica spp.
grown worldwide in sub-
tropical to subarctic
climates (8)

annual and biennial spp.

8-10

diploid and polyploid

SC & SI

2-12 mo

B. oleracea ssp. have been
selected for edible traits or
seed oil

B. campestris and B. napus
—oilseed rape

B. oleracea ssp.—vegetables

10-14 in. diameter, 6-12 in. tall
3—4 ft tall, 12—18 in. diameter

15-20

“Some ecotypes are late-flowering and have much longer life cycle.
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fairly well documented (4), most of our notes will focus on tips to deal with the wild weedy
cruciferous species.

2. Materials
2.1. Plant Material Resources

Currently the Arabidopsis Biological Resource Center (ABRC, Ohio State University)
houses no seed stocks for wild relatives of A. thaliana but has seed stock from one accession
each of B. oleracea and B. rapa (these may be ordered through The Arabidopsis Information
Resource (TAIR) website www.arabidopsis.org). The US Department of Agriculture (USDA)
seed banks (www.ars-grin.gov/npgs/acc/acc_queries.html) and Consultative Group on
International Agricultural Research (CGIAR) centers (www.singer.cgiar.org/SINGER/
singer_test_version.htm) are rich in germplasm of cultivated Brassica spp. but show poor rep-
resentation of wild crucifers. The USDA has one accession of C. grandiflora and no Arabidopsis
spp. accessions. A Brassica Seed Bank maintained at Tohoku University in Japan houses some
177 species from 58 genera of the Brassicaceae, including several wild relatives that are avail-
able to the public for research purposes (www.agri.tohoku.ac.jp/pbreed/Seed_Stock_DB/
Stock_English_top.html). For most of our laboratory studies we have obtained seed derived
from wild accessions from fellow research groups. These include seed derived from accessions of:

* Arabidopsis lyrata ssp. lyrata: North American subspecies collected from northern Michigan
by C. Langley (University of California, Davis).

» Arabidopsis lyrata ssp. petraea: Northern and Central European subspecies collected from
Iceland, and provided to us by M. Schierup (University of Aarhus, Denmark).

* Capsella rubella and C. grandiflora: Collected originally by H. Hurka (Universitidt Osnabriick,
Germany) and provided to us by R. Schmidt (Max Planck Institute, Germany).

* B. oleracea var. alboglabra from the Gene Bank Facility courtesy of D. J. Ockendon
(Wellesbourne, UK).

* B. campestris var. Yellow Sarson from India (USDA strain C634) provided by K. Hinata
(Tohoku University, Sendai).

. Plant Growth and Cultivation

2
1. Plastic Petri dishes.
2. Whatman filter paper.
3. Distilled water.
4. Standard plastic 1020 trays and flats of 3 X 6 = 18 thin-walled 4-in. maxi square cells to insert
in the trays (Griffin Greenhouse and Nursery Supplies, Tewksbury, MA).
5. 4%4-6'%-in. diameter thin-walled plastic pots and 8—12-in. clay pots (Griffin Greenhouse and
Nursery Supplies).
6. Large heavy plastic trays of at least 3-in. depth for use as secondary containers for large plastic
and clay pots.
7. Metromix 200 (Scotts Sierra Horticultural Products, Marysville, OH).
8. Large autoclave bags.
9. Water (not distilled).
10. Watering can.
11. Paper.
12. Plastic labeling stakes.
13. Permanent marker.
14. Plastic domes and/or Saran wrap.
15. Commercial fertilizer—Peters® Professional® soluble NPK 20:20:20 with micronutrients
(Scotts Sierra Horticultural Products).
16. Pesticides:

 Gnatrol® Bioinsecticide (Abbott Laboratories, Chicago, IL).
 Marathon® II (systemic, foliar spray, toxic; Olympic Horticultural Products, Mainland, PA).


www.arabidopsis.org
www.ars-grin.gov/npgs/acc/acc_queries.html
www.singer.cgiar.org/SINGER/singer_test_version.htm
www.singer.cgiar.org/SINGER/singer_test_version.htm
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* Conserve* SC (nonsystemic, foliar spray, toxic; Dow Agrosciences Canada, Inc., Calgary,
Alberta).

