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Herbicides inhibit biochemical and physiological
processes or both with lethal consequences. The
target sites of these small molecules are usually
enzymes involved in primary metabolic pathways or
proteins carrying out essential physiological func-
tions. Herbicides tend to be highly specific for their
respective target sites and have served as tools to
study these physiological and biochemical processes
in plants (Dayan et al. 2010b).

A few reviews on the modes of action by
herbicides have been published in recent years
(Duke and Dayan 2011; Fedtke and Duke 2005),
but the last comprehensive book on that topic was
nearly 20 yrs old (Devine et al. 1993). Furthermore,
no compendium of herbicide target-site assays has
been available since the publication of the seminal
book 7Target Assays for Modern Herbicides and
Related Phytotoxic Compounds (Boger and Sand-
mann 1993), although new modes of action have
been characterized since then (e.g., inhibition of p-
hydroxyphenylpyruvate dioxygenase, very long fatty
acid elongases, cellulose biosynthesis, serine/threo-
nine protein phosphatases, and deoxyxylulose-5-
phosphate synthase). The aim of this chapter is to
describe assay protocols for all current herbicide
targets. Because of space constraints, this update will
present the most common methods and, whenever
applicable, will describe protocols that have been
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used successfully in our laboratories. Readers inter-
ested in the specifics of each assay are referred to the
literature for other examples that may be more
suitable for their needs. However, we have taken the
opportunity to mention key aspects that should be of
help in successfully performing each assay. Addition-
ally, the effects of herbicides can sometimes be
detected before the onset of the visual symptoms by
monitoring the accumulation of intermediates or
measuring the integrity of the physiological processes
they target. These will also be mentioned, where
appropriate, as a means of rapid identification of
certain herbicide modes of action (Table 1).

The sections in this chapter are organized
according to the herbicide classification scheme
established by the Herbicide Resistance Action
Committee (HRAC) and adopted by the Weed
Science Society of America as described in the
Herbicide Handbook (Senseman 2007). That classi-
fication may need revision because the modes of
action of several herbicides are either new or better
understood than when the handbook was published.

Those issues will be addressed as they arise in the text.

General Considerations

Equipment. Unless specifically indicated in the
text, the following instruments were used for these
experiments:

1. High-performance liquid chromatography
(HPLC; Waters Corporation, Milford, MA)
consisting of a model 600E pump, a model 717
autosampler, a Millennium 2010 controller, a
model 996 photodiode detector, a model 2475
multi-A—fluorescence detector, and the Empow-
er software;

2. UV3101 PC spectrophotometer (Shimadzu
Scientific Instruments, Columbia, MD);

3. RF-5301 PC spectrofluorophotometer (Shimadzu);
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4. Sorvall RC6 Plus centrifuge with S§34 rotor
(Thermo Fisher Scientific Inc, Milford, MA);

5. Polytron PT-3100 homogenizer (Kinematica
Inc., Bohemia, NY);

6. Model CU-36L5 incubator (Percival Scientific,
Inc., Perry, IA);

7. Model OS5-FL pulse-modulated fluorometer
(Opti-Science, Hudson, NH);

8. Model DW1 computer-controlled oxygen
probe (Hansatech, PP Systems, Amesbury,
MA) with a fiber-optic light source;

9. Tri-Carb 2100 scintillation counter (PerkinEl-
mer, Waltham, MA);

10. PowerWave XS microplate reader (Bio-Tek
Instruments, Inc., Winooski, VT);

11. French press (Thermo Spectronics Instrument
from Thermo Fisher);

12. Electrical conductivity meter (model 1056,
Amber Science Inc., Eugene, OR) equipped
with a model 858 conductivity macro flow cell;

13. ThermoMixer-R (Brinkmann Instruments,

Inc., Westbury, NY).

Buffers. Buffers are an important component of
every assay, and readers are encouraged to learn
more about how these molecules work. Calbiochem
(Merck KGaA, Darmstadt, Germany) has an
excellent, free, downloadable guidebook (Mohan
2003). Buffers are aqueous solutions that prevent
changes in pH, even when a small amount of strong
acid or base is added to them. The optimum buffer
capacity of a molecule is near its negative logarithm
of the equilibrium constant for association (pKk)),
which allows for the selection of a buffer to maintain
the optimum pH for the purpose of the experiment.
However, published protocols generally provide little
information regarding buffers, other than the
chemical name or acronym and the concentration
of the solution. Therefore, the following useful
practical information on buffers is provided.

Buffer Tip 1. Prepare buffers in X10 concen-
trations and store in 50-ml aliquots in a freezer

until use. We use 50-ml BD Falcon tubes (BD

Biosciences, San Jose, CA).

It is critical to consider under what condition the
buffer will be used because the pH of a solution can
be affected by temperature or by enzyme reactions.
For example, if an extraction is performed at 4 C, it
is important for the pH of the extraction buffer to

be adjusted on ice instead of at room temperature
(RT). Similarly, reactions known to generate
significant amount of H" or OH™ will require
higher buffer concentrations to maintain the pH.

Phosphate buffers are very common. The term
phosphate buffer can describe either sodium phos-
phate or potassium phosphate buffers. Phosphate
buffers are usually made by mixing different
amounts of monobasic and dibasic stock solutions
(see Table 2). For example, a 50-mM sodium-
phosphate buffer of pH 6.5 is made by mixing
68.5 ml of 200 mM sodium phosphate monobasic
with 31.5 ml of 200 mM sodium phosphate dibasic
and diluting with deionized water to a total volume
of 400 ml. A similar principle is applied for
potassium phosphate. Alternatively, a number of
Web site tools and online tables can be used to
simplify buffer calculations.

Although phosphate buffers are useful, their
metal cations or phosphate components sometimes
interfere with enzyme assays, so other buffers, such
as Tris or Trizma (tristhydroxymethyl)methyl-
amine, pH 7.5-9.0), HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, pH 6.8-8.2), and
MES (2-(/N-morpholino)ethanesulfonic acid, pH
5.5-6.7) are often used.

Buffer Tip 2. Do not use sodium hydroxide to
adjust the pH of the buffer if sodium interferes
with an assay. Use potassium hydroxide instead;
vice versa, if potassium is a problem for the assay.

Make sure the buffer selected is used within its
buffer range (pK, = 1 pH unit as a rule of thumb).
Methods should be checked carefully because it is
not unusual to see published protocols using buffers
at pH ranges outside their optimum buffer capacity.

Buffer Tip 3. Prepare Tris-HCl buffer by
making up a solution of Tris-free base and

adjusting its pH with 1 N HCIL.

Ethylenediaminetetraacetic acid (EDTA) is often
added to buffers because it prevents the deactivation
of catalytic sites by removing traces of heavy metals
known to interfere with the formation of disulfide
bridges. However, EDTA interferes with the act1v1ty
of enzymes with divalent metal cofactors (e.g., Hg™" and
Ag™). Again, the judicious use of buffer components

requires a good understanding of their functions.
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Table 2.

Proportion table to obtain 100 ml of 200 mM sodium phosphate buffer at a specific pH.*

pH NaH,PO4 Na,HPO,4 pH NaH,POy4 Na,HPO4
ml ml
5.7 93.5 6.5 6.9 45.0 55.0
5.8 92.0 8.0 7.0 39.0 61.0
5.9 90.0 10.0 7.1 33.0 67.0
6.0 87.7 12.3 7.2 28.0 72.0
6.1 85.0 15.0 7.3 23.0 77.0
6.2 81.5 18.5 7.4 19.0 81.0
6.3 77.5 22.5 7.5 16.0 84.0
6.4 73.5 26.5 7.6 13.0 87.0
6.5 68.5 31.5 7.7 10.5 89.5
6.6 62.5 37.5 7.8 8.5 91.5
6.7 56.5 43.5 7.9 7.0 93.0
6.8 51.0 49.0 8.0 5.3 94.7

* Prepare 500 ml stocks of 200 mM sodium phosphate monobasic monohydrate (NaHzPO4 H,0) = 2.75 g 100 ml™
200 mM sodium phosphate dibasic heptahydrate (Na,HPO4.7H,0) = 5.36 g 100 ml~

! water and
! water, and mix different ratios to obtain a

specific final pH of 200 mM sodium phosphate buffer solution. This solution can then be diluted to lower concentrations with water,

and the pH will remain the same.

Buffer Tip 4. Prepare 100 ml of 500-mM EDTA
stock by adding 18.6 g of Na,EDTA 2H,0 to
80 ml of deionized water in a beaker on a stir
plate and slowly add 1 N NaOH a drop at a time
to reach pH 8. When EDTA is solubilized, bring
the volume to 100 ml and store it refrigerated. It
remains stable for a long time.

Finally, calibrate the pH meter in a range close to
the pH of the solution being prepared. The use of
color-coded, premade solutions at specific pH is
very handy. Use the red (pH 4 standard) for
solutions below pH 5.5, the yellow (pH 7 standard)
for solutions between 5.5 and 8.5, and the blue (pH
10 standard) for solutions above 8.5.

Extinction Coefficients. Beer’s law is commonly
encountered in biochemical assays because it
establishes the relationship between the absorbance
of a compound and its concentration in a solution.
A useful rule of thumb is that, when expressed in
standard units, a 1-mM solution of a compound has
an absorbance of €/1,000.

Beer’s law. A = €CL, where A is the unitless
absorbance, € is the molar extinction coefficient,
L X mol™! X cm™!; Cis the concentration, mol
X L7 and L is the cell length in centimeters.
The simple and commonly used working form of

the equation is C = (A/g).

In most modern spectrophotometers, the cell
length is 1 cm and, therefore, does not contribute to
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the equation. The molar extinction coefficient is an
experimentally determined constant of a specific
substance at a particular wavelength, with known
values often available from reference books or in the
literature. It is common for extinction coefficients to
be in units other than molar (millimolar or mic-
romolar), so final calculated values are in more easily
interpretable units. As shown in the phytoene
desaturase section, other nonstandard units include
percentage by weight or volume or grams per 100 ml.

Common Protocols

Protein Quantification. The most commonly used
total-protein assay systems include direct measure-
ment at absorbance 280 nm and colorimetric assays.
Absorbance at 280 nm takes advantage of the fact
that proteins have absorbance maxima at that
wavelength, resulting primarily from the presence
of aromatic amino acids. However, that method is
subject to error because of the presence of many
substances in plant extracts that absorb at 280 nm.

rotein Tip 1. Use quartz cuvettes because
Protein Tip 1. Use quart ttes b
plastic cuvettes interfere with readings in the

ultraviolet (UV) range.

Colorimetric protein-determination methods are
based on reactions between proteins and assay
reagents that result in color production directly
proportional to the amount of protein present in an
extract. The amount of protein in the extract is
calculated based on a standard curve, often produced
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using bovine serum albumin. The method of Bradford
using Coomassie blue G is one of the most-common
colorimetric protein assays (Bradford 1976).

Protein Tip 2. The Bradford system may not be
compatible with all buffer components, particu-
larly detergents and imidazole. Those interfering
molecules must be removed by gel filtration,
dialysis, or some other method before protein
concentration can be determined accurately. In
some cases, an alternate method or commercially
available, specialized assays may be used to
overcome this issue.

Chlorophyll Quantification. The method most
often used for chlorophyll quantification is that of
Arnon (Arnon 1949), which involves the homog-
enization of leaf tissues in acetone and centrifuga-
tion. However, we prefer the extraction method of
Hiscox and Israelstam (Hiscox and Israelstam 1979)
because it can be done with a smaller sample size
(i.e., 5 mg of tissue) without homogenization using
dimethyl sulfoxide.

Chlorophylls extracted with dimethyl sulfoxide
are stable for several more days than when they are
extracted with acetone, and the analysis can be
done using disposable cuvettes, whereas the Arnon
method requires the use of glass or quartz cuvettes.
In brief, place 5 mg (or more) of leaf tissue in a glass
tube with 2 ml of dimethyl sulfoxide. Seal the tube,
and place it in an oven at 65 C for 2 h. Vortex the
samples every 30 min. Transfer the dimethyl
sulfoxide to clean tubes, and extract the tissue with
another 1 ml of dimethyl sulfoxide for an additional
1 h in the oven.

Chlorophyll Tip 1. Do not use parafilm to seal
the tubes; it will melt in the oven. Instead, use the
heat- and chemical-resistant Dura Seal film (PGC
Scientific, Gaithersburg, MD) or tight-fitting

culture tube caps.

Combine the extracts and determine the absor-
bance of 645 and 663 nm with a spectrophotometer
using the equation developed by Arnon (Arnon

1949).

Carotenoid Quantification. The extraction process
for carotenoids is more involved than it is for
chlorophylls. Total carotenoids are extracted from

Chlorophyll Tip 2. The Arnon equation to
quantify chlorophyll is as follows:

MG 4lorophyll L' = (Ags5 X 20.2) + (Age3 X 8.02)
Make sure to dilute the extract if the absorption

at 663 nm exceeds 0.7 units because that will be
outside the linear range of the equation.

Chlorophyll Tip 3. Remember that some plants
with thicker cuticle may require longer exposure
to dimethyl sulfoxide for complete extraction of

chlorophylls.

as little as 5 mg of tissue, and total carotenoid
concentrations are determined spectrophotometri-
cally according to Sandmann and Boger (Sandmann
and Boger 1983).

Place 5 mg samples of fresh green tissue in 16 X
100-mm glass tubes containing 3 ml of basic
methanol (6% KOH in methanol w/v). All
subsequent steps must be performed under dim-
green light. Homogenize the samples at full speed
for 30 s, and leave at RT for 15 min. Centrifuge for
5 min at 2,000 X g, and transfer the supernatant to
clean, glass tubes. Extract the carotenoids by
partitioning with 3 ml of ether : petrol (1 : 9 v/v).
Mix the tubes vigorously, and wait for 5 min. Add
1.5 ml of saturated sodium chloride to the solution,

Carotenoid Tip 1. Be sure to use petrol
(petroleum benzin) with a boiling point range
between 90-110 C. Petrol with a higher boiling
range does not work as well. The ether : petrol
solution must be made immediately before use.

mix again, and centrifuge at 2,000 X g for 5 min.
Collect a 2-ml aliquot from the top organic layer,
transfer to a clean tube, place the tube on a heat
block set on low heat, and dry under gentle flow of
nitrogen in the hood.

Carotenoid Tip 2. Do not use disposable
cuvettes. They do not work because acetone
reacts with the plastic.

Resuspend the carotenoids in 200 pl of acetone
and quantify in quartz microcuvettes on a spectro-
photometer at 445 nm with an extinction coeffi-
cient of €445 = 2,500 (% w/v).
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Carotenoid Tip 3. €445 = 2,500 (% w/v) means
that a solution containing 1 g of carotenoid in
100 ml would have an absorbance of 2,500 unit
at 445 nm. For the purpose of the Sandmann and
Boger (Sandmann and Boger 1983) method,
micrograms of carotenoids per grams of fresh
weight (FW) are obtained with the following

equation:
l’Lgcarotenoids gl;\?(ll = [(A445 x0.00001 2)/ (gFWX 106):|

where Ay4s is absorbance of the 3 ml ether : pe-
trol phase obtained at the end of the extraction.
Make sure to convert the milligrams of tissue
measured into the grams of FW for the equation.

Electrolyte Leakage. Cultivate plants in a growth
chamber with a 16/8 h light/dark cycle for 7 to 10 d
until cotyledons are fully expanded. Cucumber
(Cucumis  sativus L.) seedlings work well for
screening most herbicidal compounds. Place 25
discs with 4-mm cotyledon on top of 5 ml of
bathing medium (2% sucrose in 1 mM MES] buffer
that has been adjusted to pH 6.5 at RT in 60 X 15-
mm disposable petri dishes. Prepare test compounds
in X100 stocks and add, as 50-ul aliquots, to the
bathing medium. Expose the control samples to the
same volume of solvent (acetone or methanol) in
the absence of test compound. Incubate the plates in
darkness for 16 h before exposure to high light

intensity.

