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[57] ABSTRACT 

Methods and apparati for screening compounds for agricul 
tural activity has noW been developed Which employ e.g., 
intact plants groWn in microtiter plates on very small 
amounts of plant groWth media containing a test compound. 
In comparison to the standard greenhouse screen, the micro 
screen requires vastly less space, labor, and test compound. 
HoWever, unlike in vitro screens, responses of intact plants 
are assayed. Using the microscreen, high-throughput screen 
ing of test compounds can be accomplished using Whole 
plant responses as the assay. 

20 Claims, 12 Drawing Sheets 

A statutory invention registration is not a patent. It has 
the defensive attributes of a patent but does not have the 
enforceable attributes of a patent. No article or adver 
tisement or the like may use the term patent, or any term 
suggestive of a patent, When referring to a statutory 
invention registration. For more speci?c information on 
the rights associated With a statutory invention registra 
tion see 35 U.S.C. 157. 
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AGRICULTURAL PRODUCT MICROSCREEN 
METHOD AND APPARATUS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation-in-part of pending 
application Ser. No. PCT/US96/18915, ?led Nov. 26, 1996, 
Which is a continuation-in-part of application Ser. No. 
60/007,851 ?led Dec. 1, 1995, noW abandoned. 

BACKGROUND OF THE INVENTION 

Agricultural product candidates are normally identi?ed 
either by screening test compounds for biological activity on 
intact plants groWn in soil (“greenhouse” assays) or by 
screening test compounds for inhibition of speci?c target 
enZymes or other proteins in vitro (“in vitro” assays). In 
greenhouse assays, test compounds are either sprayed onto 
soil containing ungerminated seeds (pre-emergent 
application) or onto the plants themselves (post-emergent 
application). Greenhouse assays have a high success rate in 
predicting the herbicidal activity of a compound When 
applied in the ?eld. Additionally, a greenhouse assay simul 
taneously tests for compounds Which affect essentially all 
potential modes of herbicidal action. In other Words, green 
house assays possess a high information content. HoWever, 
greenhouse testing is time- and space-consuming, requiring 
2 Weeks and 2 ft2 of greenhouse space for each compound 
tested. Large amounts of labor are also required to prepare, 
care for, spray and score these tests. Moreover, 10 to 60 mg 
of a test compound is required to assess its potential herbi 
cidal activity at normal use rates. The requirement for this 
amount of test compound places signi?cant limitations on 
the synthesis or acquisition of compounds to be tested. 

In vitro assays, by contrast, typically assay the affect of a 
test compound on only a speci?c target enZyme or protein. 
These targets are usually extracted proteins, and their 
responses to the test compounds are assayed in vitro. 
Alternatively, these targets are expressed in surrogate micro 
organisms and their responses are assayed by their effects on 
the groWth or metabolism of the microorganisms. In either 
case, these assays have great advantages over greenhouse 
assays, including much loWer space, labor, time and com 
pound requirements. HoWever, the value of these assays for 
predicting herbicidal or other biological activity under natu 
ral conditions is limited by complex and poorly understood 
processes unique to intact plants Which are absent in vitro or 
in surrogate organisms. Processes such as uptake, 
translocation, and metabolism of test compounds cannot at 
present be accurately predicted and must be determined 
empirically by evaluating responses on intact plants. 
Moreover, in vitro screens are only capable of screening test 
compounds against a single or very small number of targets, 
thus requiring separate assays for each neW target. 
Amethod for screening compounds for herbicidal or other 

biological activity Which combines the high information 
content and good predictive qualities of greenhouse screen 
ing With the reduced siZe, cost and compound requirements 
of in vitro screens, Wherein high-throughput screening of 
test compounds can be accomplished using Whole plant 
responses as the assay, is desirable. 

Dornbos and Spencer have examined the germination and 
early seedling groWth of three species of Weeds (Medicago 
sativa, Lolium multi?orum, and Abutilon theophrasti) in 
24-Well tissue culture plates (Dornbos, D. L. Jr. and Spencer, 
G. E] Chem. Ecol. (1990), 16, 339—351). The Wells in these 
plates Were cylinders, about 1.6 cm in diameter and 1.7 cm 
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2 
in height, With a total volume of about 3.4 cm3. Each Well 
contained 1 mL of 0.5% agar in Water. Various amounts of 
test compounds Were added to the surface of the agar in 1 
mL of solvent (99% hexane, 1% chloroform) and the solvent 
Was then alloWed to evaporate. Seeds Were placed on the 
agar and after 3 days, seed germination and seedling length 
Were measured. This assay is terminated at 3 days after 
inoculation of the seed onto the agar, a point at Which the 
seedlings are still largely dependent on seed reserves for 
groWth. Thus, it is likely that the short term groWth Will not 
alloW the detection of injury of certain classes of herbicides 
Which affect photosynthetic or other processes Which are not 
required for early seedling groWth. 

SUMMARY OF THE INVENTION 

This invention pertains to a method and apparatus for 
evaluating at least one compound for its biological activity 
on plants, the method comprising (a) placing a plant groWth 
medium and at least one seed into contact With each other 
and into a container having a cross-sectional area measured 
in the horiZontal direction of not greater than 1 cm2, the at 
least one seed being a seed Which Will germinate into a plant 
of the genus selected from the group consisting of Ageratum, 
Alopecurus, Alternifolius, Arabidopsis, Arabis, Artemisia, 
Asrostis, BroWallia, Capsella, Coleus, Cortaderia, Cynodon, 
Cyperus, Digitalis, Digitaria, Eragrostis, Festuca, Inula, 
Ipomopsis, Laevis, Lemna, Lolium, Nicotiana, Oxalis, 
Panicum, Petunia, Pilifera, Platycodon, Poa, Recta, Sagina, 
Santolina, Thymophylla, and Thymus, (b) maintaining the 
container With the medium and at least one seed under 
conditions such that in the absence of the at least one 
compound the at least one seed Would germinate and the 
resulting plant Would groW, (c) contacting the at least one 
compound to be evaluated With the at least one seed before 
germination thereof or With the plant resulting from the 
germination of the at least one seed, and (d) evaluating the 
resulting germination or plant groWth. Seeds Which Will 
germinate into a plant of the genus selected from the group 
consisting of Ageratum, Arabidopsis, Arabis, Artemisia, 
Asrostis, BroWallia, Capsella, Coleus, Cortaderia, Cynodon, 
Cyperus, Digitalis, Digitaria, Eragrostis, Inula, Ipomopsis, 
Laevis, Lemna, Nicotiana, Oxalis, Panicum, Petunia, 
Platycodon, Recta, Sagina, Santolina, Thymophylla, and 
Thymus are preferred in the method of the present invention 
Wherein there is used a standard microtiter plate having 96 
or feWer Wells. More preferred With such standard microtiter 
plates is a method Wherein the at least one seed is a seed 
Which Will germinate into a plant of the genus selected from 
the group consisting of Arabidopsis, Asrostis, BroWallia, 
Coleus, Digitalis, Digitaria, Eragrostis, Inula, Nicotiana, 
Oxalis, Panicum and Petunia. Most preferred for use in the 
method is a seed Which Will germinate into a plant selected 
from the group consisting of Arabidopsis thaliana, Browal 
lia speciosa, Coleus blumei, Digitaria sanguinalis, Nicoti 
ana tabacum, and Petunia hybria'a. 
The method of the present invention further comprises the 

