Exhibit 5b, #94

Frpeeedings of the X Inreranional Svmpostum cn Biedowical Conteod of Weeds a3l
d-14 July 1909, Montana Stute Univeraiy, Bosenian, Montioa, USA
INeal B Spancer [ed. o pp 931 S48 1 24000

Growth Suppression of Annual Weeds by Deleterious
Rhizobacteria Integrated with Cover Crops

R. J. KREMER

USDA- Agricultural Research Service, Cropping Systems and Water Quality Research
Unit and Depariment of Soil and Atmospheric Sciences,
University of Missouri, 302 ABNR Bldg., Columbia, Missouri 65211, USA

Abstract

Development and rapid acceptance of biological control is challenged by factors lim-
iting the spectrum of activity, efficacy. and reliability. Effectiveness of hiological control
may be best demonstrated as a component in an overall biological weed management sys-
tem. Cover crops as components of biological weed management may be used for inte-
grating biological control agents by promoting establishment in soils tor attack of weed
seedlings prior to planting (he main crop. The objective of (his study was to cvaluate sev-
eral cover crop species alone and integrated with sotlborne deleterious rhizobacteria
{DRB) for weed management potential. In cach year of the study, cereal grain cover crops
reduced weed biomass 90% compared to weedy checks. Brassica cover crops and sweet-
clover (Melilorus officinafis |[..] Lam.) reduced weed biomass to greater extent when
combined with soil-applicd DRB. DRB were detecied on roots of cover crops and cstab-
lished on roots of adjacent weed seedlings for subsequent growth suppression. In 1998
soybean {Glveine max [1..] Merr) planted in several cover crop residues without herbicide
gave seed yields higher than weedy checks and cquivalent or higher than conventionally
grown sovbean. Weed suppression was further cnhanced when DRB were included.
[ntegration of nenchemical weed control methods has potential in reducing herbicide use
and enhancing elticacy of biological weed management.

Keywords: allclopathy, biological weed management, deleterious rhizobacteria, inte-
grated biological control, seedbanks

Public concerns about environmental contamination. soil erosion and degradation,
pesticide residues in foods, development of herbicide-resistant weed biotvpes, develop-
ment of new weed problems formerly of secondary importance due to single control
approaches, and other social, ceonomic and health-related impacts of conventional agri-
culture has increased interest in agricultural sustainability. Thus, there is a growing trend
toward development of agroecosystems that rely on the management of ecological inter-
actions rather than on dependence om agrichemical use Lo maintain productivity (Liebman
and Ohno 1998). Within the sustainable agroccosystem concept, the approach o weed

Footnotes

This aruicle reports results of research only, Mention of @ proprigtary produet does not consti-
wte an endersement or a recommendation by the USDA, Agricultural Ruesearch Service or the
University of Missouri for its use.



932 Kremer

contrel is through “integrated weed management™ in which all available strategies includ-
ing tillage, cultural practices, herbicides, genetic manipulation, allelopathy, and bivlogical
control are used 10 enhance the competitiveness of the crop over the weeds (Aldrich and
Kremer 1997, Dicleman and Mortensen 1998). The development of integrated weed man-
agement considers all uspects of the particular cropping system where each management
componenl contributes (© weed suppression but not necessariiy complete control
(Dieleman and Mortensen 199%). Weed management viewed in this context illustrates
how biclogical and ecolugical aspeets of weeds can be used as a multiple control strategy
to reducc the weed seedbank in soil, prevent weed emcrgence, and minimize competition
from weeds growing with desired plants (Aldrich and Kremer 1997).