Leakage Tip 1. Expose the plants to high light
intensity without heating the bathing medium for
optimum detection of modes of action that might
be light-dependent, such as the effect of com-
pounds inhibiting protoporphyrinogen oxidase
because the conductivity meter is sensitive to
temperature change We expose our discs to
1,000 umol m ") photosynthetically active
radiation (PAR) in an incubator (model E-30-B,

Percival Scientific).

Conductivity of the bathing medium can be
measured with a conductivity meter at many time
intervals during the periods of dark and light
incubation(Figure 1, left panel) (Duke and Kenyon
1993). Alternatively, the experiment can be simplified
by making measurements at only three specific time
points, namely, at the beginning of the dark
incubation period, after 16 h (overnight) dark

28 '« Weed Science 63, Special Issue 2015
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Figure 1. Left panel shows a time course experiment illustrat-

ing the light-independent (V) and light-dependent ([J) loss of
membrane integrity, compared to solvent control with no
inhibitor (O). Arrows represents the 3 time measurements used
in the simplified assay shown in panel B. The dotted line
represents maximum change in conductivity (obtained after
boiling the discs) from Dayan and Watson (2011).

incubation, and after 8 h of light exposure (Figure 1,
right panel) (Dayan and Watson 2011).

Leakage Tip 2. Measure maximum conductivity
by boiling three samples of each treatment for
20 min. That value serves as an upper limit to
gauge how much leakage is observed relative to
total possible leakage.

Compounds with light-independent modes of
action will cause leakage (increase in conductivity)
during the period of dark incubation, whereas those
with light-dependent modes of action will only
cause leakage when the samples are exposed to light.

Acetyl-Coenzyme A Carboxylase: Molecular
Target of Herbicide Class A (WSSA Group 1)

Acetyl-coenzyme A (acetyl-CoA) carboxylase
(ACCase) catalyzes the adenosine triphosphate
(ATP)-dependent carboxylation of acetyl-CoA to
form malonyl-CoA, the first committed step in fatty
acid biosynthesis (Figure 2A). There are two forms
of ACCase: a prokaryote form consisting of three
protein components—biotin carboxylase, carboxyl-
transferase, and biotin carboxylase carrier protein
(Saski and Nagano 2004)—and a eukaryote form
consisting of three functional domains on a single
polypeptide (Saski and Nagano 2004). Most higher
plants have the prokaryotic ACCase in the plastids,
which are responsible for fatty acid biosynthesis,
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cytoplasm
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ACCase
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Figure 2. A) Acetyl-CoA carboxylase location and activity in Poaceae. B) Dose-response curve of clodinafop on ACCase activity from
wild-type (O) and resistant (@) populations of Alopecurus myosuroides (data from Délye et al. 2003).

and the eukaryotic ACCase in the cytoplasm.
However, members of the Poaceae (grasses) only
have the eukaryotic form of ACCase in both the
plastids and the cytoplasm (Saski and Nagano
2004). The eukaryotic ACCase, but not the
prokaryotic ACCase, is inhibited by the cyclohex-
anediones and the aryloxyphenoxy propionates.
Hence, the selectivity of those graminicides is due
to the specific inhibition of the eukaryotic form of
ACCase. The key component 1n measurmg ACCase
activity is the i incorporation of C from CO, into a
component that is stable in acid and heat. This
enzyme assay can only be conducted in laboratories
that have a license to use radiolabeled material.

ACCase Tip 1. Conduct this assay only within a
fume hood or some type of protecting apparatus
because the assay releases radioactive CO,, and
the protective equipment will prevent the
radioactive carbon from contaminating the
immediate atmosphere.

Enzyme Extraction. The enzyme extraction proce-
dure is adapted from Seefeldt et al. (1996) and Yu
et al. (2003). Collect 3 g of plant material from the
most actively growing shoot tissue, which has the
highest level of ACCase. Conduct the protein
extraction in a cold chamber at 3 C, or keep
everything on ice during the extraction. Grind the
tissue in liquid nitrogen and sterile-washed sea sand in
a mortar and pestle with 5 ml extraction buffer
(100 mM Tris [pH 8], 1 mM EDTA, 10% glycerol,
2 mM r-ascorbic acid, 1 mM phenylmethanesulfonyl

fluoride [PMSF], 20 mM dithiothreitol [DTT], 0.5%
polyvinylpyrrolidone 40 [PVP40], 0.5% polyvinylpo-
lypyrolidone [PVPP]). Filter the extract through four
layers of cheesecloth into a centrifuge tube. Rinse the
mortar and pestle with an additional 5 ml of extraction
buffer, and add to the original extract. Centrifuge the
solution at 25,000 X g for 15 min, and discard the
pellet. Add saturated ammonium sulfate drop-wise to
the supernatant to a final concentration of 66% of the
original supernatant volume. Stir the solution for 1 h
on ice to allow the protein to precipitate.

ACCase Tip 2. Make saturated ammonium
sulfate (100%) by adding 761 g of (NH4),SO4
to 1,000 ml distilled water (dH,O) at 25 C.
Adjust pH to 6.8 to 7.0 with 5 or 10 M NaOH.

Centrifuge the solution at 25,000 X ¢ for 30 min.
Discard the supernatant, and dissolve the pellet in
2.7 ml elution buffer (50 mM Tricine [pH 8.0],
50 mM KCl, and 2.5 mM MgCl,). Pipette the
solution onto an equilibrated Sephadex G-25
column (GE Healthcare Life Sciences, Piscataway,
NJ]), and elute with 2.8 ml elution buffer. Samples
can be stored in a final 25% glycerol concentration at
—80 C until the assay is conducted.

ACCase Tip 3. Extract young tissue, which is
critically important to maximize the amount of
ACCase isolated. In grasses, that will either be
from the base of the plant before tillering or from
young tillers.
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Table 3.

Assay reaction mixture

200 mM tricine buffer: Dissolve 3.58 g of tricine in 70 ml of deionized water. Adjust pH with 5 N NaOH to 8.3. Bring volume to
100 ml. Store at room temperature.

20 mM MgCl,: Dissolve 0.407 g of MgCl, into 70 ml of deionized water and bring to 100 ml final volume. Store at room temperature.

100 mM KCIl: Dissolve 0.746 g of KCl into 70 ml of deionized water and bring to 100 ml final volume. Store at room temperature.

1 M dithiothreitol: Dissolve 1.54 g of dithiothreitol (DTT) in 8 ml of water. Adjust the total volume to 10 ml, dispense as 50 ul aliquots
into microfuge tubes, and store them in the dark (wrapped in aluminum foil) at —20 C (indefinitely). Use 1 aliquot per 20 ml of assay buffer.

100 mM adenosine triphosphate (ATP): Dissolve 1.2 g of ATP into 12 ml of water. Adjust pH to 7.0 with 4 N NaOH. Adjust final
volume to 20 ml with water. Store in 2 ml aliquots at —20 C indefinitely.

10% BSA: Dissolve 5 g of molecular biology—grade bovine serum albumin (BSA) in 50 ml of deionized water. To avoid clumping,
dissolve the powder by layering on the surface of the liquid, and gently rocking a capped tube until it dissolves. Do not stir. Store
in 2 ml aliquots at —20 C.

0.4 M NaHCOj3: Dissolve 5.04 g of NaHCOj3 in 100 ml of H,O. Adjust the volume to 150 ml to yield a final concentration of
0.4 M. Filter—sterilize the solution, and store at room temperature.

NaH'*COj3, Make a stock solution with 20 kbq (1,200,000 or 0.5 uCi) per ml in water. Aliquot into 2-ml aliquots, and freeze at —20 C.
30 mM acetyl-coenzyme A (acetyl-CoA): Dissolve 0.233 g of acetyl-CoA trilithium salt in 10 ml of water. Prepare fresh for each assay or
the stock solution. Stocks can be dispensed into 2-ml aliquots and stored in —80 C freezer, where they will be stable for 6 mo.

Glacial acetic acid

Solutions and reagents for extraction and enzyme assays to measure acetyl-coenzyme A carboxylase activity.

Assay

Assay solution

2 ml Tricine buffer
2 ml MgCl,

2 ml KCI

50 ul DTT

2 ml ATP

2 ml BSA

2 ml NHHC03

2 ml NaH'CO;
1.9 ml DI water

Conduct assay in fume hood.

1. Dispense 0.7 ml of the assay solution into tube. (Assay can be done in scintillation vials.)

2. Add 0.1 ml of a X10 stock solution of acetyl-coA carboxylase inhibitor.

3. Add 50 pl of enzyme extract to tube.

4. Incubate at 30 C for 15 min.

5. Initiate reaction by adding 0.2 ml of acetyl-CoA stock solution, except for the blanks to which is added 0.2 ml of water.
6. Incubate at 30 C for 15 min.

7. Stop reaction by adding 20 ul of glacial acetic acid to each tube.

8. Let tubes stand open for 1 h.

9. Transfer solution to glass fiber filter in scintillation vial, and allow to stand for an additional hour.

10. Add scintillation cocktail and measure disintegrations per minutes.

Enzyme Assay. Conduct this assay in a fume hood
or in a container that will trap CO,. Add 50 pl of
enzyme extract to 950 ul of reaction mixture
(Table 3). Incubate the solution at 30 C for 3 min
before adding acetyl-CoA at 3 mM final concen-
tration. The blanks include all of the reagents,
except the acetyl-CoA. Incubate the reaction at 30 C
for 15 min, and stop the reaction by adding 20 pl
glacial acetic acid. Allow the samples to stand open
for 1 h to allow the escape of "*CO,. Transfer the
assay solution to the surface of a glass fiber filter
inside liquid scintillation vials, and allow the
samples to dry before adding 10 ml scintillation
cocktail. Measure the radioactivity in the samples
via liquid scintillation spectroscopy. See above for
stock solutions and assay procedure.
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For herbicide-sensitivity measurements, include
at least four different concentrations of the ACCase
inhibitor in the assay. A typical curve for inhibition

of ACCase from the work of Délye et al. (2003) is

shown in Figure 2B.

Leaf Disc Assay. To date, there is no leaf disc assay
for this mechanism of action.

Acetolactate Synthase: Molecular Target of
Herbicide Class B (WSSA Group 2)

Acetolactate synthase (ALS; also called acetohy-
droxyacid synthase or AHAS) is an enzyme in the
pathway to the three branched-chain amino acids,


https://doi.org/10.1614/WS-D-13-00063.1

Derlvatlzatlon and
acetom |:> A

detection by UV
CO, 1
pyruvate NADPH
: 2,3-dihydroxy- 3- valine
pyruvate L>2-ace‘colac‘ca‘ce L» - TR
isovalerate leucine
ALS KARI
2-keto 2-acetohydroxy- 2,3-dihydroxy-3- . .
- -»isoleucine
butyrate butyrate methylvalerate TRV
: pyruvate NADPH
v
2-amino __ Derivatization and
14 2.0
B - C #® Resistant
& Sensitive
1.2 -
15
=5 & —
£
£ = .
lD 3 -
Q B 1.0 -
~ 06 - 2
3 2
0.4  —
0.2 %‘l&
oy e
i, : ; : ; 0.0 1 D
0 3 13 50 200 0 20 40 60 80 100
Alanine (mM) Imazamox (uM)

Figure 3. A) Acetolactate synthase (ALS) catalyzes an important step in the synthesis of branched chain amino acids via two parallel
reactions. B) Effect of alanine on acetolactate accumulation in wheat leaf discs. C) Dose-response curve of ALS inhibitor imazamox on
ALS activity from wild-type (black) and herbicide resistant (white) canola in leaf disc assays. KARI, ketoacid reductoisomerase is

inhibited in order to cause 2-acetolactate accumulation.

leucine, isoleucine, and valine (Figure 3A). Plants
treated with these inhibitors stop growing, eventu-
ally wilting, and turning red because of the
accumulation of stress-induced anthocyanins. The
inhibition of ALS causes accumulation of one of its
precursors, 2-ketobutyrate, which is transaminated
in situ to 2-aminobutyrate (Loper et al. 2002). At
least part of the phytotoxicity appears to be due to
the accumulation of those phytotoxic compounds.

Accumulation of 2-Aminobutyrate. The effects of
ALS inhibitors can be measured by extracting and
quantifying the accumulation of 2-aminobutyrate by
HPLC. Grind fresh shoots (250 mg) in an ice-cold
mortar using liquid nitrogen, and homogenize in
900 pl deionized water. Precipitate proteins by

adding 50 ul cold trichloroacetic acid to the extract,
incubating for 15 min on ice and centrifugation at
45,000 X g at 4 C for 3 min. Prepare the reagent
solution by adding 5 ul of undiluted 3-mercaptoeth-
anol to 1 ml O-phthaldialdehyde. Derivatize 2-
aminobutyrate to a fluorescent form by mixing 100 pl
of the reagent solution with a 20 ul aliquot of the
supernatant within 2 min before analysis.

ALS Tip 1. Use O-phthaldialdehyde reagent to
derivatize primary amines and amino acids.
Detection of individual fluorescent derivatives
requires reverse-phase HPLC separation. The
presence of excess sulthydryl (in the form of B-
mercaptoethanol) is necessary.
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Analysis is done with a C18 reverse-phase column,
with the following solvent system: (1) mobile phase A
is 2.7 g sodium acetate trihydrate, 180 ml triethyl-
amine, and 3 ml tetrahydrofuran in 1 L of deionized
water at pH 7.2; (2) mobile phase B is 2.7 g sodium
acetate in 200 ml deionized water at pH 7.2, 400 ml
acetonitrile, and 400 ml methanol. Start the gradient
at 80% A and 20% B and reach 20% A and 80% B
over 20 min. Wash the column with 100% B for
7 min, and reequilibrate to the initial conditions for
5 min. The flow rate is 0.5 ml min~'. Detect the
O-phthaldialdehyde derivatives with a fluorescence
spectrophotometer with excitation and emission
wavelength set at 340 and 450 nm, respectively.
Quantify 2-aminobutyrate based on a calibration curve

obtained with technical standard (Li and Wang 2005).

Leaf Disc Assay. To measure ALS activity, it is
first necessary to induce acetolactate accumulation
(Figure 3B). This is achieved by floating leaf discs
(50 mg) from young leaves on 4 ml of 25%
Murashige and Skoog nutrient medium with
500 uM 1,1-cyclopropanedicarboxylic acid (CPCA),
an inhibitor of ketol-acid reductoisomerase (KARI),
in 60 X 15-mm disposable Petri dishes (Gerwick et
al. 1993) or 96 well microtiter plates. The effect of
herbicides targeting ALS can then be evaluated by
measuring the reduction in acetolactate levels
(Figure 3C). Typical dose-response curves range
from 0.001 and 1,000 uM.

ALS Tip 2. Be sure to prevent bacterial
contamination. Use clean equipment, and wash
any dirt off the leaves or plants to be tested before
sampling. Use very sharp cork borers or cutting
equipment. Do not crush leaf tissue during
preparation. Handle the plant material as little as
possible to prevent cell disruption. If any solutions
are cloudy after the incubation period, discard the
mixture. Bacteria will accumulate large amounts of
acetolactate, but the ALS activity in bacteria is
completely resistant to ALS inhibitors. Ampicillin
(50 U ml™") can be added to the incubation
solution to slow down bacterial growth.