method described above Wherein the container has a cross 
sectional area measured in the horiZontal direction substan 
tially smaller than 1 cm2, and in some cases not greater than 
1 mm2. 
The method of the present invention further comprises the 

mechaniZed placing of one and only one seed at a time into 
each of a plurality of containers as described above, the seed 
being selected from the group described above, so that each 
seed Will be in contact With a plant groWth medium and a 
compound to be evaluated, each container being maintained 
under conditions such that in the absence of the compound 



3 
the seed Would germinate into a single plant and the result 
ing plant Would grow in the container. The method further 
comprises the automated mechanized placing of one and 
only one seed at a time in each of the containers as described 
above. The method of the present invention further com 
prises providing such automated mechanical seeding by 
providing a supply of seeds in at least one ?uidized seed bed, 
providing a plurality of vertical holloW tubes, each of such 
tubes having at its loWer end an opening the largest dimen 
sions of Which is smaller than the smallest dimension of the 
seed, each of such tubes having means for controlling air 
pressure Within the holloW portion of the tube to be less than, 
equal to or greater than the air pressure outside of the tube, 
the air pressure Within each tube being individually 
controllable, positioning the plurality of tubes relative to the 
at least one ?uidized seed beds such that the loWer end of the 
plurality of tubes is partially immersed in the at least one 
?uidized seed bed, controlling the air pressure Within each 
tube to create a vacuum Within each tube sufficient to capture 
and hold a seed at the opening at the loWer end of each tube, 
positioning the plurality of tubes relative to the containers 
such that the loWer end of each tube is Within a container, 
positioned approximately in the center of the horizontal 
cross section of each container, beloW the level of the top of 
the container and above the level of any contents in the 
container, controlling the air pressure Within each tube to 
release the vacuum and create pressure Within each tube 
higher than the pressure outside each tube sufficient to 
release and expel the seed into the container. 

The method further comprises having in each container 
before the seed is expelled therein a substance Which When 
contacted by the seed Will inhibit or prevent further move 
ment of the seed Within the container and inhibit or prevent 
the seed from being expelled from the container due to air 
currents resulting from any excess air pressure Within the 
tube. 

The method of the present invention further comprises 
detecting Whether each container has had placed therein one 
and only one seed, and correcting the seeding of any 
container found not to contain one and only one seed. The 
method further comprises such detecting being done auto 
matically by optical scanning techniques. 

The present invention further comprises apparatus for 
carrying out the above-described method, Which apparatus is 
described in greater detail beloW. 

The above described method for placing one and only one 
seed at a time into each of a plurality of containers and for 
detecting Whether each container has had placed therein one 
and only one seed is especially Well-suited for standard 
microtiter plates having 96 or feWer Wells or containers. For 
plates having much smaller containers such as the 9600- or 
2400-Well plates Which are described in greater detail beloW, 
mechanical placing of one seed per container is not practical, 
and ensuring that there is one and only one seed per 
container is not necessary. 

BRIEF DESCRIPTION OF THE FIGURES 

FIGS. 1A—F. Effects of CO2 concentration on groWth of 
seven different species in microtiter plates. Plant species are 
indicated in each panel. Plates Were maintained in plexiglass 
chambers at the indicated CO2 concentration for 12 days 
except for Digitaria Which Was maintained for 7 days. After 
this incubation period, the chlorophyll content of the plants 
Was determined. The mean and coe?icient of 
variation (—O—) of the chlorophyll content per seedling 
are plotted. BetWeen 32 and 48 individual seedlings Were 
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4 
used for each data point. These experiments demonstrate 
that elevated levels of CO2 have a positive impact on seed 
germination (mean) and uniformity of plant groWth 
(coefficient of variation) for most of the tested species. 

FIG. 2. Correlation of biomass and chlorophyll assays. 
Ninety-?ve Arabidopsis plants from a single, 14-day old 
microscreen plate Were assayed both for biomass and chlo 
rophyll. Each data point represents a single plant. The line 
Was calculated by least square regression using a linear 
model and has a correlation coe?icient, r2=0.91. As can be 
seen, there is a high correlation betWeen plant biomass and 
chlorophyll content, validating the chlorophyll assay as a 
positive indicator of plant groWth. 

FIGS. 3A and B. Effects of chlorsulfuron and nor?uora 
zon on Arabidopsis as measured by chlorophyll and biomass 
assays. Plants Were groWn in the microscreen on the indi 
cated level of chlorsulfuron or nor?uorazon for 14 days. The 
biomass of individual plants Was then determined. Plants 
Were then placed back into the Wells and their chlorophyll 
content Was measured. Each point represents the mean of 8 
replicates and error bars represent the standard error of the 
mean. As can be seen, the dose response curve that results 
from the biomass assay is very similar to the dose response 
curve resulting from the chlorophyll assay, indicating that 
the chlorophyll assay is an accurate measure of herbicidal 
activity. 

FIG. 4 is a schematic elevation vieW of the overall 
automated seeding system. 