+ Marathon® 60 WP (systemic wettable powder, toxic; Olympic Horticultural Products).

¢ Sevin® (organophosphate, highly toxic; Southern Agricultural Insecticides, Palmetto, FL).

17. Yellow and blue insect sensor cards (Whitmore Micro-gen Research Lab).

18. Gardening plastic wire.

19. Preemergent herbicides (Toxic): Surflan AS (Southern Agricultural Insecticides) or XL2G
(Setre Chemical Co., Memphis TN) (optional).

20. Magnifying lens.

21. Fine tweezers (Dumont #3 Tweezers, Electron Microscopy Sciences, PA).

22. Jewel tags for labeling (optional).

2.3. Seed Harvest and Preservation

1. Transparent acetate sheets and tape for collars (optional).
Cutting shears.

Clear plastic storage bags.

Sieves of appropriate mesh size (optional).

Glass Petri dishes.

Small brown coin envelopes: size #1 (2.5 X 3.5 in.) and #3 (2.5 X 4.5 in.).
Cryovials.

Forceps.

Silica gel.

10. Dessicator.

11. Kimwipes.

A A il

12. Tape.
13. Parafilm.
3. Methods

3.1. Plant Growth and Cultivation
3.1.1. Growth Environments

Wild relatives of the tiny weed A. thaliana tend to be comparatively larger in size, both in
aerial and subterranean tissue (see Fig. 1). While young plants may be easily maintained
in growth chambers and growth rooms, large mature plants may be more easily housed in green-
houses. In greenhouses, plants may be shaded from full sun and artificial lights may be used to
extend photoperiods when necessary (see Note 1). Some plants in the flowering stage may
require much more spacing than in the vegetative stage (see Note 2). Many cultivated crucifers
form very long erect inflorescences and may be housed only in large growth chambers or green-
houses (see Note 3). These size and space constraints must be taken into account while plan-
ning an experiment (refer to Table 1 for details of average plant size for various species, at
different stages of the life cycle).

3.1.2. Seed Stratification

Dry seeds are often dormant and will need to be imbibed by stratification before planting.
We follow the simple protocol outlined below.

1. Cut two pieces of Whatman filter paper to fit a plastic Petri dish.

2. Place the filters in the Petri dish’s base and lid and dampen completely so that they are moist
but not wet.

3. Gently spread seeds evenly on the surface of the base plate filter.

Cover with the other filter and replace the lid.

5. Treat at 4 to 5°C in a cooler or refrigerator for 2 to 5 d (depending on subspecies) to allow
imbibition. This treatment does not require light and may be performed under dark conditions.

>

Alternatively, seeds in starter pots may directly be stratified by placing in a refrigerator or
cooler for the same treatment described in step 5.
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Fig. 1. Crucifer species growing in the wild. Weedy (A) Arabidopsis thaliana seen growing
alongside (B) Capsella rubella in the author’s vegetable garden in Ithaca. Note the differences
in flower size between (C) A. thaliana and (D) C. rubella. (E) Capsella spp. have heart-shaped
siliques that shatter to disperse seeds over long distances (Insert provided for clarity).

3.1.3. Conditions Favoring Seed Germination

Light is essential for proper seed germination. Continuous light and long daylight regimes
(>16 h) favor seed germination. Although overwatering is not recommended, germinating seeds
must never be allowed to dry out. This may be achieved by daily watering. High humidity
(>60%) favors good seed germination and may be accomplished by keeping pots and flats
covered (with lids or Saran wrap) until the first true leaves emerge. A 23°C day temperature
prevents any greenhouse-effect type of overheating of the soil surface when the plants are
covered.

Germination time in wild crucifers we have worked with tend to be comparable or longer
than that for A. thaliana, subspecies-specific, and typically in the range of 7 + 1 days (some
subspecies may take longer; see Note 4).