ALS Tip 3. Take the discs from rapidly growing
leaf tissue. For broadleaf species, that is the youngest
leaf from which leaf discs can be taken. For seedling
grasses, cut segments (5 mm segment_l) from the
base of the plant, which contain the apical
meristem. If grasses are tillering, sampling the tillers
is better than using the main stem.
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Incubate petri dishes with leaf samples in a
growth chamber at 25 C under fluorescent light
(250 umol m % s~ ! PAR) for 24 h. Dry leaf discs
on paper towels, transfer into 1.5-ml microcentri-
fuge tubes with 300-ul deionized water, and freeze
at —80 C overnight (the samples are stable until
analysis). For analysis, thaw samples, and allow
acetolactate to diffuse into the solution by shaking
the tubes on a thermomixer at 60 C for 60 min.
Centrifuge for 5 min at 20,800 X g. Mix a 100-pl
aliquot with 10 ul of 6 N H,S80,. Incubate the
mixture at 60 C for 30 min to convert acetolactate
to acetoin.

Microtiter Plates. Fill each well with 100 pl assay
buffer (Table 4). Place one to three 5-mm-diam
leaf discs in each well. To maximize accumulation
of acetolactate, 50 mM alanine can be added to the
incubation solution (Figure 3B). Wrap the plate in
plastic wrap to prevent evaporation, and incubate
under light as described above for 16 to 24 h. Stop
the reaction by adding 25 ul of 5% H,SOj to each
well, and place the plate at —20 C, where it can
remain until further analysis. After thawing the
plate, the leaf discs should be a uniform grey-
green, indicating that the acid has completely
penetrated the discs. Transfer 75 ul of the extract
from each well to another microtiter plate, and
add 125 ul of the naphthol/creatine reagent
described below. Incubate the plate at RT for
60 min or at 60 C for 15 min. If the solutions
appear cloudy from precipitate, the plates can be
centrifuged, and 150 pl of the sample transferred
to another plate.

Acetoin is quantified by a modified colorimetric
assay (Westerfeld 1945) by derivatization with o-
naphthol to form a red complex. Add 50 ul of 0.5%
(w/v) creatine and 50 pl o-naphthol reagents to each
well, and heat the mixtures at 60 C for 15 min.
After cooling, centrifuge the tubes for 5 min at
20,800 X g. Transfer 100 pl to a microtiter plate,
and record absorbance at 540 nm on a microplate

reader (Figures 3B and 3C).

ALS Tip 4. Make fresh o-naphthol reagent (5%
w/v) by adding 1 g of a-naphthol to 20 ml of 2.5
N NaOH. a-Naphthol is readily oxidized, so the
solution should be clear and should not be used if
its color is more than faint yellow. Creatine is
added to the reaction mixture to enhance the
color development.
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Table 4. Solutions and reagents for extraction and enzyme assays to measure acetolactate synthase (ALS) activity.

Components

Procedure

ALS extraction buffer (100 ml)

100 mM potassium phosphate

0.5 mM MgCl, (3.5 ul of 3 M MgCL)
0.5 mM thiamine pyrophosphate

0.01 mM flavine adenine dinucleotide

1 mM diethyldithiocarbamate

13.5% glycerol (v/v)

Elution buffer (200 ml)

100 mM potassium phosphate
20 mM sodium-pyruvate
0.5 mM MgCl, (33.5 pul of 3 M MgCl,)

ALS assay buffer (100 ml)

25 mM potassium phosphate

0.5 mM MgCl, (33.5 pl of 3 M MgCl,)
0.5 mM thiamine pyrophosphate

0.02 mM flavine adenine dinucleotide
50 mM sodium pyruvate

Start with 80 ml of water, add components, cool on ice, adjust pH to

7.5. and bring to a final volume of 100 ml.

Start with 160 ml of water, add components, cool on ice, adjust pH

to 7.5, and bring to a final volume of 200 ml.

Start with 80 ml of water, add components, and adjust pH to 7.0 at

room temperature. and bring to a final volume of 100 ml.

Crude Enzyme Extraction. It is very important to
use young plants and to do all the extraction steps
on ice. Grind 1 g of young plant tissue in liquid
nitrogen, and sterile quartz sand using a mortar and
pestle. Homogenize the sample after the addition of
3 ml ALS extraction buffer (Table 4). Stir the
homogenate for 2 min, transfer to two 1.5-ml
microcentrifuge tubes, and centrifuge for 5 min at
20,800 X gat 4 C. Combine the supernatants and
apply 2.5 ml of the extract to a Sephadex G25
column (PD-10, GE Healthcare Biosciences). This
column has to be equilibrated with 25 ml extraction
buffer before loading the sample. Wash the column
with 1 ml of elution buffer, and discard the eluent
because it contains very little ALS activity. Elute the
ALS-containing fraction with an additional 2.5 ml

of elution buffer. Total soluble protein is quantified
by the Bradford (1976) method.

ALS Tip 5. Enhance the ALS activity in the
extract with ammonium sulfate precipitation, if it
is very low. Although ALS activity is normally in
the 30 to 50% fraction, that has to be determined
for each species through preliminary experiments.
It is critical that the extract never freeze and form
ice crystals. If the extract forms ice crystals, all the

ALS activity is lost.

ALS Assay. Add 70 pl ALS assay buffer (Table 3),
20 ul crude enzyme extract, and 10 ul herbicide
solution to 1.5 ml microcentrifuge tubes. The blank
consists of 100 ul ALS assay buffer.

Incubate the assays for 1 h at 37 C, and stop the
reaction by adding 10 ul of 6 N H,SOy4. A positive
control that estimates the baseline concentration of
acetolactate consists of the complete assay per-
formed with 10 pl of 6 N H,SO4 added at the
beginning of the reaction. Convert acetolactate to
acetoin by heating the acidified samples. Quantify

acetoin as described earlier.

ALS Tip 6. Relative ALS activity is calculated as

follows:

Relative ALS activity =

{ [Ammp/e - (Amin - bl&l}’l/@)} /[Amax — (Amin — 51&{71/6)] }
x 100

where A, is absorbance of the sample at
540 nm, Ap., is absorbance of positive control,
Apin is absorbance of the sample incubated with

H,SOy4, and A, is absorbance of reaction
buffer.

Rapid Extraction and Assay. Another method that
can be used to rapidly determine in vitro ALS
activity to screen for resistance is to extract the tissue
as described above, but the extraction buffer is X2
of the ALS analysis buffer. In this method, the tissue
is first pulverized as described above. The pulverized
tissue is extracted in X2 assay buffer as described
above, and the extract is filtered through cheesecloth
into a tube and centrifuged as described above. Use
the supernatant directly for the ALS assay. Fill each
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well in a microtiter plate with 50 pl of either water
or X2 the final concentration for the ALS inhibitor.
Pipette 50 pl of the supernatant into each well and
incubate and analyze as previously described. This
assay is rapid because it eliminates the ammonium
sulfate precipitation, and the supernatant is used
directly in the assay. This assay is suitable for
screening for resistance.

ALS Tip 7. Determine whether there are artifacts
in the in vitro ALS assay. Certain species, such as
legumes, or ageing tissue have an ALS-like
activity that is not related to the anabolic form
of ALS. That activity produces acetoin directly
from pyruvate and is not involved in the
biosynthesis of the branched-chain amino acids.
To determine whether that non-ALS assay is
present, use two controls. The first control is to
immediately stop the reaction, by adding acid to
the medium right after adding the enzyme
preparation. The second control is to stop the
reaction, with 0.25 N NaOH at the end of the
reaction. Using NaOH prevents the conversion of
acetolactate to acetoin, and the acetoin produced
through the non-ALS enzyme can be subtracted
from the total acetoin measured.

Photosystem II: Molecular Target of
Herbicide Class C4, C,, and C5
(WSSA Group 5,6,7)

The paradigm underlying chlorophyll-fluores-
cence analysis is that the light energy absorbed by
chlorophyll is used to drive photosynthesis (photo-
chemical energy), and excess energy is released as
nonphotochemical energy, such as heat and chloro-
phyll fluorescence (Figure 4A). Although chloro-
phyll fluorescence accounts for only 1 to 2% of the
total light absorbed, it is easily measured and has
been a powerful tool for investigating plant
physiological processes (Figure 4B) (Dayan and
Zaccaro 2012). The light reaction of photosynthesis
can also be monitored by measuring the rate of O,

evolution (Figure 4C).

Chlorophyll Fluorescence. Chlorophyll fluores-
cence can be measured nondestructively on intact
plants exposed to herbicides or on leaf discs floating
on 5 ml of bathing medium (Table 5) with known
inhibitor concentrations in 60 X 15-mm disposable
petri plates (Figure 4B). With the instrument set on
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kinetic mode, adjust so that the initial instantaneous
fluorescence signal (Ft) value in the control samples
is approximately 210. Set the instrument detector
gain between 75 and 85. Quantum yield is
determined by the following light treatment: each
cycle consisted of a 0.8-s pulse of saturating light
generated with a laser diode actinic source to
saturate photosystem II (PSII), followed by a 4-s
far-red light pulse, used to reoxidize PSII, and a 10-s
delay to allow PSII to regain steady-state conditions.
Seven cycles are performed for each sample.
Electron transfer rate (ETR) values are expressed
as percentages of the ETR average values observed
in control treatments.

Fluorescence Tip 1. Make the opening of the
clip holding the probe at the correct angle over
the leaf surface smaller by taping a piece of
nonreflective black paper with a smaller hole. The
gain may have to be adjusted, but this technique
works well with leaf discs.

Photosynthetic Oxygen Evolution. Oxygen evo-
lution can be monitored from intact chloroplast
preparation. Spinach (Spinacia oleracea L.) is used
routinely in our laboratory because it yields
excellent chloroplast preparations, but other plants
can be used as well. Homogenize 50 g of tissue and
250 ml of extraction buffer (Table 5) in a blender.
Filter the homogenate through one layer of Mira-
cloth (Merck) lined by two layers of cheesecloth,
and collect it in a cold beaker. Centrifuge the filtrate
for 20 min at 6,000 X g at 4 C. Resuspend the
pellet containing chloroplasts in 0.5 ml of resuspen-
sion buffer. Rinse the tubes with 0.5 ml of
additional buffer through each tube in series, and
combine with the chloroplast extract. This crude
chloroplast extract can be used for oxygen evolution,
but it contains broken chloroplasts and is contam-
inated with mitochondria.

O, evolution can be measured polarographically
using an oxygen probe. These experiments are
performed under saturating light conditions
(2,400 umol m % s~ ! PAR). We use a fiber-optic
light with two sources and place one fiber optic over
the top of the chamber and the other perpendicular
to the chamber to maximize light exposure. All
assays are performed at 30 C using a recycling water
heater. The half maximal inhibitory value (ICsy) of
oxygen evolution can be obtained from dose—
response curves (Figure 4C).
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Figure 4. A) Diagram of the Z-scheme describing the hill reaction from Dayan et al. 2010. The sites of herbicide interactions are
indicated with the red arrows. B) Effect of amicarbazone (10 uM) on wild-type (white) and herbicide resistant pigweed (black)
photosynthetic electron transport and C) oxygen evolution dose-response curve.

Oxygen Evolution Tip 1. Obtain intact chloroplasts by centrifuging the crude extract on a sucrose step
gradient (30 to 52%) for 60 min at 80,000 X ¢ at 4 C, which requires an ultracentrifuge and swinging
buckets. Transfer the layer containing intact chloroplasts into a precooled tube containing about 3 ml of
resuspension buffer. Centrifuge for 15 min at 6,000 X g. Resuspend the pellet in 3 ml of resuspension
buffer, and collect the clear chloroplasts as a soft pellet after centrifugation for 15 min at 6,000 X g.
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Table 5.

Solutions and reagents to measure photosystem II activity.”

Components

Procedure

Bathing medium (200 ml of X5)

2% sucrose
1 mM MES

Extraction buffer (200 ml of X5)

1,650 mM sorbitol

50 mM HEPES

25 mM cysteine

5 mM MgCl, (0.335 ml of 3 M MgCl,)
5 mM EDTA (2.0 ml of 500 mM EDTA)

Resuspension buffer (100 ml of X5)
1,650 mM sorbitol
50 mM HEPES
5 mM dithiothreitol
5 mM MgCl, (0.167 ml of 3 M MgCl,)
5 mM EDTA (1.0 ml of 500 mM EDTA)

Oxygen evolution assay buffer

800 mM sucrose

50 mM MES-NaOH

15 mM CaCl,

1 mM FeCN (potassium ferrocyanide)

Start with 160 ml of water, add components, and adjust pH to 6.5 at
room temperature.

Start with 160 ml of water, add components, cool on ice, adjust pH
to 7.7, and bring to a final volume of 200 ml. Store at —20 C in
50-ml aliquots. Dilute 50 ml of stock to 250 ml final volume
before use.

Start with 80 ml of water, add components, cool on ice, adjust pH to
7.7, and bring to a final volume of 100 ml. Store at —20 C in
25 ml aliquots. Dilute 25 ml of stock to 125 ml final volume
before use.

Start with 400 ml of water, add components, bring to 30 C, adjust
pH to 6.2, and bring to a final volume of 500 ml. Maintain at

30 C in water bath during assay. Store in refrigerator for up to
1 wk.

* Abbreviations: MES, 2-(N-morpholino)ethanesulfonic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EDTA,

ethylenediaminetetraacetic acid.

Oxygen Evolution Tip 2. Use spinach chloro-
plast extracts for crude extracts. Some methods
recommend adding 300 uM decyl-plastoquinone,
but, in our experience, there is generally enough
plastoquinone in spinach chloroplast extracts that
decyl plastoquinone is not necessary when using
crude extracts.

Photosystem | Electron Diversion:
Molecular Target of Herbicide Class D
(WSSA Group 22)

Photosystem I (PSI) is on the second part of the
Z-scheme of photosynthetic electron transport. It
provides the power to reduce nicotinamide adenine
dinucleotide phosphate (NADP+) to its reduced
form, NADPH, which is required for carbon
fixation and other biochemical processes. In
daylight, PSI has very strong reducing power, and
PSIT generates high levels of O,. Under those
conditions, compounds with a redox potentials
between —300 and —700 mV (e.g., paraquat
—446 mV) can be reduced by receiving electrons
from PSI. This results in the production of large
quantities of superoxide anion, which, in turn,
generate other reactive radicals, including the highly
toxic hydroxyl radical, ultimately leading to massive
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lipid peroxidation. In cell membranes, this process
quickly causes membrane dysfunction and cell
death.

There are no specific assays to monitor the
mechanism of action of paraquat and other PSI
inhibitors. However, the assays described to mea-
sure the effect of PSII inhibitors on chlorophyll
fluorescence in leaves and on photosynthetic oxygen
evolution from isolated chloroplasts can be useful,
but PSI inhibitors induce different responses (see
“Chlorophyll Fluorescence” in the “Photosystem
II” section) (Dayan and Zaccaro 2012). The
electrolyte leakage experiment described earlier can
also provide some information on these types of
inhibitors (see “Electrolyte Leakage” in the “Com-

mon Protocols section”) (Dayan and Watson
2011).

Protoporphyrinogen Oxidase Molecular
Target of Herbicide Class E (WSSA Group 14)

Protoporphyrinogen IX oxidase (PPO) catalyzes
the last biochemical step in common between heme
and chlorophyll synthesis (Dayan and Duke 2010).
One of the key features of the inhibition of PPO is
the rapid accumulation of the highly photodynamic
tetrapyrrole protoporphyrin IX (Proto), the product
of the reaction (Figure 5A) (Duke and Dayan 2011;
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Amaranthus tuberculatus.