FIG. 5A is an isometric vieW of the seed handling and 
monitoring system. 

FIG. 5B is a break aWay of a portion of the seed handling 
system. 

FIG. 6 is a section vieW of a seed pickup tube. 
FIG. 7 is an enlarged vieW of a roW of Wells in a microtiter 

plate as seen by a monitoring camera. 
FIG. 8 is an isometric vieW of the Well illumination and 

correction station. 
FIG. 9 is a partial schematic illustration of pneumatics for 

the seed pickup tubes. 
FIGS. 10A and 10B are a perspective vieW and section 

vieW, respectively, of a microtiter lid and egg pickup tube for 
use in egg placement. 

DETAILED DESCRIPTION OF THE 
INVENTION 

A method for screening compounds (including both syn 
thetic chemical compounds and compounds occurring in 
nature) for herbicidal activity (termed the herbicide 
microscreen) has noW been developed Which combines the 
high information content and good predictive qualities of 
greenhouse screening With the reduced size, cost and com 
pound requirements of in vitro screens. This screening 
method employs intact plants groWn in small containers on 
very small amounts of groWth media containing the test 
compound. In comparison to the standard greenhouse 
screen, the microscreen requires vastly less space, labor, and 
test compound. HoWever, unlike in vitro screens, responses 
of intact plants are assayed. Using the microscreen, high 
throughput screening of test compounds can be accom 
plished using Whole plant responses as the assay. This 
method for detection of compounds and molecules that 
display herbicidal activity is capable of screening large 
numbers of candidates in a format that minimizes space, 
materials, Waste stream and labor costs. 
The expressions “groWth medium” or “groWth media” 

refer to any of a variety of simple or complex mixtures of 
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nutrients in which growth of plant material occurs. In 
addition, water itself, without speci?c or deliberate 
supplementation, can serve as a growth medium in the 
present invention. 

In a preferred embodiment, the container is one of a 
plurality of containers of substantially the same dimension 
as each other arranged in a rectangular matrix on a single 
supporting plate, and the method comprises placing into 
substantially all of the plurality of containers a growth 
medium, at least one seed and either at least one compound 
to be evaluated or a control material. Alternatively, the 
compound(s) to be tested can be applied post-emergent to 
plants resulting from the at least one seed. One preferred 
embodiment of the method exploits a physical format of 
testing vessels that is in common use in research laboratories 
and clinical settings. In the most preferred embodiment, this 
format, commonly referred to as a microtiter plate, generally 
employs a test unit comprised of a series of wells, known as 
microwells, wherein the footprint, or the two dimensional 
space that the unit occupies, is approximately 9 cm by 13 
cm. This format is especially convenient in that many 
instruments have been developed (and are commercially 
available) that automate plate movement, well ?lling, aspi 
rating and washing, and data collection from individual 
microwells. The opening of each microwell of the microtiter 
plates contemplated by this invention can be square or, 
preferably, circular, generally with a cross-sectional area of 
less than 1 cm2, prefereably less than 0.5 cm2. Although a 
“standard” microtiter plate is comprised of cylindrical 
microwells arranged in an 8><12 matrix that are approxi 
mately 1 cm deep and can accommodate a liquid volume of 
300—400 uL, this invention also pertains to other microtiter 
plates wherein the microwells are deeper (“deep well” 
microtiter plates) and can therefore accommodate a larger 
?uid volume, or alternatively wherein there are a greater 
number of wells per plate (for example, Nunc 384 Well 
Plate; Cat. No. 242757; Nunc, Inc., Naperville, 111.). These 
other microtiter plates maintain the described 9><13 cm 
footprint, thus facilitating automated handling of microtiter 
plates in support of the high-throughput nature of the 
screening method. Deeper wells accommodating a larger 
?uid volume may be employed in order to afford growth of 
certain plant species; greater numbers of wells per plate will 
increase the number of compounds that can be screened per 
assay plate and reduce the quantities of materials 
(compounds, growth media) consumed per assay. 

Species Selection 
Unless otherwise speci?ed, the experiments described 

herein were conducted under the following conditions. One 
hundred microliters of molten 0.4% agarose in 1/z><MS salt 
media without sugar and vitamins (Murashige, T. and 
Skoog, E Physiol. Plant. (1962) 15, 485; hereinafter 
“l/zxMS”) were pipetted into each well of 96 well microtiter 
plates, allowed to cool and harden, and one seed per well 
was placed on the top of the agarose using a forceps. The 
microtiter plates were sealed with gas permeable tape to 
prevent the growth media from drying out and the plates 
were placed in an incubator at 25° C./21° C. day/night, 16 
h photoperiod (45—80 ttmol/m2/s photosynthetically active 
radiation and 60—90% relative humidity. Plates were 
kept in plexiglass boxes and were visually rated 14 days 
after planting CO2 concentration was maintained at 
an arti?cially high level (approximately 1%) by daily addi 
tion of a 1.5 g piece of dry ice to the plexiglass boxes 
housing the microtiter plates. 
A total of 192 species were tested for growth in 96-well 

microtiter plates. Species were selected for testing based 
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6 
primarily on the small siZe of their seeds. Seeds were 
purchased from Germania (Chicago, Ill.) or were propagated 
at Stine Research Center (DuPont Co, Newark, Del.). Plates 
were prepared as described above and 24—32 seeds were 
planted per species. Germination rate and growth habits of 
each species were observed visually 7 and 14 DAP. All 
species evaluated were compared using, primarily, ratings 
(described below) and general growth characteristics. Those 
species exhibiting appropriate siZe, shape and uniformity 
were advanced for additional testing. Germination rate was 
a factor when species within a single genus were compared. 
The rating scale used was as follows: 

Excellent Ideal plant for microtiter plate growth, strong in all 
categories (size, shape, uniformity). 

Good Nearly ideal, but lacking in one or two categories, 
weaknesses can probably be overcome. 

Poor Will grow, but has glaring weaknesses which may be 
difficult to overcome. 

Unacceptable Will not work in microtiter plates. 