Development and rapid acceptance of biological control as a practical management
oplion in cropping systems is challenged by lactors limiting their spectrum, efficacy and
reliubility. Biological control as a single tactic approach is often not effective in long-term
weed management. Etfectivencss of hiological control. therefore, may be best demon-
strated as a component of weed management where it could be imegrated with other weed
contro} methods {Bovetchko 1996), Further, biological control could be exploited in “bio-
logical weed management,” the use of living organisms or their products to reduce or pre-
vent the growth and reproduction of weeds (Cardina [995). One or more organisms
(microorganisms, plants, insccts, elc.) may be manipulated in ways that enhance meuns of
suppressing development of weeds at one or more phases of the life eyvele. Cover crops as
componcnts of biologicaily-based management systems may be used tor integrating bio-
logical control agents by promating establishment in soils lor attack of weed seeds and
seedlings prior to planting the production crop. This approach would meet the requirement
of providing an environment that sustains the biological control agents (Boyetchko 1996),
Currently cover crop use in mmany regions is limited and few investigations have examined
efficacy of cover crops without using herbicides. Lor example, rye (Secale cereade 1) and
hairy vetch { Vicia villose Roth.) under no-tillage could only reduce weed density an aver-
age of 78% without supplemental herbicides (Teasdale ef of 1991). A wider range of
cover ¢crop species under various cultural practices needs study [or weed suppressive
ellects, Weed suppression by cover crops may involve allelopathy. the potential of which
in integrated systems is esseatially unknown,

Deleterious rhizobacteria (DRB). naturally-oceurting segments of rhizosphere micro-
bial communities that arc toxigenic but net parasitic, have potential 10 suppress weed
growth through manipulation ol thizospherc ccosystem (Kremer and Kennedy 1996).
However, suceessful performance ot soil-applicd biological control agents is hamipered by
inconsistent elfectivencss often cavsed by poor survival or low activity of the introduced
organisms (Van Elsus er ¢f. 1992), Cover crops offer a synergistic weed management
approach by serving as a delivery system for soilborne biotic agents such as DRB, by pro-
viding mutrients and « suitable environment for DRB proliferation and activity, and by
aiding in establishing DRB in s0il prior to weed germination and emergence (Teasdale
1998, Kremer 1998).

The typical broad spectrum of weeds in production elds has stimulated investiga-
tions on the selectivity of weed suppression by various cover crops and on developing
approaches to integrate these into weed management for specific, regional cropping sys-
tems {Teasdale 1998}, Also, biological control alone may only turgel one or (wo weed
species in cropping systems and cannot be relied on as a single-tactic approach (Cardina
1995}, In this stdy we examine combinations of several cover crop species alone and
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integrated with soilborne deleterious rhizobacteria for weed management potential.

Materials and Methods

Various cover crops (Table 1} were established in 1997 and 1998 at lwo siles
{ Bradford and Sanborn} in mid-Missouri on Mexico silt loam (fine. montmorilleaitic,
mesic. Mollic Endoaquall). The Bradford site, 16 km cast of’ Columbia, MO, has a histo-
Ty of comn (Zea mays L) and soybean (Giveine max Merr. [L. |} production under mini-
mum tillage: the Sanborn site at the Sanborn Field long-term experimental ficld on the
campus of the University of Missouri, Columbia. was in permanent meadow for len years
before establishment of the present study, Prior to establishing the studies soil cores were
collected from (he upper [0-cm of the profile at both sites and processed Tor weed sced-
bank analysis (Forcella er af. 1992), Alter separation from soil componuents, secds were
categorized according to plant genus or species and placed on agar (15¢) for 72 h at 28°C.
Viable seeds included germinated seeds and seeds thal remained hard (non-imbibed) or
firm bhut not decomposed after incubation, Crops were broadeast or drilled at standard
seeding rates after shallow roto-tillage in small plots (2-m by 2-m} in randomized com-
plete block designs with three replications, Plots were split with subplots inoculated with
or withoul DRB sciccted for growth suppression of giant foxtail (Setaria fuberi Herrm.)
and velvetleal (Abutifon theophrasti Medik. ).

The DRB isolates, identified using the API-NE20 diagnostic kit (Bio Mericux Viek

Table 1.
Cover crop species evaluated for weed growth suppression at two ficld sites in
mid-Missouri in 1997 and 1998,

Family Cover crop species Common name, varicty

Brassicacuca Brasyica iapns 1. Canola var, "Vicwria®
Rapeseed var, "Dwarl Esses”
Green mustard var, ‘Grecnwave’

Brassica rapa L. subsp. nervivosa Green mustard var "Tatsot
|

Braxyivd nupny 1.
Brassica junceal.