Matringe and Scalla 1988). A key aspect of the
mechanism of action for class E inhibitors is the
generation of reactive oxygen species in the presence
of light. Therefore, the simple electrolyte leakage
experiment can easily identify the light-dependent
nature of these herbicides (see “Electrolyte Leakage™

in the “Common Protocols” section) (Dayan and
Watson 2011).

Analysis of Proto Levels. The effect of PPO
inhibitors can be evaluated by measuring the
accumulation of Proto in whole plants or in leaf
disc (Figure 5B). A number of methods for the
extraction and analysis of Proto from leaf tissues are
available. The method presented here has been used
successfully with a number of herbicides in our
laboratory (Dayan et al. 1997a,b,c; Li et al. 2004).
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PPO Tip 1. Prevent light exposure because Proto is
highly photodynamic; therefore, all windows in the
laboratory should be covered with aluminum foil,
and several lamps can be mounted with green filters.

Homogenize approximately 100 mg of leaf disks
in 2 ml of basic methanol (HPLC-grade methanol—
0.1 N ammonium hydroxide [9 : 1 v/v]) at full
speed for 15 s, and keep it in the dark for 10 min.
Collect the supernatant after centrifugation at 3,000
X g for 3 min.

PPO Tip 2. Use Corex tubes (Corning Inc.,
Corning, NY) because regular, glass tubes tend to
break in the centrifuge.
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Resuspend the pellet in 1 ml of basic methanol,
keep it in the dark for 10 min, and collect the
supernatant after centrifugation as above. Combine
and filter the supernatants through a 0.2-um nylon
syringe filter to remove particles, and store in light-

tight glass vials at —20 C until analysis by HPLC.

PPO Tip 3. Use scintillation vials covered with
aluminum foil, which work well.

Proto has a strong absorbance at 400 nm, which
is similar to chlorophyll and carotenoids; therefore,
separation by HPLC is necessary to resolve Proto.
Protocols must be adapted for individual HPLC/
column systems, but, as a general principle, a
reverse-phase column (such as a 4.6 by 250-mm
Spherisorb 5-mm ODS-1 preceded by an ODS-5S
guard column [Waters Corporation, Milford, MA])
works well. The solvent system consists of a gradient
beginning at 60% HPLC-grade methanol and 40%
deionized water. At 10 min, the gradient used is
100% methanol to wash the column of lipophilic
coextractants; then the solvent system is returned to
the original settings after 30 min.

PPO Tip 4. Use a fluorescence detector with
excitation and emission wavelength settings at 400
and 630 nm to visualized Proto because, although
it can be visualized with a photodiode array as a
peak with a maximum near 400 nm, the detection
limit is not very good, and the fluorescence
detector has much greater sensitivity.

PPO Tip 5. Set the photodiode array detector to
scan from 300 to 700 nm, so chlorophyll and
carotenoids can easily be differentiated according
to their respective spectra.

Quantify Proto levels in the extracts using a
calibration curve obtained with a commercially
available Proto standard.

Measuring PPO Activity. Assaying for PPO activity
is a rather delicate process for several reasons. Synthesis
of the substrate is complicated and dangerous. The
assay also requires a spectrofluorophotometer, which is
not common in most laboratories. The assay has
traditionally been done in isolated etioplasts, but it can
also be done by using plant PPO expressed
heterologously in Escherichia coli, which makes it
possible to perform additional biochemical experi-
ments. The equipment necessary for this assay is the
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same as that used when working with etioplasts. The
buffers, however, are different to maintain the enzyme
and substrate in solution (Dayan et al. 2010a).

Etioplast Isolation. Germinate seeds in darkness
within a growth chamber at 25 C for 10 d. Harvest
etiolated tissue (25 g) in the dark, and homogenize
in 125 ml extraction buffer (Table 6) at full speed
(three times for 30 s each). Filter the homogenate
through a layer of Miracloth lined with two layers of
cheesecloth, and centrifuge at 150 X ¢ for 5 min
(4 C) to remove large debris. Transfer the
supernatant to two clean tubes, and centrifuge at
9,000 X g for 20 min (4 C) to collect the etioplasts.
Resuspend and combine the pellets with 0.5 ml of
cold resuspension buffer per tube. Adjust the
protein concentration to 5 mg protein ml~ ', and
store at —80 C in 100-ul aliquots in microfuge
tubes. It is stable for several months.

PPO Tip 6. Edoplasts can be purified further by
differential centrifugation on a Percoll gradient at
6,000 X g for 6 min followed by ultracentrifugation
on a sucrose step gradient (30 to 52%) at 80,000 X
¢ for 60 min. Collect the yellow band—containing
etioplasts, and centrifuge at 6,000 X g for 15 min.

Proto Preparation. Dissolve 4.23 mg of Proto in
15 ml of 10 mM KOH : 20% ethanol in a light-
proof, glass vial for 20 min, which will yield
approximately 500 uM of Proto solution that can be
stored in a fridge for up to 1 mo or until the
solution becomes brownish.

PPO Tip 7. Determine the exact concentration on a
spectrophotometer using the molar extinction coef-
ficient € = 13.5 at 554 nm. Add 50 pl of solution to
950 ul 2.7 N HCI, and measure absorbance. If
absorbance = 0.327, then (0.327/13.5) X 20 (the
dilution factor) = 0.484 mM or 484 uM.

Sodium Amalgam Preparation. Protogen is pre-
pared according to Jacobs and Jacobs (1987) by
reducing Proto in the presence of sodium amalgam.
This is the most important part of this assay, and it
must be done under a chemical hood because it is
highly exothermic and releases toxic fumes. Place a
sidearm flask on a heating plate under low heat and
constantly flush with nitrogen gas. Add 3.75 g of
mercury to the flask. Do not let it get too hot or the
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Table 6. Solutions and reagents for extraction and enzyme assays to measure protoporphyrinogen IX oxidase (PPO) activity.”

Components

Procedure

PPO extraction buffer (200 ml of X5)
1,650 mM sorbitol
50 mM HEPES
25 mM cysteine
5 mM MgCl, (0.335 ml of 3 M MgCl,)
5 mM EDTA (2.0 ml of 500 mM EDTA)

Resuspension buffer (100 ml of X5)
1,650 mM sorbitol
50 mM HEPES
5 mM dithiothreitol
5 mM MgCl, (0.167 ml of 3 M MgCl,)
5 mM EDTA (1.0 ml of 500 mM EDTA)

Assay buffer (100 ml X5)

500 mM HEPES
5 mM EDTA (1.0 ml of 500 mM EDTA)

Start with 160 ml of water, add components, cool on ice, adjust pH

to 7.7, and bring to a final volume of 200 ml. Store at —20 C in
50-ml aliquots. Dilute 50 ml of stock to 250 ml final volume
before use.

Start with 80 ml of water, add components, cool on ice, adjust pH to

7.7, and bring to a final volume of 100 ml. Store at —20 C in
25 ml aliquots. Dilute 25 ml of stock to 125 ml final volume
before use.

Start with 80 ml of water and add components. IMPORTANT:

Adjust pH to 7.5 at room temperature, and bring to a final
volume of 100 ml.

* Abbreviations: HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EDTA, ethylenediaminetetraacetic acid.

next step will react too quickly. Remove the sodium
metal block from the mineral oil it is typically
stored in and cut a clean piece (remove any oxidized
portions so that the metal has a shiny, silver
appearance) weighing 0.18 g. Blot oil away with a
dry paper towel, and add the sodium to the flask,
being careful to keep it separate from the mercury.
The reaction between sodium and mercury will be
instantaneous. Mix all the sodium at once into the
warm mercury with a glass rod, and continue
mashing with the glass rod untl the reaction
appears to be complete. This will produce a
vigorous reaction, which will form an amalgam
that will solidify upon cooling. The amalgam
should be grey and brittle. Sodium amalgam is very
hydroscopic and is no longer usable if it softens. It
must be used quickly.

Grind the amalgam in a very dry mortar and
pestle (one that has been dried and stored in an
oven until used so that there is no moisture present)
to yield approximately a 100 ul volume of fine
powder. Add that powder to 800 pl of Proto
solution in a 3.6-ml screw-capped, polypropylene
tube (Corning cryotubes work well). Pressure will
build during the reduction reaction because hydro-
gen is produced. Vent the tube every 30 s to increase
H, partial pressure. It is better to maintain some
slight head pressure, but extreme caution must be
observed or the tube will explode. Let the reaction
proceed until most of the color is gone from the
solution (about 10 to 20 min). Complete reduction
is rarely achieved, but unreduced Proto will be
removed in the next step. Transfer the solution with

the Protogen by glass pipette from the sodium
amalgam slurry to a 3-cc (3 ml) syringe equipped
with a 0.2 um 13 mm nylon membrane filter
(Gelman Acrodisc, Fisher Scientific, Pittsburgh,
PA) containing 800 ul of undiluted X5 direct assay
buffer and 7.5 ul of 1 M dithiothreitol. Insert the
plunger, gently mix the solution, and filter into a
glass tube. Traces of Proto will stay in the filter, and
Protogen will go through. The solution must be
kept on ice and in darkness and used the same day.
Dissolve any leftover amalgam, and the remaining
solid in the reaction tube, into water to collect the
mercury waste, which will collect at the bottom of
the aqueous layer.

Enzyme Assay. The assay is done on a spectro-
fluorophotometer set at 30 C. Incubate 200 pl of
etioplasts with herbicides (2-ul aliquots of X100
concentration) for at least 5 min on ice. Prepare the
assay solution by combining 600 pl of X5 assay
buffer, 10 ul dithiothreitol, and 2,080 ul deionized
water at 30 C. The assay reaction consists of 880 ul
of assay solution (Table 6), 20 ul Protogen solution,
and 100 pl etioplast solution pipetted directly in a
fluorescence-grade disposable cuvette (the dispos-
able cuvettes must provide transparency from 220
to 900 nm). Determine the ICsy values under
saturated, substrate conditions (2 mM Protogen)
and in the presence of 0.01 to 1,000 uM technical-
grade herbicide (Figure 5C).

Record fluorescence for 60 s using a spectro-
fluorophotometer with excitation and emission
wavelengths set at 395 and 626 nm, respectively.
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The excitation and emission bandwidths are set at
2.5 and 20 nm, respectively, and an electronic
emission filter with cutoff at 430 nm is used to
reduce background noise.

PPO Tip 6. Select the smallest excitation slit and
the largest emission slit, which reduces interfer-
ence with scattered light from the light source,
but this selection can result in high background
noise because Proto is highly fluorescent.

Phytoene Desaturase: Molecular Target of
Herbicide Class F; (WSSA Group 12)

Phytoene desaturase (PDS) participates in the
carotenoid biosynthesis pathway (Dayan and Duke
2003). Key aspects of this mode of action are the
bleaching (reduction of carotenoid and chlorophyll

PDS
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levels) in the newly emerging tissue and the
accumulation of phytoene (Figure 6A). Please refer
to the sections ’Chlorophyll Quantification” and
“Carotenoid Quantification.”

Generally, the bleaching effect of a PDS inhibitor
can be distinguished from that of an inhibitor of p-
hydroxyphenylpyruvate dioxygenase (HPPD) by
applying the herbicides to a leaf and observing
where the bleaching occurs. PDS inhibitors are not
phloem mobile because they are very lipophilic, so
bleaching will occur on the new growth within the
treated leaf. On the other hand, commercial HPPD
inhibitors are less lipophilic and tend to translocate,
causing bleaching of the meristematic tissue away
from the treated leaf.

Phytoene Quantification. Phytoene is extracted
and quantified by the method described by Sprecher
et al. (1998), which is very similar to that described
for carotenoid analysis. More tissue is required,
however, and detection is done in petrol because the
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Figure 6. A) Phytoene desaturase (PDS) catalyzes the conversion of phytoene to {-carotene in the biosynthesis of carotenoids. B)
Effect of 12 nM fluridone on phytoene accumulation in wild-type (white) and herbicide resistant (black) Hydrilla verticillata. C). Dose-
response curve of fluridone on heterologously expressed PDS from wild-type (O) and herbicide resistant (@) Hydrilla verticillata.
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absorption spectrum of acetone interferes with that
of phytoene. Measure between 100 and 250 mg of
fresh shoot tissue, and homogenize in 3 ml of basic
methanol (6% KOH in methanol w/v) in 16 X
100-mm glass tubes. Leave the samples at RT for
15 min. Centrifuge for 5 min at 2,000 X g, and
transfer the supernatant to clean glass tubes. Extract
phytoene by partitioning with 3 ml of petrol.
Vortex the tubes and allow them to stand for 5 min.
Add a 1.5-ml volume of saturated sodium chloride,
and vortex the tubes again. Centrifuge at 2,000 X g
for 5 min. Collect and transfer a 1.25-ml aliquot
from the top organic layer of each tube to a 1.5-ml
methacrylate semimicro, disposable UV  cuvette
(Fisherbrand, Thermo Fisher). Quantify phytoene
on a spectrophotometer at 287 nm with an
extinction coefficient of €,5; = 1,108 (% w/v)

(Figure 6B).

PDS Tip 1. Obtain the micrograms of phytoene
per gram of FW with the following equation:

ugphytoene gFW = (A287 X 0000027)/ (gFW X 106)

where A,g is the absorbance of the 3-ml petrol
solution obtained at the end of the extraction.
Make sure to convert the milligrams of tissue
measured into grams of FW for the equation.

Enzyme Assay. There have been many attempts to
assay phytoene desaturase activity in leaf crude
extracts, but doing so is difficult because the
substrate is a hydrocarbon chain with no chromo-
phore and is not readily derlvatlzed However, it has
been done by incorporating 1 C-geranylgeranyl-
pyrophosphate (**C-GGPP) in isolated thylakoid
preparations (Sandmann 1993) and in isolated
chromoplasts from red bell peppers (Capsicum
annuum L.) (Camara 1993).

PDS Tip 2. Be aware that the problem Wlth thlS
approach is that more than 90% of the '*C-
GGPP is incorporated into the phytyl tail of the
chlorophyll, and only a small portion ends up in
carotenoids (FE Dayan, personal experience).

Activity of plant PDS, however, can be expressed
heterologously in E. coli using conventional molec-
ular techniques (Michel et al. 2004). Pellet cells
express PDS by centrifugation at 3,000 X g for

20 min at 4 C. Wash the pellets with 0.9% sodium
chloride, transfer them to 50-ml tubes, and
centrifuge again. Discard the supernatant, and store
the pellets at —80 C. For extraction, thaw the pellets
and lyse in 7.5 ml PDS assay buffer (Table 7) using a
French press at 140 MPa. Add 75 ul of 100 mM
PMSF (in ethanol) to obtain 1 mM protease inhibitor
and 75 units of benzonase to degrade DNA, and wait
20 min at RT. Adding the benzonase is useful for
liquefying the thick and sticky consistency of the
extract and makes the centrifugation step more
effective. Centrifuge the lysate at 16,000 X g for
10 min at 4 C and decant the supernatant into a clean
tube on ice. Purify the his-tagged (Merck) PDS
protein on a nickel-activated HiTrap Chelating HP
column (GE Healthcare Biosciences, Pittsburgh, PA)
according to the manufacturer’s protocol and elute
with 250 mM imidazole.

PDS Tip 3. Determine the concentration of
imidazole required to elute the his-tagged protein
in preliminary experiments.

Desalt the sample by loading a 2.5-ml aliquot of
the fraction containing PDS activity on a Sephadex
G-25 size-exclusion column (GE Healthcare Biosci-
ences), which has been equilibrated with assay buffer
(200 mM sodium phosphate [pH 7.2]). Elute the
protein with 3.5 ml of assay buffer adjust the protein
concentration to 100 pg ml ™", and store at —80 C.