Of the 192 species tested, a total of 68 species were 
advanced for further testing in ambient and high CO2 (1%) 
environments. Plants held in a high CO2 environment were 
grown in sealed plexiglass boxes and 1.5 g dry ice was added 
daily to achieve the 1% CO2 level. From this test, 35 species 
(listed in Table 1) were selected which were rated good to 
excellent as previously described. These 35 species were 
tested against 18 commercial herbicides representing 10 
different modes of action. Table 2 lists the herbicides and 
modes of action. 

TABLE 1 

Plant species selected for testing biological response to commercial 
herl'u'm'rle 

Ageratum sp. Ageratum (blue danube) 
Arabidopsis thaliana Arabidosis 
Arabis blepharophylla caucasica Arabis (compinkie) 
Artemisia dracunculus Tarragon 
Asrostis stolonifera Bentgrass 
Browallia speciosa Browallia (marine bells) 
Browallia speciosa Browallia (jingle bell) 
Caosella bursa-pastoris Shepherdspurse 
Coleus blumei Coleus (wizard golden) 
Coleus blumei Coleus (rainbow-strain) 
Coleus blumei Coleus (pink dragon) 
Cortaderia selloana-pink Pampus Grass 
Cynodon dactylon Bermudagrass 
Cyperus di?ormis Cyperus 
Digitalis purpurea Digitalis (white) 
Digitalis purpurea Digitalis (excelsior) 
Digitaria sanguinalis Large crabgrass 
Eragrostis curbula Weeping lovegrass 
Inula ensifolia Ensifolia 
Ipomopsis elegans Capitata Gilla 
Laevis jasione-perennis Perennis Jasione 
Lemna minor Lemna 
Nicotiana tabacum Tobacco 
Oxalis stricta Yellow woodsorrel 
Panicum dichotomi?orum Fall panicum 
Panicum coloratum Kleingrass 
Petunia hybrida Petunia (star joy) 
Petunia hybrida Petunia (carpet mixture) 
Petunia hybrida Petunia (velvet frost) 
Platycodon grandi?orum Platycodon 
Recta Warrensii Potentilla 
Sagina subulata Pilifera spergula 
Santolina chamaecyparissus-tomentasa Chamaecyparissus 
T hymophylla puntuiloba-dyssodia Dahlborg daisy 
Thymus vulgaris Thyme 
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each species. The ?ve media tested Were: 1/z><MS medium 
TABLE 2 (supra), DMG Medium (Datko et al. Plant Physiol. (1980) 

65, 906—912) Arabidopsis medium Without sucrose 
Commercial herbicides used for testing biological response of 35 species. (Haughn, G~ vv~ and somerv?le, C' R' MOI‘ Gen‘ Genet' 

Herbicide Mode of action 5 (1986) 204, 430—434), 1/z><Hoagland’s nutrient solution 
(Hoagland, D. R. and Arnon, D. I., (1950) California Agri 

cyanfiglné PEOtOSYSte/m 913%?“ cultural Experiment Station, Circular #347, 32p) and mono 
Lnem uzme p otosystemtn t ttor cot medium (Armstrong, C. L. and Green, C. E. Planta etanal photosystem inhibitor 
diquat photosystem inhibitor (1985)164> 207_214)' 
PYriZOne Photosystem inhibitor 10 Table 3 shoWs the media that Worked best for each 
norfluorazon carotenoid biosynthesis - G d h f H - d - f h 
?uoridone Carotenoid bios nthesis species. 00 groWt o a species occurre in any 0 t e 

Y . . . . 

aci?uori?n porphynn biosynthesis inhibitor tested media. Since 1/z><MS medium Was the best medium for 
tri?uralin mitotic inhibitor most species, it Was selected as the universal medium for 
2>4'D auXm this assay, although media other than those tested can also be 
quizolofop ethyl lipid biosynthesis 15 used 
dichlobenil cellulose biosynthesis ' 

glyphosate amino acid biosynthesis 
nicosulfuron amino acid biosynthesis TABLE 3 
alachlor protein synthesis 
butachlor Protein Synthesis Growth Optimization of Eleven Species. 
propanil protein synthesis 20 
bromoXynil respiratory inhibitor Species Optimum Media 

Arabidopsis thaliana 1/2X Hoaglands or 1/2X MS 
A 10,000 ppm solution of each herbicide Was prepared in Asrostis stolomfera All media 

dimethylsulfoXide (DMSO). Thirty microliters of each solu- gmlwallz SW90” Z121)‘ Hgfiglandg DMG> AmbldOPS” 
' ' ' 1 ' ' O 6145 umel H16 13. 

tion Were dissolved 1I1'9.9'7 mL /2><MS media to yield a 30 25 Digitalis purpurea 1/2X MS, 1/2X Hoaglandsa DMG 
ppm solution. Serial dilutions of the 30 ppm solution Were Digimria Sanguinah-S All media 
made to prepare 0.3 and 0.003 ppm solutions. Thirty-three gmgmstis Curbula A11 media 
microliters of the 30, 0.3 and 0.003 ppm solutions Were each Inula enszfolia All media 
pipetted into Wells of 96-Well microtiter plates. Sixty-six Nicolfaml labacum 1/2X Hoaglands Or 1/2X M5 
microliters of 0.6% agarose in 1/z><MS media Were added to 30 “mm lln/?xmlgisia 
each Well yielding a ?nal concentration of 10, 0.1 and 0.001 y 
ppm in 0.4% agarose. Three plates Were prepared at each 
concentration. Controls contained 33 uL of untreated 1/z><MS Environmental Conditions for Microscreen 
media plus 66 uL of 0.6% agarose (3 plates). One seed of . . 

- - - In order to have vigorous and uniform groWth of the 
each species Was planted in each of 8 Wells (12 species per 1 t . th . .t b1 . t 1 d.t. 
plate). Plants Were rated visually for herbicidal injury using 35 p an S m ,6 mlcroscreen’ Sm a, e envlronmen a _C_On 1 Ions 
a 0—4 rating system (see Table 4) 14 DAP. Species Were are requlred' Among the 1H_1pOrtan_t condltlPPs are 
rated based on one or more of the folloWing criteria: temperature’ photopenod> quanmy of hg_ht> humldlty and 

CO2 concentration. Temperature, photoperiod and light level 
Were not systematically studied; the folloWing values Were 

40 found to be suitable based on prior experience With one or 
Biological response Species had lOW sensitivity to majority of herbicides more of the Selected Species; 

or activity overlapped directly With other species. 
Germination rate Species had <50% germination rate. 
Growth habit Species Were too large or small and/or did not 

groW uniformly. 0 
Temperature: 25-28 C. 