3.1.4. Planting

The most effective planting strategy to follow depends on the availability of seed. When
plenty of seed is available, we suggest denser plantings on 4.5 to 6.5-in. starter pots that can be
imbibed directly. These occupy limited space, can be stored in lab coolers or growth chambers,
and help one eliminate inviable seed (in the absence of seed viability estimates). A few weeks
after germination, healthy seedlings 1 to 2-in. in height can be easily transplanted to individual
pots (4.5 to 8-in. diameter). We find this to be both a space- and a time-efficient strategy. When
seeds are in limited supply however, it may be best to directly plant in individual pots after
stratification on plates—plastic flats with 3 X 6 = 18 individual cells are preferred in this case.
For studies involving many individual lines that must be grown and compared under common
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Fig. 2. Flat of young A. thaliana and A. lyrata plants grown in the greenhouse. Panel A
shows a side view and Panel B an aerial view of a 4 x 8 = 32 flat of young Arabidopsis plants.
From the left, the first four rows are late-flowering A. thaliana ecotype C24 plants at the peak
of their vegetative growth. Rows 5-8 show an early-flowering line of A. lyrata ssp. lyrata
plants. Both plant species are about 15 wk old and were grown under continuous incandescent
lighting with 25°C day temperatures (16 h) and 21°C night temperatures (8 h). Vernalization
was not required to initiate flowering in this particular A. /yrata line, although most accessions
do require the treatment. Observe the differences in rosette diameter (refer to Table 1 for aver-
age sizes) and leaf morphology (lyrate leaves in A. [yrata). Flats are useful to separate different
lines and species for comparative studies in which environmental conditions must be uniform.

environmental regimes, one can plant seeds from different accessions in rows on single flats
(see Fig. 2).

We recommend the use of Metromix 200, a moderate-density soil mixture containing peat
moss, perlite, vermiculite, and washed sand. Any similar commercial soil mix may be used as a
substitute. Peat moss improves the soil’s ability to aerate growing roots, which is essential
especially under potted conditions. Soil presterilization is a topic of some debate: whereas the
advantages include killing contaminating seed material, insect eggs, and fungal spores, disad-
vantages include killing of native microflora, which makes the plants more susceptible to patho-
genic attack. We favor autoclaving of soil as a robust strategy to deter common pests and guard
against contamination from stray seed. However, this is a step that may not be necessary or
preferred by others. Our planting strategy is outlined below.
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1. Autoclave sufficient soil for multiple plantings in autoclave bags (wet cycle, 30 minutes; one
24" x 36" bag full of soil is sufficient for about three flats or about eight 4.5-6.5-in. pots).

2. When using flats, cut out one cell from the bottom right-hand corner to facilitate subirrigation.

3. Fill small pots with soil to about 0.5 in. from the top and large pots to 1 in. from the top.

4. Place pots in a secondary container (flat cells in a tray). Water the soil from above and
subirrigate in about 2 in. of water. Leave standing for 30 min to allow the soil to become
uniformly moistened.

5. Fold a piece of paper to create a groove (paper boat). Place about 50 seeds in the center.

6. Gently tilt and tap so that only one seed falls at a time. Move carefully over the soil surface to
evenly distribute the seeds (if more than a few seeds fall and germinate per spot they can be
thinned later). Aim at the center of cells where necessary (for an alternative strategy, see Note 5).

7. Label pots with plastic stakes including the species, and dates of imbibition and planting.

8. Do not cover seeds with soil. Light is required for seed germination. Cover with plastic domes
or Saran wrap with a few holes for aeration.

9. Stratify pots with unimbibed seeds as described in step 5 of Subheading 3.1.2.

10. After stratification, place starter pots under lights in a growth chamber (or room) and allow
seeds to germinate and seedlings to grow.

3.1.5. Environmental Factors Affecting Plant Growth

Healthy growth of cruciferous plants is favored by a number of environmental conditions
that are similar to recommendations for A. thaliana (5, 6; see also Chapter 1 in this book).