Synthesis of Phytoene. Crude extracts containing
phytoene are produced in E. coli JM101 (pACCRT-
EB) expressing GGPP synthase and phytoene
synthase enzymes from Erwinia wuredovora (EB)
(Misawa et al. 1995). The EB extract is diluted to
10 mg protein ml~' and stored at —80 C. This
extract contains ample amounts of phytoene to assay
PDS activity.

PDS Assay. Thaw one tube of purified PDS extract
and one tube of EB extract. Keep on ice. For each
sample, add 100 ul of PDS (10 pg protein) to a
microcentrifuge tube with 10 ul of either solvent
(acetone or methanol) or X100 herbicide solution,
and mix thoroughly. Dose-response curves are
obtained by testing technical-grade herbicides in
concentrations ranging from 1 nM to 1 mM
(Figure 6C). Incubate the enzyme with the herbi-
cides on ice for 15 min before starting the reaction
by adding 100 ul of EB crude extract (1 mg total
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Table 7.

Solutions and reagents for extraction and enzyme assays to measure phytoene desaturase (PDS) activity.

Components

Procedure

Saturated sodium chloride (250 ml)
100 g sodium chloride

Add sodium chloride to 250 ml of deionized water, and bring to a gentle boil while stirring on a hot

plate. Add a very small amount of water gradually undil salt is completely dissolved. Cool
overnight, and store at room temperature. Some salt will crystallize, but the solution will be

saturated.

PDS assay buffer (100 ml)
200 mM sodium phosphate

Add 28 ml of 200 mM sodium phosphate monobasic to 72 ml of 200 mM sodium phosphate
dibasic to obtain pH 7.2.

protein). The assay is carried out for 30 min at 30 C
with constant, gentle mixing on a thermomixer.
Activity drops sharply at incubation times in excess
of 30 min.

Transfer the reaction mixtures to 12 X 75-mm,
disposable, glass culture tubes containing 1 ml of
basic methanol (6% KOH in methanol w/v). Rinse
the microcentrifuge tube with 200 pl of basic
methanol and add to the glass tube. Mix the
solutions thoroughly. Add 1 ml of ether : petrol
(1 :9) to each tube, mix, and place on ice before
adding 500 ul of saturated sodium chloride.
Centrifuge at 4 C and 3,900 X ¢ for 10 min.
Transfer a 600-ul aliquot of the supernatant to a
fresh 12 X 75-mm disposable, glass culture tube,
and dry in a heat block under a gentle flow of
nitrogen. Cool the tube to RT, then add 125 ul of
acetone. Quantify -carotene amounts by spectro-
photometry at 425 nm in a quartz cuvette using a
millimolar extinction coefficient of €4,5 = 138.

PDS Tip 4. Realize that millimolar €455 = 138
means that a 1 mM solution of B-carotene has an
absorbance of 138 unit at 425 nm. For the PDS
method described, obtain the nanomoles of -
carotene per milligram of protein per hour with
the following equation:

1= Aps x45.29

—1
nmol B-carotene Mg h

assuming that 10 ug of protein is assayed for
30 min and that P-carotene is quantified in a
125-ul final volume of acetone.

p-Hydroxyphenylpyruvate Dioxygenase:
Molecular Target of Herbicide Class F,
(WSSA Group 27)

p-Hydroxyphenylpyruvate dioxygenase (HPPD)
converts p- hydroxyphenylpyruvate (HPP) to homo-
gentisate (HGA), a step involved in the synthesis of
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prenyl quinones and tocopherol (Figure 7A). Be-
cause plastoquinone is an essential cofactor for PDS,
the symptoms of HPPD inhibition are the same as
those of PDS inhibitors (e.g., reduction in chloro-
phyll and carotenoids and accumulation of phy-
toene) (Figure 7C). There is no known case, to our
knowledge, of naturally evolved resistance because
of alteration of the enzyme target.

Bioassays. The simple tests measuring chlorophyll
and carotenoid levels described at the beginning of
this review work well with HPPD inhibitors. As a
diagnostic tool, the bleaching pattern of HPPD
inhibitors is different from that of the PDS
inhibitors because of their differences in phloem
mobility. HPPD inhibitors also reduce the cellular
levels of plastoquinone, whereas PDS inhibitors do
not have that effect.

Enzyme Assay. HPPD activity is not easily assayed
in crude plant extracts but is easily tested by
heterologous expression of the plant gene in E. coli
(Dayan et al. 2007). Conventional molecular
techniques are used to express the desired plant
HPPD gene in E. coli.

Harvest the induced cells, and wash as described
in the “Phytoene Desaturase” section. Store cells at
—80 C until use. Resuspend cells in 7.5 ml of
extraction buffer and lyse with a French press. Add
6-aminohexanoic acid and benzamidine to final
concentration of 1 mM each, along with 750 unit of
benzonase, to the lysed cells. Incubate for 20 min at
RT. Obtain a cell-free supernatant by centrifugation
at 35,000 X g for 30 min at 4 C.

HPPD Tip 1. Always apply protease inhibitors
once the cells have been lysed. These compounds
typically have very short half-lives in water and
must interact with proteases very rapidly to
deactivate them.
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Figure 7. A) p-Hydroxyphenylpyruvate dioxygenase (HPPD) catalyzes the conversion of p-hydroxyphenylpyruvate (HPP) to
homogentisate (HGA). Effect of sulcotrione on B) heterologously expressed Arabidopsis thaliana activity and C) chlorophylls,

carotenoids and plastoquinone levels.

Adjust the total soluble protein concentration to
5 mg ml~ ' using the Bradford (1976) method. The
assay mixture consists of 50 ul of extract (250 pg
protein) in 140 ul of assay buffer (Table 8). Add
inhibitors to the assay mixture in a 5-pl volume to
obtain final concentrations ranging from 0.01 to
100 uM in half-log increments, and incubate for
15 min on ice. Start the reaction by adding 5 ul of
4-HPP (from 10 mM in methanol) for a final
volume of 200 ul. Controls contain the same
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volume of solvent used to deliver the inhibitor.
Incubate the assay at 30 C for 15 min. Add 70 ul of
20% (v/v) perchloric acid to stop the reaction.
Centrifuge at 20,000 X ¢ for 5 min to remove the
precipitate. Quantify HGA in the supernatant by
HPLC (Figure 7B).

HPLC Analysis. A Nova-Pak C18 reversed-phase
column (Waters), preceded by a Bio-Rad (Hercules,
CA) ODS-5S guard column, is used for analysis.
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Table 8.
Components

Extraction buffer (100 ml)

20 mM potassium phosphate
1 mM EDTA (100 pl of 1 M stock)

HPPD assay buffer (200 ml)
50 mM sodium ascorbate

100 mM Tris-HCI

Solutions and reagents for extraction and enzyme assays to measure p-hydroxyphenylpyruvate dioxygenase (HPPD) activity.”

Procedure

Start with 80 ml of deionized water, add EDTA and buffer, cool on
ice, adjust pH to 6.8, and bring to a final volume of 100 ml.

Start with 80 ml of water, add sodium ascorbate and buffer, adjust
pH to 7.5 at 30 C, and bring to a final volume of 200 ml.

* Abbreviation: EDTA, ethylenediaminetetraacetic acid.

The solvent system consists of a linear gradient
beginning at 0% B (100% A) to 70% B, from 0 to
7 min; 70 to 100% B, from 7 to 9 min; 100% B,
from 9 to 10 min; 100 to 0% B, from 10 to 12 min;
and 0% B, from 12 to 22 min. The flow rate is
1 ml min~ "', and the injection volume is 100 pl.
Solvent A is deionized water containing 0.1% (v/v)
trifluoroacetic acid, and solvent B is a 4 : 1 ratio of
HPLC-grade methanol : deionized water contain-
ing 0.07% (v/v) twifluoroacetic acid. HGA is
detected by UV absorbance at 288 nm (Garcia
et al. 1999). A calibration curve is established by
injecting known amounts of HGA.

Deoxyxylulose-5-Phosphate Synthase:
Molecular Target of Herbicide Class F;
(WSSA Group 13)

F; is a complicated classification because it
contains compounds with modes of action other
than deoxyxylulose-5-phosphate synthase (DXS).
For example, aclonifen inhibits PDS (F;) and PPO
(E) (Kilinc et al. 2009). For the sake of this review, F5
will be strictly associated with DXS, the molecular
target site involved in the mode of action for
clomazone. We also suggest that this be formalized
as a new category in the Herbicide Handbook.
Additionally, compounds in this class that are known
PPO inhibitors should be moved to class E.

DXS is the first committed step of the methyler-
ythritol-4-phosphate (MEP) pathway leading to the
synthesis of isopentenyl pyrophosphate (IPP) in the
chloroplast (Fellermeier et al. 2003; Lichtenthaler
2010). It is a parallel pathway to IPP synthesis in the
cytosol via the mevalonate pathway (Lichtenthaler
et al. 1997). These two pathways serve different
purposes, with the MEP pathway leading to
carotenoids and phytyl (Figures 8A and 8B) and the
mevalonate pathway being involved in the synthesis of
sesquiterpenes and sterols (Dayan et al. 2010b).

Clomazone is the only herbicide known to
interfere with DXS activity. Clomazone causes
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bleaching of photosynthetic tissues by inhibiting
carotenoid biosynthesis, but it does so indirectly. It
must be metabolized to ketoclomazone to inhibit
DXS (Mueller et al. 2000). The oxidation of
clomazone to ketoclomazone is catalyzed by a
P450 monooxygenase, and treatment of plants with
phorate or other P450 monooxygenase inhibitors
reduces the metabolism of clomazone and protects
plants from bleaching (Ferhatoglu and Barrett
2006; Ferhatoglu et al. 2005).

Leaf Disc Assay. DXS activity cannot be easily
measured directly in plant tissues. We have developed
a simple assay evaluating the carbon flow through the
MEP pathway by measuring phytoene accumulation,
one of the downstream products of this pathway, in
the presence of a PDS inhibitor (Figure 8A). This
assay may be suitable, therefore, for measuring the
inhibition of any of the early steps of the MEP
pathway. Phytoene accumulation is achieved by
floating 100 mg of etiolated barley (Hordeum vulgare
L.) leaf segments on 5 ml of 5-mM MES buffer with
200 uM norflurazon (an inhibitor of PDS) in a 60 X
15-mm disposable petri dishes for 24 h.

DXS Tip 1. Select barley because it is highly
sensitive to clomazone (Anderson 1990), which is
important because some plants do not metabolize
clomazone to ketoclomazone (the active form)
very rapidly, and their inhibitory effects may not
be detected during the time span of the
experiment.

The effect of clomazone, the only commercial
herbicide targeting DXS, is evaluated by measuring
the reduction in phytoene levels as described in the
phytoene desaturase section (Figure 8B). Typical
dose—response curves range from 0.1 to 100 uM.

Enzyme Assay. There are no simple assays to
measure DXS activity, which is most easily achieved
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C) Effect of clomazone on accumulation of phytoene in barley leaf disc assay treated with 200 puM norflurazone.

by heterologous expression of the plant gene in E.
coli. Conventional molecular techniques are used to
express and purify the desired plant DXS gene in E.
coli (Chahed et al. 2000). The assay consists of
incubating DXS with glyceraldehyde-3-phosphate
and "“C-pyruvate and measuring the formation of
"C-deoxyxylulose after dephosphorylation with
alkaline phosphatase (Schwender et al. 1999).

5-Enolpyruvylshikimate-3-Phospate
Synthase: Molecular Target of Herbicide
Class G (WSSA Group 9)

5-Enolpyruvylshikimate-3-phospate ~ synthase
(EPSPS), an enzyme in the shikimic acid pathway
involved in the biosynthesis of all aromatic amino
acids (phenylalanine, tyrosine, and tryptophan), is
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the target site of glyphosate (Figure 9A). The
effect of glyphosate on plants can be easily
measured by monitoring the accumulation of
shikimate in young tissues (Figure 9B). Measuring
the activity of EPSPS and its sensitivity to
glyphosate is more involved and relatively expen-
sive, but it can also be done in crude leaf extracts

(Figure 9C).

Determination of Shikimate. A myriad of methods
have been developed to quantify shikimate in leaf
tissues. Most methods require 0.1 to 1 g of fresh tissue
and require a homogenization or grinding step. In our
laboratory, we selected the Shaner et al. (2005) method
because of its relative simplicity and good sensitivity. It
requires only single-leaf discs (i.e., 4 to 5 mg tissue) and
does not involve grinding or homogenization of the
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Figure 9. A) Enoylpyruvyl shikimate-3-phosphate synthase (EPSPS) catalyzes the conversion of shikimate-3-phosphate to
enoylpyruvyl shikimate-3-phosphate in the biosynthesis of aromatic amino acids. B) Effect of 100 uM glyphosate on shikimate
accumulation in wild-type (white) and herbicide resistant (black) Amaranthus palmeri. C) Dose-response curve of glyphosate on EPSPS
activity in crude extracts from wild-type (white) and herbicide resistant (black) Amaranthus palmeri. Notice the much higher activity in

the resistant biotype, which is the result of gene amplification.

sample. For optimum results, excise discs (4 mm in
diameter) from young leaves, and place in separate
wells of a microtiter plate each containing 100 pl of 10-
mM ammonium phosphate monobasic (adjust to pH

4.4 with either 0.1 N HCI or NaOH).

EPSPS Tip 1. Scale up the method developed for
a microtiter plate format (which requires a
microplate reader) for extractions in tubes and
detection with a regular spectrophotometer.

A nonionic surfactant, such as 0.1% (v/v) Tween
20, can be added to reduce the surface tension,
which improves both the penetration of glyphosate
and the extraction of shikimate. Full dose—response
curves (I to 500 uM glyphosate can be done
directly in the microtiter plates. Seal and wrap
plates with plastic to minimize evaporation, and
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incubate under fluorescent lights (150 uM m s
at 25 C for up to 24 h. The format can be adapted
if the desire is to determine the accumulation of
shikimate over time. After incubation, place plates
in a —20 C freezer until the solution is frozen.
Alternatively, shikimate accumulating in tissue
samples from whole plants treated with glyphosate
can be extracted in the same way. The samples can
be kept frozen until further analysis. At that time,
thaw samples at 60 C for 30 min, add 25 ul of 1.25
N HCI into each well (final concentration of 0.25
N HCI per well), and incubate the plates at 60 C

for 15 min.

EPSPS Tip 2. Determine the final concentration
of HCI, which is very important for accurate
shikimate quantification.
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Table 9. Solutions and reagents for extraction and enzyme assays to measure 5-enolpyruvylshikimate-3-phosphate synthase

(EPSPS) activity.”

Components Procedure

EPSPS extraction buffer (100 ml)
100 mM MOPS Start with 80 ml of water, add components, adjust pH to 7.0 on ice,
5 mM EDTA and bring to a final volume of 100 ml. Just before using, add 1%
10% glycerol (v/v) PVPP (which will not go into solution, so you’ll end up with a
50 mM KClI suspension) and 70 pl of B-mercaptoethanol.

0.5 mM benzamidine

Dialysis buffer (1 L of X10)
100 mM MOPS
5 mM EDTA (Final concentration 10 mM MOPS,
0.5 mM EDTA)

Assay buffer (100 ml of X2)

100 mM MOPS

1 mM MgCl,

10% glycerol (v/v)

2 mM sodium molybdate
200 mM NaF

Start with 800 ml of water, add components, adjust pH to 7.0 on

ice, and bring to a final volume of 1 L. Dilute 1 : 10, adding
200 ml of buffer, 200 ml of glycerol, and 700 pl of PB-
mercaptoethanol in a final volume of 1 L.