45 photoperiod: 14-16 h 

Based on results of the above test, 11 species Were hght level: 45-80 umOl/mZ/S PAR‘ 
selected for additional testing against the 18 herbicides 

descnged m Table zbaé 3g’ 10 ?lld 11 ppm ‘15mg slmllaé It Was found that humidity surrounding the microtiter 
proce ures. as fzscn 6. a 0V6‘ .6 6 ever} specles teste, plates must be kept high enough to prevent the evaporation 
Were Arabza'opszs thalzana, Asrostzs stolomfera, Browallza 50 - - - - - 

. . . . . . . . of Water from the agar in the microtiter Wells. A humidity 
speciosa, Coleus blumei, Digitalis purpurea, Dzgztarza 1 . 

. . . . . . . evel betWeen 80% and 100% Was suitable. 
sangumalis, Eragrostzs curbula, Inula enszfolza, Nicotiana _ _ _ 
tabacum, Panicum coloratum and Petunia hybria'a. Plants An {Important ellvlrorlmental Parameter affectlng both 
Were visually rated for injury 14 DAP as described in Table Plant Vlgor and unlformlty Was found to be the CO2 con‘ 
4' 55 centration in the atmosphere surrounding the microtiter 

These eleven plant species demonstrated good sensitivity P1ate~ Preliminary experiments With 68 Species indicated 
for some herbicidal modes of action at concentrations as loW that 58% ShOWed improved grOWth When the atmosphere 
as 0.1 ppm, had good germination rates (>50%) and had a surrounding the plates Was supplemented to about 10,000 
suitable siZe, shape and uniformity for groWth in a microtiter ppm CO2 compared to groWth at ambient CO2 concentra 
plate Well. These tests also served to ?ne tune the concen- 60 tion. 

tration of herbicide necessary for detection of activity. These To further document this effect and to determine more 
tests Showed that 1 aPd 19 ppm C9I_1Centrat10nS W9“: neces' precisely the optimal CO2 levels, microscreen plates Were 
sary_for detectlng _b1919g1ca1 actlvlty across Varlous Plant incubated in atmospheres containing varying amounts of 
51169195 and herblcldal modes of actlon- CO2. SiX identical groWth chambers Were constructed that 

Medla Selectloh 65 alloWed the level of CO that surrounded the microtiter 2 

The eleven species selected Were groWn in ?ve different 
media to determine Which medium Would be best suited for 

dishes to be controlled. These chambers Were constructed of 
clear pleXiglass and Were sealed, eXcept for inlet and outlet 
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ports, When the lids Were attached. FloW meters and valves 
Were used to mix pure CO2 With air to produce gas mixtures 
containing air (21% oxygen, 79% nitrogen) plus varying 
concentrations of CO2. These gas mixtures Were continu 
ously passed through the plexiglass chambers to ensure a 
constant CO2 environment. Sampling ports built into the 
chambers Were used to periodically remove 1 mL gas 
samples. The CO2 content of these samples Was determined 
using a gas chromatograph With knoWn CO2 standards for 
calibration. Total ?oW rate through these 34.3><14.6><36.8 cm 
(18,429 cm3 total volume) chambers Was betWeen 4250 and 
9440 cm3/min. Gas mixtures Were humidi?ed by bubbling 
through Water baths Within the chambers, resulting in inter 
nal humidities ranging from 75 to 95% relative humidity. 
Temperature Was maintained betWeen 25° C. and 29° C. 
Light levels Were betWeen 45 and 66 umol/m2/s PAR and 
the photoperiod Was 14 h. The light, temperature and humid 
ity levels Were similar in all 6 chambers. 

Microtiter dishes containing no herbicides Were prepared 
as described, and placed into the plexiglass chambers for 12 
days (7 days for crabgrass). At that time, the dishes Were 
removed and assayed for chlorophyll content as described 
beloW. Quantitative results are expressed as the mean and 
coef?cient of variability of the chlorophyll content per 
seedling for a set of 32—48 plants of a single species in a 
single CO2 concentration. The results of one experiment are 
shoWn in FIG. 1. Other, independent experiments (not 
shoWn) con?rmed the conclusions of this experiment. 

FIGS. 1A—1F shoW the effects of varying concentrations 
of CO2 surrounding the microtiter dishes on the groWth of 
seven different species (Nicotiana tabacum, Browallia 
speciosa, Oxalis stricta, Petunia hybria'a, Coleus blumei, 
Digitaria sanguinalis, and Arabidopsis thaliana) used in the 
microscreen. In all cases, the loWest CO2 concentration 
tested is that derived from ambient air Without supplemental 
CO2. (Note that the amount of CO2 in ambient air varies, 
depending on, for example, the season and Weather; in this 
experiment ambient CO2 concentration Was 550 ppm.) 

In order for the microscreen to be useful, groWth of plants 
used in the assay needs to be both vigorous and uniform. 
Because of this dual requirement, both the mean siZe of the 
plants and the variability betWeen plants (coef?cient of 
variation) are plotted in FIGS. 1A—1F. In general, the mean 
and the coefficient of variation are inversely related to each 
other such that conditions Which give small plants generally 
also have highly variable plant siZes and conditions Which 
give vigorous plants generally have loWer variability. 