3.1.5.1. LigHT

Long days (16-20 h) favor robust plant growth. Typically about 150 WE/m?/s is favorable
and may be obtained from incandescent (or fluorescent) light bulbs. “Cool-white” and “grow”
lights are preferred but not necessary. In all cases, overheating from artificial lighting must be
prevented. Full sunlight in greenhouses may be too harsh and screens can be used to shade
plants appropriately (see Note 1). Expected plant heights at various stages of development
must be considered while setting the bench to lighting source distances (refer to Table 1 for
genus-specific details). Allow at least 1 ft of space between the top of the plant and the light source.

3.1.5.2. TEMPERATURE

As with A. thaliana, day temperatures of 23 to 25°C and night temperatures of 20 to 22°C
are most suitable for healthy growth throughout the plant’s life cycle, though a wider range of
temperatures are tolerated. Colder temperatures and shorter day lengths may be more suitable
for some Brassica spp. (see Note 3 for details).

3.1.5.3. WATER AND HUMIDITY

Control of watering and humidity are most essential at the beginning and end of the plant’s
life cycle. Daily watering by subirrigation is recommended to maintain soil in a wet (but not
saturated) state during these times. For the interim period, watering 2 to 3 times per week is
sufficient. The range of humidity tolerated during most stages of plant growth is quite broad,
and ranges from about 30 to 70%. Within this range, proper seed germination is favored by
high humidity, while low humidity favors rapid seed maturation.

3.1.5.4. FERTILIZERS

When using Metromix 200 soil mix, fertilizers are not essential during the early stages of
growth when the plants have limited biomass. Biweekly fertilization is recommended after the
first month to replenish major nutrients being depleted from the soil. We recommend any com-
mercially formulated soluble NPK 20:20:20 fertilizer with micronutrients. We use Peters Pro-
fessional fertilizer, as it is compatible with Metromix 200. Apply fertilizer of choice as per
manufacturer’s suggestions.
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3.1.5.5. PEST MANAGEMENT

Thrips and fungus gnats are pests encountered regularly in greenhouses. Thrips are quite
devastating to the vegetative and reproductive tissue of plants they feed on and can cause stress
responses, transmit disease, and even cause sterility in extreme cases. Soil sterilization, disposal
of infected dead plant material, and care during handling help avoid crosscontamination. We
regularly have our greenhouse material sprayed with a systemic commercial pesticide, Mara-
thon® I, once a month to deter foliar thrip activity. Marathon II is a good prophylactic measure
against thrips. In case of a thrip outbreak, our greenhouse staff prefer to use Conserve* SC,
which is a nonsystemic foliar spray that effectively destroys pests attacking all external parts of
the plant, including the floral tissue. It is important to apply this insecticide exactly according
to the manufacturer’s instructions for the best outcome.

Fungus gnats are less damaging as they feed on soil fungi, but their soil-inhabiting larvae
can do significant damage to roots and any leaves that come in contact with the soil. Use of
autoclaved soil and avoidance of overwatering the plants are good preventive strategies. We
use a commercially available B. thuringiensis biocontrol agent called Gnatrol, which is highly
specific to fungus gnat larvae and effective in controlling this pest. Treatment may be repeated
once a month per manufacturer’s instructions.

In our growth rooms and greenhouses we use sensor cards to help monitor the presence of
these pests as well (blue cards for thrips and yellow cards for fungus gnats).

Aphids and spider mites are other less frequent pests. These insects reside on the aerial
surfaces of the plants and feed on phloem; hence they can detrimentally affect overall plant
health. We use commercially formulated organophosphate pesticides such as Sevin or systemics
such as Marathon 60 WP to control these pests. The latter is a wettable powder that allows rapid
control of systemic aphid infections as well as suppression of thrip activity.

(For more information, see also Chapter 2 in this book).

3.1.6. Care of Plants During Vegetative Growth and Favorable Conditions

Within 3 to 4 wk of germination, a healthy growth of rosette leaves can be expected. At this
stage, young plants are ready to be transplanted to individual pots.