Start with 80 ml of water, add components, adjust pH to 7.0 at

room temperature, and bring to a final volume of 100 ml. Store at

4 C.

* Abbreviations: MOPS, 3-(/N-morpholino)propanesulfonic acid; PVPP, polyvinylpolypyrrolidone; EDTA, ethylenediaminetetra-

acetic acid.

The tissues will become uniformly gray—green.
Transfer 25-pl aliquots to new wells, and oxidize
shikimate with 100 pl of a solution containing 0.25%
(w/v) periodic acid and 0.25% (w/v) sodium -
periodate at 25 C for 90 min. Then, add 100 pl of 0.6
N sodium hydroxide in 0.22 M sodium sulfite to the
wells to neutralize the extract and to quench the
oxidative reaction. Determine shikimate spectropho-
tometrically at 380 nm within 30 min using a
microtiter plate reader. Background absorption
values measured in wells containing discs not exposed
to glyphosate are subtracted. Shikimate concentra-
tions are calculated from a shikimate standard curve.

EPSPS Tip 3. Add known amounts of shikimate
to wells containing untreated leaf discs (as 25-ul
aliquots) before placing the samples in the freezer.
Extract shikimate as described. The amount of
shikimate added to the wells ranges from 3.75 to
30 pg to generate the concentrations ranging
from 25 to 200 pug ml~' usually observed in
tissues treated with glyphosate.

Enzyme Assay. Protein extraction and the EPSPS
assay described here generally follow the procedures
developed by the Doug Sammons group at Mon-
santo (St. Louis, MO) (Salas et al. 2012). Grind
young, newly developing leaf samples (5 g FW) in

liquid nitrogen to fine powder in a chilled mortar,

and transfer to 50-ml BD Falcon tubes containing
25 ml of cold extraction buffer (Table 9). Homog-
enize the sample at full speed for about 5 min with
constant stirring to minimize foaming. Centrifuge
for 40 min at 18,000 X g at 4 C. Decant the
supernatant through cheesecloth into a cold beaker.
Keep the solution on ice and stir continuously while
slowly adding ammonium sulfate to obtain a 45%
(w/v) solution. Continue stirring for at least 30 min.
Centrifuge at 30,000 X ¢ for 30 min at 4 C, and save
the supernatant. Repeat this procedure to obtain a
70% (w/v) solution, and precipitate the fraction
containing EPSPS activity. Save the pellet following
centrifugation, and dissolve it in a small volume (1 to
3 ml) of X2 assay buffer (Table 9). Dialyze the
extract in Slide-A-Lyzer dialysis cassettes (Thermo
Scientific, Meridian, IL) overnight in 2 L of dialysis
buffer at 4 C on a stir plate. Protein concentration of
the solution in the cassette is quantified by the
Bradford (1976) method.

Specific activities of EPSPS are measured in a
continuous assay quantifying inorganic phosphate
released from shikimate-3-phosphate with the
EnzCheck phosphate assay kit (Invitrogen, Carls-
bad, CA). Add reagents to a cuvette in the following
manner: 600 pl of X2 assay buffer, 300 ul deionized
water, 0.164 mM of 2-amino-6-mercapto-7-methyl-
purine riboside (MESG), 1 U purine—nucleoside
phosphorylase, 1.02 mM phosphoenolpyruvate
(PEP), and 25 ul EPSPS extract. MESG should be
stored at —80 C and be freshly prepared for each
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assay. When the effect of glyphosate is tested, final
concentrations ranging 0.1 and 1,000 pM of the
herbicide are added to the reaction mixture. Allow
the mixture to react for 20 min to deplete any
phosphate contaminants, and start the EPSPS
reaction by adding 50 ul of 10 mM (0.41 mM)
shikimate-3-phosphate. Monitor the change in
absorption at 360 nm for 10 min in a spectropho-
tometer, and calculate the amount of phosphate (in
micromoles) released per microgram of total soluble
protein (TSP) per minute, based on the slope of the
reaction and a calibration curve obtained with free
phosphate as indicated in the EnzCheck phosphate
assay kit. EPSPS act1V1ty is expressed as umol Pipg ™’
TSP protein min~').

EPSPS Tip 4. Prepare the shikimate-3-phos-
phate and PEP stock solutions in X2 assay buffer,
rather than in deionized water.

For the more-precise experiments necessary for
kinetic studies, the slope is taken from the most linear
portion of the initial rate curve greater than 5% reaction
and less than 20% reaction. To do that, let the reaction
go to completion once, and calculate the micromoles
converted. Care must be taken that the initial rate be
under conditions when the assay is proportional to the
amount of EPSPS enzyme in the extract. As well,
EnzCheck must be used in excess to be sure the coupled
reaction is not limiting the rate of reaction measured.

Glutamine Synthetase Assay: Molecular
Target of Herbicide Class H (WSSA Group 10)

Glutamine synthetase (GS) is a key enzyme in
ammonia assimilation and recycling in plants
(Figure 10A). There are two isozymes of GS in
plants, a cytoplasmic form, and a chloroplastic
form. The chloroplastic form of GS is primarily
responsible for recycling ammonia during photo-
respiration as well as the synthesis of glutamine. The
major isozyme of GS in leaves is the chloroplastic
form, and its activity increases during development
and with increases in photosynthesis and photores-
piration (Ireland and Lea 1999). However, inhib-
itors of GS act on all forms of the enzyme.
Glufosinate, the synthesized form of phosphino-
thricin (Lydon and Duke 1999), is the most widely
used GS inhibitor. Glufosinate forms an irreversible
complex with GS, causing a loss of extractable GS
activity. Inhibition of GS results in a rapid decrease
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in the free pools of glutamine, glutamate, aspartate,
alanine, serine, and glycine (Lydon and Duke 1999)
and an accumulation of ammonia. This latter
phenomenon is unique to GS inhibition and can
be used to analyze inhibition of GS in leaf discs.

Leaf Disc Assay. The leaf disc assay measures the
accumulation of ammonia caused by the inhibition of
photorespiration by the GS inhibitor (Figure 10B).
Hence, the assay needs to be conducted under light
and photorespiration conditions (ambient CO,) and
works primarily for C3 plants. This assay works well
in a microtiter plate format. Each well contains 100 pl
of water. Add 100 ul of 2 200 uM glufosinate solution
to the top well (row A), and mix to make a 100 uM
solution. Transfer 100 ul of that well into the well in
row B to make a 50-uM solution. Repeat that pattern
down the plate to row G to obtain the lowest
concentration of glufosinate (1.5625 uM). In that
row, remove 100 pl of solution and discard. The last
row is the blank (water only).

GS Tip 1. Obtain a 200-uM stock solution of
glufosinate by using technical-grade material or
by adding 13 ul of commercial Rely 280 (Bayer
CropScience, Monheim am Rhein, Germany) to
100 ml of water. Rely 280 consists of a 280 g L~
glufosinate solution.

Cut 5-mm-diam leaf discs from leaves of test
plant (youngest fully expanded leaf gives the best
GS reaction), and place 1 leaf disc per well. The
plate is sealed with 2 layers of micropore tape and
placed in a growth chamber under light at
150 umol m ' PAR for 16 to 24 h.

Stop the assay by placing the plate at —80 C.
Lyse the cell membranes completely by performing
at least two freeze—thaw cycles. A 50-pl aliquot of
the bathing solution from each well is transferred to
another plate. The amount of ammonium present
in each well is determined using a modified Molin
and Khan (1995) method by adding 150 ul of
water, 100 ul of reagent A, and 50 pl of reagent B
and mixing the solution. Keep the plates at RT for
at least 30 min before reading on a microplate
reader at Agzo. The color development is stable for
at least 4 h. Reagent A consists of 6.25 g of phenol
dissolved in 10 ml of MeOH, which is mixed with
56 ml of 0.02% sodium nitroprusside dihydrate.
Reagent B consists of 15 ml of bleach (6.15%
sodium hypochlorite), 15 ml of 27% NaOH, and
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Figure 10. A) Reaction catalyzed by GS and various detection methods. B) Accumulation of ammonia in sunflower leaf discs after
16 h incubation under light in the presence of increasing amount of glufosinate.

20 ml of water. Reagents A and B are kept in the
fridge in amber-colored glasses (or covered with
aluminum foil), but they must be brought to RT
before starting the reaction.

GS Tip 2. Alternatively, perform the assay using
premixed phenol nitroprusside solution (P6994)
and alkaline hypochlorite solution (A1727) from
Sigma-Aldrich (St. Louis MO).

GS Tip 3. Use glufosinate technical grade or a
commercial formulated product, which both have
their glufosinate in its ammonium salt form; the
contribution of the ammonium salt from the
herbicide is, however, minimal in the color
development of the assay.

Analysis of GS Activity In Vitro. S pray plants with
solutions of glufosinate (360 g h™ " provides very
strong inhibition of GS in planta), although the
timing of the application can have a great effect on
extractable GS activity (Sellers et al. 2004). After 4 h
of light incubation, homogenize 2 g of leaf material
in a chilled mortar and 3 ml of extraction buffer
(Table 10). PVP10 increases the extractable GS
activity. Filter the extract through Miracloth layered

on top of cheesecloth; wash the mortar with 1 ml of
extraction buffer, and add that to the Miracloth.
Transfer the extract to microfuge tubes and
centrifuge at 12,000 X ¢ for 10 min at 4 C. The
crude supernatant contains GS activity and is used
for the enzyme assay. GS activity can be measured
by monitoring the release of inorganic phosphate
from ATP. However, this method is sensitive to the
presence of Pi from other reactions. Therefore, it is
often more reliable to assay for the GS-dependent
formation of y-glutamyl hydroxamate, followed by
colorimetric determination, by reacting this product
with acidic ferric chloride reagent. This can be done
by measuring the synthetase reaction as described by
Manderscheid (1993). However, we prefer measur-
ing the transferase activity (Forlani 2000).

GS Tip 3. Handle hydroxylamine hydrochloride
with care because it is toxic. The glutamate and
hydroxylamine should be freshly prepared with

each assay.

The reaction consists of 0.9 ml of assay buffer
(Table 10) and 0.1 ml crude enzyme extract.
Incubate the reaction mixtures for 30 min at 30 C;
add 0.5 ml ferric chloride reagent to stop the
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Table 10.

Solutions and reagents for extraction and enzyme assays to measure glutamine synthetase (GS) activity.”

Components

Procedure

GS extraction buffer (100 ml)
50 mM Tris base
1 mM EDTA (10 ml of 10 mM EDTA)
2 mM DTT (10 ml of 20 mM DTT)
10 mM MgCl, (1 ml of 1 M MgCl,)
5 g PVP10

GS assay buffer (25 ml)
25 mM imidazole-HCI, pH 7.5
4 mM MnCl,
5 mM ADP
50 mM L-glutamine
40 mM sodium arsenate
25 mM hydroxylamine

Acidic ferric chloride reagent (250 ml)

10 g trichloroacetic acid
8 g anhydrous ferric chloride
250 ml 0.5 M HCI

Make 1 M Tris stock, and adjust to pH 8. Starting with 50 ml of

water, add 5 ml Tris stock and other components, cool on ice,
readjust pH to 8.0, and bring to a final volume of 100 ml.

Start with 25 ml of buffer adjusted to pH 7.5. Add 100 pul of 1 M

MnCl, 18.25 mg i-glutamine, 31.25 mg sodium arsenate,
53.5 mg ADP sodium salt, and 43.5 mg hydroxylamine
hydrochloride. This buffer must be fresh before use. It does not
store very well.

Dissolve the trichloroacetic acid and ferric chloride in the 0.5 M

HCL

* Abbreviations: Tris, tris(hydroxymethyl)methylamine; EDTA, ethylenediaminetetraacetic acid; DTT, dithiothreitol; PVP10,

polyvinylpyrrolidone 10; ADP, adenosine diphosphate.

reaction, and incubate for 10 min at RT. Centrifuge
at 12,000 X g for 10 min and determine the
concentration of y-glutamyl hydroxamate by mea-
suring absorbance at 540 nm on a spectrophotom-
eter. This assay can also be performed in a
microtiter plate by reducing all of the volumes by
a factor of 10.

7,8-Dihydropteroate Synthase: Molecular
Target of Herbicide Class | (WSSA Group 18)

Only one herbicide, asulam, acts by inhibiting
folic acid synthesis (Figure 11) (Veerasekaran et al.
1981a,b). It is an analogue of 4-aminobenzoate
(pPABA), one of the substrates of 7,8-dihydroptero-
ate synthase (DHPS), an enzyme in the pathway to
folic acid (Bedhomme et al. 2005). This target site
was proven by both in vitro enzyme inhibition and
resistance of a plant transformed with a resistant
microbial form of DHPS.

The herbicidal symptoms are slowly developing
chlorosis and stunted growth of new tissues and
slow senescence of mature tissues. No weeds, to our
knowledge, have evolved resistance to it, and no
transgenic, asulam-resistant crops are available.
Asulam is an analog of sulfanilamide, a well known
inhibitor of DHPS (Bedhomme et al. 2005). There
are no easy assays to measure the effect of asulam on
DHPS. However, inhibition of DHPS can be
followed in leaf discs or duckweed (Lemna spp.)
assays by monitoring the accumulation of pABA, an
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intermediate in the synthesis of folic acid (Brain et
al. 2008).

Determination of pABA Accumulation. This
method is derived from a liquid chromatography—
tandem mass spectrometry (LC-MS/MS) protocol
using cultures of Lemna sp. (Brain et al. 2008) and
can be adapted to a spectrofluorometric detection
(Huang and Gibson 1970). Place two or three
duckweed [Lemna paucicostata (L.) Hegelm] fronds
in nonpyrogenic, polystyrene, sterile, six-well plates
(CoStar 3506, Corning) containing 5 ml of sterile,
full-strength Hoagland media, supplemented with
Fe-EDTA. Only colonies with “Mickey Mouse”
appearances, where the developing daughter fronds
are significantly smaller and still attached to the
maternal frond, are selected. Maintain the plates in
an incubator (model CU-36L, Percival Scientific)
under continuous white light (94 umol m *s )
(Bajsa et al. 2011a). Grow the colonies for 5 d, and
then, expose them to various concentrations of
asulam in 50-ul aliquots. The control receives 50 ul
of acetone. Incubate the fronds for 24 h under
continuous light. After the incubation period,
remove the growth medium, and wash the fronds
three times with 4 ml of water. Place samples in a
—80 C freezer until the solution is frozen. The
samples can be kept frozen until further analysis.

pABA Extraction. Place the plant samples (about
25 mg) in 15 ml BD Falcon tubes, and homogenize
with 3 ml of 100% methanol using a Polytron on
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A) Dihydropteroate synthase (DHPS) is a key enzyme in the synthesis of folic acid. B) Dose-response curve of asulam on

Lemna paucicostata growth (7 days after treatment). C). Effect of 200 uM asulam on DHPS activity as measured by '*C-pABA

incorporation in folate in Lemna paucicostata.

maximum speed for 2 min. Extract pABA at 25 C
for 1 h. Centrifuge the homogenates at 5,000 X g
for 5 min. Save the supernatant. Repeat the
homogenization of the pellet with an additional
3 ml of methanol, and centrifuge again. Combine
the supernatants, and evaporate under a stream of
nitrogen at 30 C. Dissolve the residue in 0.8 ml of
methanol. Add 0.1 ml of 2 M HCI, and hydrolyze
at 80 C for 1 h in an oven.