Of the seven species tested, most shoW a strong depen 
dence of groWth on CO2 concentration. Thus, Arabidopsis 
thaliana, Browallia speciosa, Coleus blumei, Nicotiana 
tabacum and Petunia hybria'a shoW less than optimum 
groWth at ambient CO2 and much improved groWth as the 
CO2 level is increased. Improved groWth for Arabidposis 
thaliana, Petunia hybria'a, Browallia speciosa, Coleus 
blumei and Nicotiana tabacum, as determined by increased 
chlorophyll content and reduced coef?cient of variation, Was 
observed at 2200 ppm CO2, and optimum groWth Was 
observed betWeen 5000 and 10,000 ppm CO2. At higher 
CO2 concentrations, groWth of most of these 5 species Was 
partially inhibited. The tWo other species tested either 
shoWed no strong effect of CO2 level on groWth (Digitaria 
sanguinalis) or an inconsistent response from one experi 
ment to the next (Oxalis stricta). Thus, for 5 of the 7 species 
tested, supplemental CO2 ranging from 5000—20,000 ppm, 
preferably about 10,000 ppm, Was demonstrated to produce 
plants Which Were sufficiently vigorous and uniform for the 
microscreen. For the other 2 plants tested, supplemental CO2 
Was not required, but it Was not detrimental to their groWth. 
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10 
It is believed that the improvement in groWth of the plants 

by the CO2 supplementation in the atmosphere surrounding 
the microtiter plates is caused by a resulting increase in the 
CO2 in the micro-environment Within the Wells of the 
microtiter plate. Poor groWth of many of the plants in the 
absence of elevated CO2 may be caused by a decrease in the 
CO2 level inside the microtiter dishes. Although these dishes 
are not sealed, their lids do ?t relatively tightly, thus pro 
ducing a partial barrier to diffusion of gases in and out of the 
dishes. If the plants take up CO2 by photosynthesis at a fast 
enough rate inside the dishes, the level of CO2 may fall 
beloW the level necessary to support an optimum level of 
photosynthesis. By placing the dishes in elevated CO2 
atmospheres, there is a higher initial level of CO2 inside the 
plates to support photosynthetic groWth. More importantly, 
as the CO2 level inside the plates is reduced by 
photosynthesis, the rate of diffusion of CO2 into the plates 
Will be increased because of the larger difference in CO2 
levels betWeen the external and internal atmospheres. 
On the other hand, it is possible that the improvement 

caused by elevated CO2 atmospheres is due to other effects 
of the CO2. Possible mechanisms for this effect could be the 
effect of CO2 on ethylene or other hormone systems or the 
effect of CO2 on the pH of the media. In any case, it is clear 
that elevated CO2 levels are important for obtaining vigor 
ous and uniform groWth of most species of plants in the 
microscreen assay. 

It is apparent that the Whole plant herbicide microscreen 
requires specialiZed incubation conditions that cannot be 
achieved using a standard laboratory incubator. Most of the 
plants favor elevated CO2 concentrations (5000—20,000 
ppm) Which can be achieved by installing a CO2 monitor 
Wherein CO2 levels can be carefully controlled. High rela 
tive humidity (85—90%) is also important so that the agarose 
in the microWells does not dry out before the end of the 14 
day groWth period. Most standard incubators cannot reach 
this level of humidity. In addition, most standard incubators 
have lights mounted on the bottom of each shelf, a con?gu 
ration that causes the formation of a condensate on the lids 
of the microtiter plates. Heat from the lights causes Water to 
evaporate and then condense on the cooler lids. As a result, 
plants cannot be rated for injury Without ?rst removing the 
condensate, because the condensate distorts the vieW into 
the plates. This problem can be solved by insulating the 
space betWeen the lights and the shelf. Percival Scienti?c 
Inc., Model CU-32L tissue culture chamber offers a suitable 
con?guration. Moreover, the lights in this incubator are 
arranged in a “tic tac toe” pattern that results in more 
uniform lighting in the incubator. In addition, air is circu 
lated across each shelf to give more even temperature and 
humidity control. This incubator can be modi?ed by install 
ing a CO2 monitor, as Well as a modi?ed humidi?er Which 
can achieve humidities up to 92%. 

Seed Germination 
Uniform seed germination is required in order to maxi 

miZe the utility of a Whole plant herbicide microscreen 
assay. Accordingly, seed germination Was evaluated under a 
variety of seed pretreatment protocols. Browallia speciosa, 
Coleus blumei, Digitalis purpurea, Digitaria sanguinalis, 
Nicotiana tabacum, Oxalis stricta and Petunia hybria'a 
seeds Were treated in ?ve different Ways prior to planting 
(ethanol, acid, bleach, UV steriliZation and cold). A small 
amount of each seed Was placed in a 1.5 mL micro centri 
fuge tube and treated With ethanol, acid or bleach as 
described beloW. One milliliter of 0.3M ethanol in deioniZed 
Water Was added to seeds and seeds Were soaked for 24 h 

(Taylorson, R. B. Weed Science (1989) 37, 93—97). One 
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milliliter of 6M sulfuric acid Was added to seeds and the tube 
Was shaken for 1 min. Then the seeds Were soaked for 15 
min and rinsed 5 times With deionized Water (Brecke, B. J. 
and Duke, W. B. Weed Science (1980) 28(6), 683—695). One 
milliliter of 25% bleach (125 mL Clorox, 375 mL deioniZed 
Water, 10 drops of TritonTM X-100 (Sigma Chemical Co., St. 
Louis, Mo.) Was added to seeds and the tube Was shaken for 
2 min. The seeds Were soaked for 7 min, then rinsed 5 times 
With deioniZed Water. For all seed treatments, the Wet seeds 
Were transferred to a petri dish containing ?lter paper and the 
seeds Were alloWed to dry overnight. 

Seeds Were also UV steriliZed by placing seeds on top of 
a UV light boX in a sterile hood Which Was also illuminated 
With a UV lamp from above. Seeds Were eXposed to the UV 
lights for 16 h. For cold treatment, seeds Were planted in 
agarose in 96-Well microtiter plates and placed in a refrig 
erator at 4° C. for 24 h. 

Plates Were prepared as described above With one micro 
titer plate containing seed from one plant species Which 
received one seed treatment. Plants Were visually evaluated 
at 14 DAP. The results for each tested plant species are 
presented beloW. 

BroWallia: BroWallia had 100% germination for all treat 
ments. The acid treatment Was unacceptable because 
the plants Were very uneven in groWth and had poor 
groWth in general. The UV and bleach treatments both 
had a feW malformed plants, so these treatments Were 
of questionable use. Plants under cold treatment Were 
slightly smaller than controls but otherWise these plants 
Were similar to controls. The ethanol treated plants 
Were also similar to controls but slightly less uniform. 
Controls appeared to be the best plants. Therefore, no 
seed treatments Were necessary for groWth of BroWallia 
in microtiter plates. 