Fabuaccac Lespedeso stipuluceae Maxim Korean lespedera var, “Marion”
Medicago fupulina L, Black medic var. *Alhance’
Medicage setive 1. Allalta var. "Niwo'
Melitonns efftcinafiy (L.} Lan. Sweetelover, yellow-blossom VNS#
Trifolium alexundrimm L. Berscem clover VNS
Vivia villosa Roth Hairy vetch ¥N§
Poucuae Hordenm vitgare 1., Winter barley VNS
Lofium mltiflorum Lam, Annual ryeprass VNS
Secale voreale 1. Winter rye VNS
Triticant aestivim 1 Winter wheat var. “Cardinal’
Polygonaceue Fagopyrm sagitatem Guerin. Buckwheat VNS

VNS, “variety not stated” by supplicr.
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Inc.. Hazelwood, MO), wcre Errerobacter iaviorde 38128 (origin, giant Foxtail),
Alvaligenes fuecaliy K2 (origin. giant foxtail), and Pseudomonas sp. 2129 (origin, vel-
vetleaf). Single cultures of cach isolate were grown 36 h in King's B broth. combined in
equal volumes and suspended in 0. 1M MgSO, (Kremer er af. 1990), and applied with crop
seeds at planting o deliver 0% colony-forming units (cfu) per m? using a backpack
spraycr. The mixed inoculum was re-applied at soybean planiing after cover crop termi-
nation.

[n order to document establishment of DRB in the field, spontaneous antibiotic-resist-
ant mutants of the inoculum DRB were developed with resistance to 100 ug/ml nalidixic
acid + 80 ug/ml rifampicin. The mutants were individually inoculated on seeds in sepa-
rate plots adjacent o the main study, At weckly inervals, seedlings were retrieved, root
blomass and lengths determined, suspended in 0.01M MgSO,. diluted and plated on
antibiotic-containing King's B agar medium following, procedures described previously
(Kremer ef ¢f. 1990}, Root colonization of scedlings of cover crops and selected weeds hy
applicd DRB was cxpressed as log), cfu per ¢m root.

Cover crop and weed above-ground blomass were harvested in June and August 1997
and June 1998 by clipping all growth at the soil surface level within a 0.1 m?® quadrat ran-
domly placed in cach subplot. Biomass sumples were separated into cover crop, grass, and
broadleaf components and dried at 65°C for 72 h for dry weight determinations.

In 1998 cover crops were terminated on 18 May hy mowing lollowed by glyphosate
application at 1.12 kg/ha. Soybean (ev. "Pioneer 93957 was planted in 38-cm rows with
a no-til planter. Soybean was harvested on 15 October by threshing plants removed from
1-m row segments. Soybean grain yields were expressed on a 12% moisture basis.

Data were subjected to appropriate analysis of variance procedures, Treatment means
were compared by vsing Fisher's protected least signiticance difference (LSI)) at 95%
level of probability.

Resalts and Discussion

Weed seedbanks differed between sites with at least seven predominani spectes at
Bradford (reflecting history of cultivated row crops) and only two at Sanborn (reflecting
long-term perennial forage management) (Table 2). Seed density among plots varied
widely with nearly all species showing spatial distribution,

Total biomass accumulation was greatest [or winter rye, winter wheat, winter barley,
yellow-blossom sweetelover, and annual ryegrass: (otal weed biomass was reduced great-
cst by these cover crops (Tables 3 and 4). Other legumes suppressed weeds 1o a lesser
extent due to low stund eslablishment when seeded in the fall. Soil inoculation with sclect-
ed DRB combined with cover crops reduced weed biomass compared to most noninocu-
lated piots. Broadleal and grass hiomass was equally suppressed by winter barley, winter
wheat, winter rye, annual rvegrass, and swectclover regardless of inoculation with DRB
(Tables 3 and 4). Brassica crops generally reduced broadleal’ weeds morcso than grasses
{largely giant (oxiail); when combined with selected [XRB, cach weed component was
reduced somewhat. Variable response to cover crops by weed species has been reported
previously (Tecasdale 199%). Brassica cover crops varied in biomass production {oilseed
rape > green mustard > canola > Tatsol mustard) but appeared equivalent in selectively
suppressing Amaranthus species throughout the season and suppressing lale-season giant
foxtail (data not shown). Sustained weed suppression by Brassica spp. after mowing sug-
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Table 2.
Seedbank densities of weed species in Mexico silt loam at two sites in mid-Missonri,