DHPS Tip 1. Use hydrolysis, which is necessary
to free the pABA conjugated to the glucose.
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Neutralize the solution with 0.1 ml of 2 M
NaOH and mix thoroughly. Filter the solution
through a 0.25-um nylon membrane filter (Gelman
Acrodisc) before LC-MS/MS analyses.

LC-MS/MS Analysis of pABA. Analyze the extract
using a Varian ProStar HPLC system coupled to a
Varian model 1200 L triple quadrupole (Varian).
Chromatographic separation of pABA is achieved
using a 15-cm X 2.1-mm (5 pm, 80 A) Extended-
C18 column (Agilent). The binary mobile-phase
gradient consists of 0.1% (v/v) formic acid in water
(solvent A) and methanol (solvent B). The flow rate
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is set at 350 ul min~ ', and the gradient for pABA
analysis starts at 97% A for 7 min and is then
changed to 2% A in 1 min, maintained at that level
for 5 min, and then returned back to the 97% A for
reequilibration for 9 min. Identfy pABA by
injecting 10 pl of the plant extract while the mass
spectrometer is set in positive electrospray ioniza-
tion mode, and the detector, needle, shield, and
capillary voltages are set to 1.8, 5.0, 0.4, and
—0.04 kV, respectively (Brain et al. 2008).
Quantify pABA levels by monitoring the MS/MS
transition mass : ratio 138 > 77 at collision ener-

gies of —18.5 V (Zhang et al. 2005).

Incorporation of 14C—pABA in Folate. Grow
duckweed as described above for 5 d, and then,
expose it to different concentrations of asulam or
equivalent volume of acetone (control) in the
presence of 1 pCi of 14C—pABA (American
Radiolabeled Chemical, Inc, St. Louis, MO) for
24 h under continuous light. After the incubation
period, remove the growth medium and wash the
fronds three times with 3 ml of water. Transfer the
fronds to 15-ml Falcon tubes, and homogenize in
2.5 ml of sodium phosphate buffer (pH 7.0). Add
pancreatin (200 mg) and 300 pl of 10% sodium
ascorbate to the tubes, and mix thoroughly.
Incubate for 2 h at 37 C, and then, heat to 100 C
for 20 min. Cool the tubes on ice, and centrifuge at
3,300 X g for 10 min with a SH-3000 rotor
(Thermo Fisher Scientific). Save the supernatants in
clean tubes. Resuspend the pellets with 2.2 ml of
sodium phosphate buffer (pH 7.0), and centrifuge
again. Combine the supernatants, and filter through
a 0.45-um nylon membrane filter using 5-ml
syringes.

Equilibrate EASI-EXTRACT folic acid immu-
noaffinity columns (r-biopharm AG, Pfungstadt,
Germany) with 10 ml of 0.1% trifluoroacetic acid
(TFA) in water by gravity. Load the 5-ml extracts
on the columns. Wash each column with 10 ml of
wash solution (0.1% TFA in water) until no
radioactivity elutes. Elute the labeled folate with
2.5 ml of acetonitrile : water (3 : 7 v/v) containing
0.2% TFA followed by 2.5 ml of wash solution.
This should elute all the "*C bound to the affinity
column. No other radioactivity elutes with subse-
quent washings. The radioactivity corresponds to a
mixture of folic acid forms, but they are all derived
from pABA, so the effect of asulam on DHPS
activity is measured as a decrease in radioactive
incorporation.
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Mitosis: Molecular Target of Herbicide Class
K; and K, (WSSA Group 3 and 23)

Microtubules are dynamic structures composed
of heterodimers of a-tubulin and B-tubulin subunits
that assemble on one end and disassemble on the
other. Plant cell division, elongation, and cell
wall formation require the proper functioning of
microtubules. A number of structurally diverse
herbicides (e.g., dinitroanilines trifluralin, pyridine
thiazopyr, substituted amide dithiopyr, and phthal-
ate dimethyl tetrachloroterephthalate) interfere with
mitosis through their effects on the assembly of
tubulin subunits into functioning microtubules by
either binding tubulin directly or interfering with
microtubule organizing centers (MTOCs) or mi-
crotubule-associated proteins (MAPS) that are
involved in the proper assembly, disassembly, and
functioning of microtubules (Figure 12A). Most of
these herbicides are applied PRE and are often soil
incorporated for control of grass weeds in dicoty-
ledonous crops.

Mitotic Index. The most common assay to measure
the effect of herbicides on mitosis is the by using the
mitotic index. Onion (Allium cepa L.) is the best
species for this assay because the root tips stain well
and the tissues are easy to process. Germinate seeds
for 7 d in petri dishes on wet filter paper in the
presence of the inhibitor at 25 C under a 14-h
photoperiod. Prepare test compounds in X100
stock solutions (10 mM) in acetone or other
suitable solvents. Control samples receive the same
amount of solvent as those receiving the test
compounds.

We typically process our samples for mitotic
analysis according to Armbruster et al. (1991). Fix
20 root ends (1-cm sections) in glacial acetic acid—
absolute ethanol (1 : 3 v/v) for 30 min. Hydrolyze
the segments in 5 N HCI at RT for 1 h, and
wash several times with distilled water. Stain the
segments with Schiff’s reagent for 45 min in the
dark at RT.

The stained meristematic regions are -easily
identified as purple tips. Transfer the root segments
to a drop of 45% acetic acid on top of a microscope
slide using tweezers. Be sure to hold the root
segments on the opposite side of the meristems, so
that areas of interest aren’t damaged. Once on the
slide, use a razor blade to cut the tips and remove
the rest of the root segments. Carefully place a cover
slip over the tips and gently squash by applying

slight and constant pressure directly over the tissues.
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Figure 12. A) Light micrographs of untreated onion root tips. Cells at various stages of mitosis are indicated in A as p = prophase, m
= metaphase, a= anaphase, and t = telophase. Bars represent 100 pm. B) Distribution of phases of mitosis in control (H),
podophyllotoxin (=) and etoposide ([]) treated onion root tips. Data is obtained by counting at least 3000 cells per treatment. Cells
with chromosomal arrangements deviating from those associated with normal mitotic phases are classified as abnormal. LSD at p =

0.05. Images are from Oliva et al. (2002).

Mitosis Tip 1. Apply pressure vertically, directly
over the prepared root tips, with no side-to-side
or twisting movements to prevent smearing and
tearing the cells. We use the eraser end of a pencil
to push down.

Seal the edge of the cover slip with nail polish to
retard the evaporation of acetic acid.

Calculate the mitotic index by tallying the cells in
various stages of mitosis. At least 1,000 cells slide™!
and in triplicate (3,000 cells treatment ') must be
counted for the data to be statistically meaningful
(Figure 12B). We use an Olympus BX60 micro-
scope (Olympus, Center Valley, PA) and normally
follow the description of the various mitotic phases
described by Hess (1987) (Figure 12A). Count cells
with abnormal mitotic configurations as a separate
class.

Very Long-Chain Fatty-Acid Elongases:
Molecular Target of Herbicide Class K;
(WSSA Group 15)

Very long-chain fatty acids (VLCFAs) are used by
plants for synthesis of the waxes, cutins, and
suberins that are necessary to keep moisture in
plant cells and tissues while keeping other substanc-
es out. VLCFAs are also present at low concentra-
tions in plasma membranes. A reduction in those
compounds in cell membranes leads to both
arrested cell division and growth. Symptoms of

treatment with inhibitors of VLCFA elongases
include decreased growth and leaf curling and
twisting. Some crops and weeds are insensitive to
this class of herbicides due to rapid detoxification.
In some cases, chemicals that induce detoxification
in crops (safeners) are applied to protect the crop
from potential herbicide injury.

A number of herbicide chemical classes inhibit
these enzymes. They include the chloroacetanilides
(e.g., alachlor), the tetrazolinone compound fen-
trazamide, and the oxyacetamides (e.g., flufenacet).
The thiocarbamates (e.g., EPTC) are found in the
class N (fatty acid and lipid biosynthesis inhibitors)
and should be moved to Kj. Inhibitors of VLCFA
elongases are generally high use rate, PRE herbicides
that kill both broadleaf and grass weeds, but the
activity on grasses is generally stronger. Some of the
compounds listed under the Kj classification, such
as the acetamides napropamide and diphenamid, do
not inhibit VLCFA synthesis, and should be
reclassified (Yang et al. 2010).

Enzyme Assay. Plant Material. Purchase leek
(Allium porrum L.) plants from a local market.
Cut off the leaves with a sharp blade, leaving 10 cm
of leaf above each bulb. Plant the bulbs in
commercial potting soil, such as Metro-mix 350
(Sun Gro Horticulture, Vancouver, Canada), and
place in a growth chamber set at 23 C with a 16-h
photoperiod and 300 pmol m 2s ' PAR for 14 d.
This procedure greatly increases the VLCFA
elongases activity recovered after extraction. Peel
off the epidermis of the newly grown leaves, flash-
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Table 11.

Solutions and reagents for extraction and enzyme assays to measure activity of very long-chain fatty acid elongases.”

Components

Procedure

Extraction buffer (100 ml)
80 mM HEPES-KOH
2 mM EDTA (200 ul of 1 M stock)
320 mM sucrose
10 mM DTT
0.3 mM PMSF

Resuspension buffer (100 ml)

80 mM HEPES-KOH

1 mM DTT

15% glycerol

1 mM MgCl, (33.3 ul of 3 M stock)
Assay buffer (100 ml of X5)

400 mM HEPES-KOH

5 mM DTT

5 mM MgCl, (166.7 ul of 3 M stock)
0.25% Triton X-100

Start with 80 ml of deionized water; add EDTA, sucrose, DTT, and

buffer; cool on ice; adjust pH to 7.2; and bring to a final volume
of 100 ml. Add PMSF to supernatant immediately before the first
centrifugation.

Start with 80 ml of water, add DTT and buffer, adjust pH to 7.2 on

ice, and bring to a final volume of 100 ml.

Start with 80 ml of water; add DTT, MgCl,, Triton X-100, and

buffer; adjust pH to 7.2 at 30 C; and bring to a final volume of
100 ml. Store in 25-ml aliquot at —80 C.

* Abbreviations: HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EDTA, ethylenediaminetetraacetic acid; DTT,

dithiothreitol; PMSF, phenylmethanesulfonyl fluoride.

freeze in liquid N,, and store at —80 C until used.
The peels retain activity for more than 1 mo.
Microsomal Preparations. Grind the frozen leek
epidermis (2.5 g) into powder with a cold mortar
and pestle in liquid nitrogen, and transfer to a 50-
ml BD Falcon tube. Thaw briefly before adding
30 ml of extraction buffer (Table 11).

VLCFA Tip 1. Thaw the samples before adding
the extraction buffer to avoid the formation of ice
crystals, which would be detrimental to the
isolation of microsomes.

Homogenize the sample with a Polytron
(Thermo Fisher Scientific) for 1 to 2 min, filter
through two layers of Miracloth lined within two
layers of cheesecloth, and centrifuge at 15,000 X g
for 20 min (SS34 rotor, Thermo Fisher Scientific).
Collect the supernatant and centrifuge again in an
ultracentrifuge at 106,000 X g for 1 h (SW 40 Ti
rotor, Beckman Coulter, Inc., Brea, CA). Resus-
pend the microsomal pellet in 0.5 ml of resuspen-
sion buffer. Microsomes are either used immedi-
ately or frozen in 100-pl aliquots in liquid N, and
stored at —80 C. The protein content is usually
greater than 500 pg protein ml™ .

Elongases Assays. Our assay is adapted from the
methods of Evenson and Post-Beittenmiller (1995)
and SchmalfuB} et al. (2000). Mix a 100-ul aliquot
of microsomal preparation, 200 pl of assay buffer
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(Table 11), and 200 pl of water. Incubate 50-pl
aliquots of this preparation at RT for 10 min with
either 1 ul of acetone or various X100 concentra-
tions of inhibitors dissolved in acetone in a Teflon-
lined, screw-top microcentrifuge tube. Prepare the
following reagents mixture in a separate microcen-
trifuge tube: 100 ul of 20 mM NADPH, 100 ul of
20 mM NADH, 100 ul of 10 mM ATP, 100 ul of
0.25 mM C20-CoA substrate, and 100 ul of 1 mM
['“C] malonyl-CoA. Start the assay by adding 50 ul
of reagent mixture to the 50 pl of microsomal
mixture. The assay is carried out at 30 C for 1 hiin a
thermomixer set at 500 rpm.

VLCFA Tip 2. Use any of various acyl-CoA
starter molecules (C16:0-CoA to C22:0-CoA),
and determine independent inhibitory values for
each step of the elongation.

These experiments can be used to test different
concentrations of acyl-CoA. If ["*Clacyl-CoA
starter units are used, then different concentrations
of malonyl-CoA can be tested. Finally, VLCFA
elongases inhibitors are tested at concentrations
ranging from 0.1 to 1,000 uM.

Stop the reactions with 50 pl of 11 N KOH (60 g
per 100 ml). Saponify for 1 h at 80 C in a
thermomixer set at 500 rpm and subsequently place
on ice. Acidify the assay mixture with 100 ul cold 12 N
HCI. Extract twice with 1 ml of cold acetone : #-
hexane (4 : 3 v/v). Collect the top 500 ul of the organic
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phases, and combine in clean screw-cap tubes. Wash
the pooled hexane fractions with 100 ul of 4 N HCL
Transfer an 800-ul aliquot of the hexane fraction to a
clean glass test tube, and dry under N, flow.

VLCFA Tip 3. Ensure the extract is very dry. Any
water present in the tube will quench the methylation
step and prevent the formation of methyl esters.

Dissolve the residue with dry hexane, transfer to a
12-ml screw-cap, Kimax, glass tube, and mix with 100
ul of dry methanol and 300 ul of dry, 3 N methanolic
HCI. Seal the tube, and heat for 1 h at 80 C. Cool the
tubes to RT, add 3 ml of 0.88% NaCl and 3 ml of
hexane, and vortex. Collect 2.5 ml of the hexane layer
containing the methylated fatty acids, transfer to a
clean glass test tube, and dry under N, flow.

Dissolve the methyl esters in 200 pl of methanol,
and apply to a C18 TLC plate (TLC Silica gel 60 RP-
18, EMD Bioscience). We routinely use a TLC plate
spotter (Analtech, Inc. Newark, DE) to obtain uniform
spots. Develop the plate in acetonitrile : tetrahydro-
furan (85 : 15 v/v). Quantfy TLC products on a
Phosphorlmager (Molecular Dynamics, Sunnyvale,
CA) (Figure 13C). Calculate the amount of VLCFA
synthesized by adding an aliquot of the hexane to 6 ml
of Ultima Gold scintillation cocktail (Packard Instru-
ment Co., Meriden, CT) and counting by liquid
scintillation. The background radioactivity extracted in
the blank is subtracted from the test samples.

VLCFA Tip 4. Perform dose-response curves
carefully with identical incubation periods because
herbicides inhibiting VLCFA elongases are irre-
versible inhibitors and inhibition increases over
time. The concentration resulting in 50% inhibi-
tion is time dependent, and must be reported as an

apparent ICsq value (ICspapp).

VLCFA Tip 5. Perform this assay with etiolated
leek seedlings (Lessire et al. 1985a,b), if desired,
but the overall activity is generally lower than it is
when actively growing leek plants are used
(Evenson and Post-Beittenmiller 1995). We have
also used etiolated barley shoots successfully.