Coleus: The germination rate for all treatments of Coleus 
Was eXcellent (98—100%). Control (untreated) Coleus 
looked eXcellent and greW very uniformly With a good 
green color. Bleach and ethanol treatments looked 
similar to controls. The acid treatment Was someWhat 
uneven and shoWed some bleaching. The UV treated 
plants Were slightly less uniform than controls and the 
cold treated plants Were smaller than controls. Control 
plants looked best; no seed treatments Were necessary 
for groWth of Coleus in microtiter plates. 

Digitalis: The bleach treatment Was best for Digitalis With 
100% germination compared to 83% germination With 
controls. Bleach treated plants Were also more uniform 
than controls. With all treatments hoWever, under the 
optimiZed conditions of this test, the Digitalis plants 
Were too large for the plates and Were therefore elimi 
nated from further consideration. 

Digitaria: The germination rate of Digitaria varied 
depending on type of seed treatment. Control 
(untreated) Digitaria had 96% germination, Were fairly 
uniform in groWth and had a pale green color. Bleach 
treated plants had 85% germination, Were stunted and 
Were less uniform in groWth than control (untreated 
plants). The bleach treatment Was unacceptable. The 
acid treated plants had 92% germination and Were 
slightly less uniform in groWth than controls. UV 
treated plants looked similar to controls and had 96% 
germination. Cold treated plants Were slightly larger 
than controls and had 94% germination. Ethanol treated 
plants had the highest germination rate (98%) and 
looked similar to controls eXcept for some slight 
bleaching. Overall the controls Were the best looking 
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12 
plants. Therefore, no seed treatments Were necessary 
for groWth of crabgrass in microtiter plates. 

Nicotiana: For all treatments, the germination rate for 
Nicotiana Was 96—98% and no differences Were 
observed in groWth/uniformity from the control 
(untreated) Nicotiana. The control Nicotiana Was very 
uniform With 4 leaves and very erect plants With a deep 
green color. No seed treatments Were necessary for 
groWth of Nicotiana in microtiter plates. 

OXalis: The acid treatment Was unacceptable for OXalis 
since no seeds germinated. The UV and bleach treated 
plants shoWed some bleaching and Were more uneven 
in groWth compared to controls, so these treatments 
Were eliminated. The germination rate for ethanol 
treated plants Was slightly loWer than controls, 88% for 
ethanol compared to 92% for controls and the plants 
Were more uneven in groWth. The cold treated plants, 
hoWever had a slightly higher germination rate than 
controls, 94 and 92%, respectively and Were slightly 
more uniform in groWth. The cold treatment Was 
selected as the method of choice for groWing OXalis in 
microtiter plates. 

Petunia: The germination rate Was eXcellent (98—100%) 
for all treatments of Petunia, but there Were differences 
in groWth uniformity and appearance. The control 
(untreated) Petunia Were pale green and uneven in 
groWth and Were not ideal for use in the microscreen. 
The cold treated plants Were very uneven in groWth and 
Were found to be unacceptable. Bleach treated Petunia 
shoWed a bleached appearance and Were also not 
acceptable. The UV and ethanol treated plants looked 
slightly better than controls (more uniform in groWth). 
The acid treated Petunia had 100% germination and the 
plants Were larger, fairly uniform in groWth and a good 
color. The acid treatment Was selected as the best 
method for groWing Petunia in microtiter plates. 

Assay Automation 
SolubiliZation of compounds: Tests Were conducted to 

determine the maXimum amount of DMSO each plant 
species Would tolerate. DMSO Was selected as the universal 
solvent for solubiliZing compounds into aqueous media 
because it is polar, less volatile than other organic solvents 
and is an eXcellent solvent for most smaller organic mol 
ecules. In order to determine the maXimum concentration 
that each species could tolerate, DMSO Was added to 1/z><MS 
media and miXed With agarose to yield 0, 0.1, 0.3, 0.6, and 
1.0% DMSO solutions. One seed Was planted in each Well 
With 32 Wells per species. Injury Was evaluated relative to 
control (untreated) plants. The folloWing ten species Were 
tested: Arabidopsis thaliana, Browallia speicosa, Coleus 
blumei, Digitaria sanguinalis, Eragrostis curbula, Inula 
ensifolia, Nicotiana tabacum, Oxalis stricta, Panicum col 
oratum and Petunia hybria'a. Plants Were evaluated for 
injury 14 DAP. The folloWing observations Were made: 

Arabidopsis: No injury Was observed at the highest con 
centration of DMSO tested (1.0%). 

BroWallia: No injury Was observed at the highest concen 
tration of DMSO tested (1.0%). 

Coleus: No injury Was observed at the highest concen 
tration of DMSO tested (1.0%). 

Digitaria: No injury Was observed at 0.1% DMSO. At 0.3 
to 1.0% DMSO there Was slightly more bronZing of the 
neWest leaf. 

Eragrostis: No injury Was observed up to 0.3% DMSO, 
but at 0.6 and 1.0% DMSO there Was bronZing/burning 
of leaf tips. 
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Inula: DMSO improved germination, growth uniformity 
and greenness. Plants treated at 1.0% DMSO appeared 
to be the most healthy. 

Nicotiana: No injury was observed at the highest concen 
tration of DMSO tested (1.0%). 

OXalis: No injury was observed up to 0.3% DMSO. The 
plants had a poor appearance at 0.6% DMSO and 
germination dropped by 45% at 1% DMSO. 

Panicum: No injury was observed up to 0.3% DMSO, but 
at 0.6 and 1.0% DMSO, the plants were slightly chlo 
rotic at the leaf tips. 

Petunia: No injury was observed up to 0.3% DMSO. At 
0.6 and 1.0% DMSO, slight injury was observed. 

Digitaria was most sensitive to DMSO and thus dictated 
the concentration to be used or solubiliZation of compounds. 
Based on results with Digitaria, the concentration of DMSO 
used was 0.1%. 