1. Follow steps 1, 3, and 4 from Subheading 3.1.3. using 8- to 12-in. pots.

2. Using two or three fingers, create 1- to 3-in. deep depressions in the center of the soil surface
of about 1" diameter.

3. Transplanting within a half hour of watering allows easy removal and separation of seedlings.

4. Gently separate individual seedlings (or small clumps of seedlings for smaller plants; they can
be thinned later if necessary) with as little root damage as possible (transplant with adhering
soil clumps to minimize transplantation shock) and gently insert into soil depressions in new pots.

5. Pat down surrounding soil to fill the hole and water to remove air pockets and settle soil.
Shading of plants against direct harsh lighting that might cause wilting allows the roots time to
settle well in new pots and effectively transpire water. After a few days in the growth environ-
ment previously used (again, to minimize transplantation shock) the pots can be moved to the
greenhouse if warranted.

Light and temperature regimes are as recommended in Subheading 3.1.5. Crucifers tend to
be long-day plants, so shortening of day length can be used to prolong the vegetative stage.
Low day temperatures (16-20°C) also tend to delay flowering. Most wild crucifers overwinter
before flowering, so floral initiation may require a vernalization period; avoiding or delaying
this treatment can extend the vegetative growth stage. Growing plants need to be watered once
every two days from above or by subirrigation to prevent drying out (see Note 6). Regular
fertilizing is recommended after 3 to 4 wk as described in Subheading 3.1.5. Repotting in fresh
soil and new pots every 8 to 12 mo may also be advisable for some perennial subspecies being
maintained for several years. Some species are highly amenable to vegetative propagation and
lines may be effectively maintained for long periods of times (see Note 6 for example and
strategy).
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3.1.7. Care of Plants During Reproductive Growth and Favorable Conditions

While wild crucifers we have worked with are expected to flower within 5 to 6 mo when left
to their own devices, floral initiation may be expedited by vernalization (cold treatment). This
procedure also encourages much more prolific flower production than would otherwise be expected.

1. Plants that have formed large rosettes, 2 to 3-in. in diameter, are selected (rosettes of this size
can be expected within about 2 mo from the time of planting).

2. Plants are placed in a growth chamber or cold room at 4 to 5°C for 4 to 8 wk (or more, depending
on subspecies). The day-night light regime is maintained during the vernalization period.

3. After cold treatment, plants can be returned to the greenhouse.

Most crucifers we have worked with are long-day plants, so 16- to 20-h photoperiods to
continuous light favor rapid flowering. Incandescent lights are preferred for floral induction
(see Fig. 2 for arapid flowering A. lyrata line). Water becomes more critical at higher tempera-
tures (up to 30°C nondetrimental) because transpiration is increased, but the most favorable
day temperature is still 25°C. The flowering period typically lasts a few weeks to several months
(see Note 7).

In self-compatible (SC) species, regular manual removal of siliques can extend the flower-
ing period because seed pods are strong sinks for nutrients and shift the nutrient supply away
from young flowers (this can be observed by the reduction of flower size as seed setting
progresses). For self-incompatible (SI) species this process is not necessary, as self-fertilization is
inhibited and consequently silique production is significantly reduced. We note that under
greenhouse conditions, in the absence of insect vectors, crosspollination is fairly negligible
when plants of different genotypes are adequately spaced. Vernalized C. rubella and deriva-
tives of the North American accession of A. lyrata ssp. lyrata both produce dense “canopies” of
inflorescences over time. Regular pruning of such prolifically flowering plants to remove old
inflorescence stalks is critical in promoting better aeration to vegetative tissue below and
encouraging new inflorescence stalk formation (see Note 8).

3.1.8. Condlitions Favoring Good Seed Set

For good seed set, regular watering and fertilizing are essential. A continuous-light regime
can speed up the reproductive cycle to seed set. Temperatures up to 30°C are tolerated but 25°C
is still optimal. Low humidity also encourages silique maturation and drying.

For studies involving strict maintenance of genetic stocks, greenhouse plants must be moni-
tored for “volunteers” or “escapes,” i.e., plants derived from seed dispersed from neighboring
plants. Th