Cellulose Biosynthesis: Molecular Target of
Herbicide Class L (WSSA Group 20, 21, 28)

A number of herbicides, such as isoxaben and
dichlobenil, strongly inhibit incorporation of glucose

into the cellulose-containing cell-wall fraction of
plants causing a great reduction in plant growth
(Figure 14A and B). Isoxaben and dichlobenil are
inhibitors of cellulose biosynthesis, and their mech-
anism of action involves the incorporation of glucose
into the cellulose-rich, acid-insoluble fraction of
isolated cell walls (Corio-Costet et al. 1991; Heim et
al. 1990) (Figure 14C). It was initially thought that
isoxaben inhibited an early step in the pathway,
whereas  dichlobenil targeted cellulose synthase
(Sabba and Vaughn 1999). It now appears that both
herbicides have a direct action on cellulose synthase.
Indeed, the Arabidopsis thaliana mutant IXR1, which
encodes for AtCESA3, one of the isoforms of
cellulose synthase, imparts resistance to isoxaben.
This provides strong evidence that this herbicide also
inhibits cellulose synthase (Scheible et al. 2001).
Isoxaben is a much stronger inhibitor of glucose
incorporation into cellulose than dichlobenil (Heim
et al. 1990). Inhibition of cellulose synthase hinders
in vivo formation of cellulose microfibrils. Lack of
cellulose in young cells results in swelling of root tips
and cessation of growth, as if they were treated with a

tubulin-binding herbicide.

Assay. Cellulose biosynthesis is extremely complex,
and there is no efficient protocol to measure the
activity of cellulose synthase in vitro. However, both
isoxaben and dichlobenil inhibit incorporation of
glucose in the cellulose-rich, acid-insoluble fraction
of plant tissues. Their activity can be measured
using the same assay, realizing that the method is
not specific for a single enzymatic step but a
reflection of the over carbon flow into cellulose
(Heim et al. 1990).

Place four duckweed fronds in nonpyrogenic,
polystyrene, sterile, six-well plates (CoStar 3506,
Corning Inc.) containing 5 ml of sterile, full-
strength Hoagland media supplemented with Fe-
EDTA (Table 12). Select only colonies with
“Mickey Mouse” appearances: where the develop-
ing daughter fronds are significantly smaller and still
attached to the maternal frond. Maintain the plates
in an incubator (model CU-36L, Percival Scientific)
under continuous white light (94 umol m s
(Bajsa et al. 2011a).

For the cellulose-labeling experiments, grow the
colonies as described above for 3 d. At that time,
each well receives either 50 pl of acetone (control) or
the appropriate concentration of dichlobenil or
isoxaben dissolved in acetone. Incubate the plates in
the dark for 12 h. Add 0.1 uCi of unlformly

radiolabeled ['* Clglucose (1 mCi ml™ " in sterile
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Figure 13.

A) Very long chain fatty acid (VLCFA) elongases catalyze the elongation of acyl-CoA with 18 or more carbons.

B) VLCFA profile obtained by incubating leek microsomal fraction with stearoyl-CoA and [14C]-malonyl-CoA. C). Effect of
S-metolachlor on VLCFA elongases activity in leek microsomal fraction.

water; American Radiolabeled Chemical) to each
well. Incubate the fronds for 24 h under continuous
light as before. After the incubation period, wash
the fronds with 3 ml water three times, remove from
the plates using a spatula, and transfer to pre-
weighed 12-ml, screw-cap, Kimax glass tubes.
Estimate the FW of the sample by weighing the
tubes after the fronds are transferred to the tubes.
Add 0.5 ml of water, 1 ml of concentrated acetic
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acid, and 4 ml of concentrated nitric acid to the
tubes.

Cellulose Synthase Tip 1. Use glacial acetic
acid : concentrated nitric acid : water in a ratio of
8 : 1: 2 v/vlv as the final hydrolysis acetic—nitric
acid reagent (Crampton and Maynard 1938).
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Figure 14. A) Simplified biochemical pathways involved in cell wall synthesis. The assay consists of incorporating '*C-glucose into
cell wall and isolating the cellulose-rich acid-insoluble fraction and quantifying it following biological oxidation and liquid-scintillation
countlng B) Typlcal dose-response curve of dichlobenil on the growth of Lemna paucicostata. C) Effect of dichlobenil on incorporation
of "C- -glucose into cellulose-rich acid-insoluble fraction. C= control, T= 10 uM dichlobenil, dotted line marks the maximum

inhibition measured.

Hydrolyze the samples for 2 h in a boiling-water
bath. This creates a reflux inside the tubes that destroys
lignin, hemicellulose, and xylosans, as well as all
proteins, DNA, and lipids. Be sure to maintain the
water level in the bath to match the level of the reagent

in the tubes. Afterward, let cool to RT. Collect the
remaining acid-insoluble cell wall material by vacuum
filtration using a 25-ml, disposable filter funnel fitted
with 25-mm removable Whatman GF/C glass
microfiber filters (GE Healthcare Life Sciences).
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Table 12.

Preparation of growth medium and "*C-glucose label.*

Components

Procedure

Lemna growth medium (1 L)

Hoagland modified basal salts mixture
(PhytoTechnology Laboratorles, Shawnee Mission, KS)
Fe-EDTA stock (18.355 ¢ Y filter-sterilized

e glucose
["C(U)]-p- -glucose, 250 to 360 mCi mmol
(ARC-0122G). Solution consists of 1 mCi ml ™!
in sterile water (American Radiolabeled Chemicals)

Add 5 pl (0.5 uGCi) of the '

Add 1.63 g of Hoagland salts to 1 L of deionized water, and

supplement with 1 ml of Fe~EDTA stock. Adjust pH to 5.5 at
room temperature with 1 N NaOH. Filter-sterilize with 0.22-pym
PES filters (Corning) by vacuum filtration.

C-glucose solution in each well. This
makes a 340-nM glucose solutions.

* Abbreviation: EDTA, ethylenediaminetetraacetic acid; PES, polyethersulfone.

Cellulose Tip 2. Use a disposable filter funnel
fitted with a removable, glass, microfiber filter to
simplify the handling of the radioactive material.
Other filters can be used (Heim et al. 1990).

Add 10 ml of water to the funnel, and as the
vacuum is initiated, transfer the hydrolysis mixture
from the glass tube to the funnel. Wash the tube with
10 ml of water, four times, adding the liquid to the
funnel to remove any remaining soluble radiolabeled
products. Instead of relying on a biological oxidizer to
release the "*C trapped in the cellulose, we transfer the
filters directly into glass scintillation vials and measure
the radioactivity with a liquid scintillation counter.

Moreover, it is usually not possible to completely
inhibit glucose incorporation into the residue extract-
ed by this method. It is not known whether the extract
contains cellulosic polymers derived from herbicide-
insensitive pathways or is contaminated with acid-
stable noncellulosic components (Heim et al. 1990).

Cellulose Tip 3. Know that, clearly, this assay is
limited in its specificity for cellulose synthesis
inhibitors. It is likely that many toxins that are
either generally cytotoxic or that disrupt carbon
metabolism may have an effect on this assay.

Oxidative Phosphorylation Uncoupler:
Molecular Target of Herbicide Class M
(WSSA Group 24)

Compounds that uncouple oxidative phosphor-
ylation (e.g., dinoterb) cause very rapid membrane
disruption (Senseman 2007). However, those types
of inhibitors are no longer used commercially,
so little attention will be paid to assays used to
study those herbicides. Dinoterb has multifaceted
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mechanisms of action that involve the inhibition of
photosynthesis, uncoupling oxidative phosphoryla-
tions, and interference with respiratory oxygen
consumption (Belbachir et al. 1980). Therefore,
the electrolyte leakage and chlorophyll fluorescence
assays described under general protocols are good

diagnostic tools for such compounds (Dayan and
Watson 2011; Dayan and Zaccaro 2012).

Fatty Acid and Lipid Biosynthesis:
Molecular Target of Herbicide Class N
(WSSA Group 8, 16)

Many of the herbicides classified in this category
(e.g., ethofumesate, EPTC, diallate, and triallate)
are oxidized in planta to sulfoxides and act as
inhibitors of VLCFA (molecular target of herbicide
class K3) (Abulnaja et al. 1992; Matthes et al. 1998).
Assays relevant to this mode of action have been
discussed above. However, the modes of action of
all the compounds in the /V class are not known. A
number of physiological responses have been
reported, such as effects on the biosynthesis of fatty
acid, proteins, isoprenoids (e.g., gibberellins), and
flavonoids (e.g., anthocyanins)(Senseman 2007).
No assays are described in this review for the modes
of action of these inhibitors.

Synthetic Auxins and Auxin Transport
Inhibitors: Molecular Target of Herbicide
Classes O and P (WSSA Group 4, 19)

These classes of inhibitors include some impor-
tant herbicides, such as 2,4-D and dicamba. The
first synthetic herbicides were compounds that
mimicked high doses of auxin (indole acetic acid),
a natural plant hormone required for cell elongation
and plant growth and development. There are no
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A) Regulation of protein activity by phosphorylation/dephosphorylation by protein kinases and phosphatases.

B) Inhibition of Ser-Thr protein phosphatases by endothall in Lemna paucicostata crude extract.

known bioassays that easily measure their biochem-
ical effects on their respective target sites. So, no
methods are described in this review for herbicides
of the molecular target of herbicide classes O and P.

Serine/Threonine Protein Phosphatases:
Molecular Target of Herbicide Class Q

We propose to create a new herbicide target site
classification called Q to encompass the modes of
action of endothall. Serine/threonine protein phos-
phatases (Ser/Thr PPs) and their kinases counterpart
regulate many plant cellular processes, including
cell division, fertilization, and general metabolism
(Shenolikar 1994), by altering the phosphory-
lation/dephosphorylation of regulatory proteins
(Figure 15A) (Goda et al. 2004; Holmberg and
Lee 1976; MacDonald et al. 2002; Skogerboe and
Getsinger 2002; Tresch et al. 2011). Although the
activity of protein kinases is relatively easily assayed
by measuring the incorporation of radioactive
phosphate into proteins or specific peptide sub-
strates, the activity of protein phosphatases is more
difficult to measure. Protein phosphatases are
generally classified into two main groups: (1) the
tyrosine protein phosphatases cleave phosphates
from proteins containing phosphotyrosine, whereas
(2) the serine/threonine protein phosphatates re-
move phosphate groups from proteins containing
phosphoserine or phosphothreonine.

Ser/Thr PPs are the herbicidal target site of endothall
and its natural structural analog, cantharidin (Bajsa et
al. 2011a,b). The herbicidal activity of endothall was
discovered in 1951. However, the elucidation of the
mechanism of action took many years, in part, because
inhibition of Ser/Thr PPs has such profound and wide-
ranging physiological effects on plants.

Ser/Thr PP Enzyme Assay. There is no quick
diagnostic marker for inhibition of Ser/Thr PP, but
the activity of this enzyme is measured relatively
easily in crude plant extracts as described below
(Figure 15B). Ser/Thr PP activity is measured using
a Ser/Thr PP assay system kit (V2460, Promega,
Madison, WI) in half-area, 96-well plates (included
with the kit, or Costar 3690, Corning Inc.). This
assay is based on a sensitive coupled assay to
measure the amount of pyrophosphate cleaved from
the enzyme-specific synthesized phosphopeptide
substrate, Arg—Arg—Alap—Thr—Val-Ala. This pep-
tide is suitable for measuring the activity of several
Ser/Thr phosphatases (i.e., 2A, 2B, and 2C) while
not reacting with protein phosphatase 1.

Grind 1 g of frozen plant material in a mortar
and pestle with liquid N,, and homogenize in 3 ml
of cold extraction buffer (Table 13). Add 30 ul of a
plant protease inhibitor cocktail (P9599 Sigma-
Aldrich) to the suspension, and centrifuge at 17,500
X g for 30 min. Load 250 pl of cell-free extract over
a prepared Sephadex G25 desalting spin column
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Table 13.

Solutions and reagents for extraction and enzyme assays to measure serine/threonine protein phosphatase (PP) activity.”

Components

Procedure

Ser/Thr PP extraction buffer (200 ml of X5)
125 mM Tris-HCI, pH 7.5

5 mM benzamidine

0.25% Tween 20

0.5% B-mercaptoethanol

5 mM EDTA (2.0 ml of 500 mM EDTA)

Assay buffer (100 ml of X5)

250 mM imidazole. pH 7.2

1 mM EGTA

0.1% B-mercaptoethanol

0.5 mg/ml bovine serum albumin

Start with 160 ml of water, add components, cool on ice, adjust pH
to 7.5, and bring to a final volume of 200 ml. Store at —20 C in
50 ml aliquots. Dilute 50 ml of stock to 250 ml final volume
before use.

Start with 80 ml of water, add components, cool on ice, adjust pH to
7.7, and bring to a final volume of 100 ml. Store at —20 C in 25-
ml aliquots. Dilute 25 ml of stock to 125 ml final volume before
use.

* Abbreviation: Tris, tris(hydroxymethyl)methylamine; EDTA, ethylenediaminetetraacetic acid; EGTA, ethylene glycol tetraacetic

acid.

(10 ml of the slurry included in the kit, as per kit
directions) and centrifuge for 5 min at 600 X ¢ to
remove contaminating free phosphate. Determine
the total soluble protein concentration by the
Bradford method (BioRad 500-0006).

Add the following, in order, to the well plate:
protein extract, 10 pl of X5 assay buffer, and
phosphate-free water (supplied with the kit), so that
the final reaction volume is 50 upl with 5 ul of
inhibitor. Mix the components by briefly centri-
fuging the plate. Incubate the mixtures with
predetermined concentrations of inhibitors at RT
for 15 min. Reaction is started with the addition of
the phosphopeptide substrate. Incubate for 30 min,
then stop the reaction by adding an equal volume
(50 pl) of molybdate dye/additive mixture (supplied
with the kit) Incubate at RT for an additional
15 min for color development. Measure the
absorbance of a molybdate : malachite green phos-
phate complex with a microplate reader at 600 nm.

Parting Comments

Measuring the activity of herbicide target sites is a
broad topic, and our aim has been to provide
practical information to perform those assays based
on our collective personal experiences. We hope
these protocols will also be useful for anyone
interested in studying herbicide-resistance mecha-
nisms, such as those that involve point mutations,
deletions, or overexpression that affect the behavior
of these proteins and enzymes.

In contrast to the large number of primary
metabolic pathways whose inhibition is lethal, there
is a surprisingly small number (about 20) of
molecular target sites for commercial herbicides.
In many cases (e.g., inhibitors of nucleic acid
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synthesis or glycolysis), the potential for mamma-
lian toxicity may be too high. In other cases, plants
may overcome inhibition of a particular enzyme by
having redundant enzymes (isozymes) or alternate
pathways that circumvent the effect of the herbicide.
Therefore, this review highlights the uniqueness of
certain target sites within each pathway affected by
commercial herbicides. We would like to point out
that, in many cases (e.g., GS, PPO, and ALS
inhibitors), the effectiveness of the herbicides is not
necessarily due to a reduction of carbon flow in the
inhibited pathway, but rather to the catastrophic
consequences of the accumulation of toxic products
(ammonia, Proto, and 2-ketobutyrate, respectively).

Although molecular biology and chemical genetic
approaches are powerful tools for discovery of
molecular target sites of new herbicides and for
determination of whether a particular target site is
viable, none of the target sites identified by these
techniques have resulted in the discovery of a new
commercial herbicide mode of action.

Finally, this comprehensive review revealed HRAC
herbicide classifications that need to be updated.
Classification F3 should be limited to clomazone and
its target site deoxyxylulose-5-phosphate synthase.
Aclonifen should be moved to E because it is a PPO
inhibitor. Amitrole inhibits phytyl synthesis and
should be classified in a new category F4. Many of
the compounds in N are known inhibitors of VLCFA
elongases and should be moved to K;. We also
propose that endothall be moved to a new classifica-

tion Q for its inhibition of Ser/Thr PPs.
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