Automation of Plate Preparation: Five milligrams of each 
compound were weighed into deep well microtiter plates, 88 
compounds per plate with the ?rst column empty (column 1) 
for controls. Using a Tomtec Quadra-96TM pipettor, 500 uL 
of DMSO were pipetted into each well to prepare a 10,000 
ppm compound solution. A lid was placed on each plate, 
sealing each well and each plate was tumbled for 10 min to 
solubiliZe the compounds. Each plate was centrifuged for 15 
seconds to remove DMSO from the lids. These plates were 
the mother plates. Daughter plates were prepared from 
mother plates by pipetting 425 uL of 1/z><MS media into each 
well of the daughter plate (1.2 mL deep well plate) using the 
Quadra-96TM. This step was repeated. Then 147 uL of 
1/z><MS media was drawn into pipette tips plus 3 uL of 
DMSO from the mother plate and dispensed into daughter 
plate with mixing. Using the Quadra-96TM, treatment plates 
were prepared by drawing 250 uL from the daughter plate 
(30 ppm compound solution) and dispensing 33 uL into each 
well of 4 standard microtiter plates. Using the Quadra-96TM, 
400 uL 0.6% agarose were drawn into pipette tips and 66 uL 
were dispensed into each well of the 4 treatment plates 
(standard microtiter plates) yielding a 10 ppm compound 
solution in 0.4% agarose. No additional miXing steps were 
necessary for miXing of the agarose and 1/z><MS media/ 
compound solutions. A total of 16 treatment plates were 
prepared from each mother plate to accommodate 7 species 
(1 species per plate) and duplicate tests (2 plates were 
discarded). 

Automation of Seeding 
One seed of each species is planted manually in each well 

using a forceps. In addition, several methods for automation 
of seed dispensing are possible. Several methods of auto 
mating the seeding have been tested with the goal of placing 
one seed in each well of a 96-well microtiter plate. 
A template seeder was designed by Berry Seeder Co. 

(Elizabeth City, NC.) for seeding into 96-well microtiter 
plates. This seeder has stainless steel plates with 96 holes 
which are in alignment with the microtiter plate wells. There 
were 4 stainless steel plates, each with different diameter 
holes to accommodate the different siZed seeds. Each stain 
less steel plate is attached to a pleXiglass boX containing a 
vacuum line. High pressure air was run into a separate valve 
in the boX and opening the valve resulted in vibration of the 
stainless steel plate. Seeds were placed on the stainless steel 
plates with the vacuum running and the high pressure air 
valve opened to vibrate eXcess seeds out of each hole. 
Experiments were run with Arabidopsis thaliana, Browallia 
speciosa, Coleus blumei, Digitalis purpurea, Digitaria 
sanguinalis, Nicotiana tabacum and Petunia hybria'a. The 
Berry template seeder worked well with Browallia and 
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14 
Coleus seeds with 90—95% singulation. These seeds are 
quite round and were the largest seeds tested (0.040“ diam 
eter for Coleus and 0.035“ diameter for Browallia). 
Digitaria, which is an elongated seed, could not be singu 
lated because it would not stick in the holes (holes were too 
small). With Petunia and Digitalis seeds, the holes in the 
stainless steel plates were either too large (seeds were pulled 
through the holes) or too small (seeds would not stick). 
Arabidopsis seeds had multiple seeds in many of the holes. 
Nicotiana seeds had 26—45% singulation with the remainder 
being either multiple seeds or no seeds (seeds would be 
pulled through the holes). Although the Berry template 
seeder had high singulation of the Coleus and Browallia 
seeds, the seeder is quite temperamental. It takes some 
“tweaking” to attain this level of singulation. This seeder did 
not work well with the other seeds. Based on these tests, this 
seeder would not work for automation of seeding. 
Aneedle seeder (Seed-Air-MaticTM, KW Engineering Pty. 

Ltd., Queensland, Australia) for seeding into plug trays has 
been tested to determine the feasibility of using with the 
following seeds: Arabidopsis, Browallia, Coleus, Digitaria, 
Nicotiana, OXalis and Petunia. This seeder has 8—20 syringe 
needles of varying bore siZes that were connected to 
vacuum. Seeds were placed in a hopper that vibrates. The 
needles dipped into the hopper, picked up individual seeds 
and dropped the seeds into guide tubes, which in turn 
released into plug trays using a short burst of high pressure 
air. A row of seeds was picked up and dropped in 1—4 
seconds. The KW Engineering seeder was used to test 
singulation of Arabidopsis, Browallia, Coleus, Digitaria, 
Nicotiana, OXalis and Petunia seeds into 96-well microtiter 
plates. This seeder has been modi?ed to seed into microtiter 
plate format. Browallia, Coleus, Digitaria, Nicotiana, OXalis 
and Petunia seeds had 90—96% singulation using a single 
needle. Arabidopsis singulation rate was about 83—85%. 
Individual vacuum regulators have been installed to achieve 
these levels of singulation with multiple needles (8—12). At 
these singulation rates, missed or multiple seeded wells can 
be corrected manually. 

Batching Systems (Owings, Md.) uses a vibratory bowl to 
singulate parts (nuts, bolts, game pieces, etc.) and an optical 
eye to count the parts. For use as a seeder speci?cally for 
seeding into 96- or 48-well microtiter plates, seeds would be 
placed in a vibratory bowl and would “walk” up a ramp. At 
the end of the ramp, the width would be adjusted so that only 
one seed at a time could ?t on the ramp. The seeds would 
drop down and be counted by a dual-view optics system. A 
microtiter plate would be placed on an X-Y table to singulate 
seeds. 
A preferred method of seeding comprises a combination 

of elements making up a seed dispensing system that fea 
tures a seed pick and place mechanism for a plurality of 
containers, a seed placement monitoring device for a plu 
rality of containers, and a control system to inform the 
operator of the location of potentially misplaced seeds or to 
provide feedback for automatic re-seeding of any missed 
containers. Alternatively, a discrete correction station may 
be a component of the system. A preferred embodiment 
includes in the pick and place mechanism the feature of 
individual control of vacuum to individual seed holding 
tubes (or needles). This individual control of vacuum com 
bined with the seed pickup tube design improves the reli 
ablity for single seed pickup. Additional features of the 
preferred method include the proper positioning of tip of 
each seed holding tube during seed pickup and during seed 
deposition, and providing in each container a substance that 
when contacted with the seed will inhibit or prevent further 




