WViahle seed

Bradtord Sanborn
Weed specics {no. persg. m X KD
Antaranthus spp. 22 {481 RE1I:3!
Field pennycress 92.6%5) ]
{Thiaspi arvense)
Pennsylvania smartweed B{18Y 4}
(Poivgonum pensyivanicim)
Motningglory spp. 7T{1L5) 14y
(fpomade spp
Common ragweed 20105 0
{Ambrosia urtemisiifofia)
Velvetlead 2 (.5) 4]
(Abutifon theoplirasti)
Giant foxtail 95 (9.6} 3{08)
{Setaria taberi)
Various grasses 3] 3R2 (66.7)
Mean with (SEM}.

Table 3.

Cover crop and weed biomass (dry weight) with and without selected
deleterious rhizohacteria at Bradford in 1997,

Cover crop Grass weed Rroadleat weed
Cover crop No DRB +13R13 No DRB +DRB No DRB +DRB
Annual ryegrass 150 190 160 106 o) 50
Winter barley 1450 1400) 0 0 10 o
Winter ryc 1290 1050 0 0 0 0
Winter wheat 1300 1350 0 0 10 20
Sweetclover 00 F06) 170 130 90 120
Hairy vewh 300t 300 100 170 150 210
Canola 270 260 40 30 40 20
Rapeseed 270 430 20 20 10 0
Mustard, green 260} 27 20 10 4) 20
Mustard, Tatsol 230 260 &) 0 70 30
Weedy check _ _ 150 160 220 260}

LSD (0.05) 100 80 25 30 4 20
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Fig. 2. Colonization of hairy vetch (A) and
winter rye (B) scedling roots by selected
1DRB applied with sceds at planting,
Colonization of giant foxtail {C) cceurred
from DRB ¢stablished on roots of cover
crops growing nearby.
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Weeks after emergence

spatial distribution of weeds with-
m experimental area, and small
plot sizes contributing to variabili-
ty among replicates. Interestingly,
soybean yiclds in most cover crop
treatments werc higher or equiva-
lent to soybean in adjacent field
plots grown under “conventional”
practices that included herbicides
applied at recommended rates for
weed control (Table 5).

DRB marked with antibiotic
resistance established high and sta-
ble populations on roots of cover
crops, i.c., hairy vetch and winter
rye during the four week sampling
period {Fig. 2A and B). The two
DRB isolates originating from
giant foxtail also colonized roots
of mnoninoculated giant foxtail
scedlings adjacent to the inoculat-
cd cover crops (Fig. 2C). This
indicated that soil-applied DRB
survived and established in soil for
subsequent colonization on target
weeds in the cover crop system.
Similarly, a previous report
demonstrated a plant-growth-pro-
moting pseudomonad noculated
on various crops colonized roots of
the weeds pigweed (Amaranthus
retroflexus L.) and barnyardgrass
(Echinochloa  erus-galli  [L.]
Beauv.) by horizontal migration
from the inecculated crops up to 60
cm away (Wiehe and Héflich
1995}. The present study is the
first to report on cstablishment of
DRB from inoculated cover crops
on roots of later-germinating weed
seedlings for subsequent weed
growth suppression in the ficld.
These results also verify a model
proposcd by Skipper ef al. (1996)
illustrating  that rhizobucteria
developing on crop reots likely
persist in the rhizosphere for sub-
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sequent colomization and suppression of emerging weed seedlings.

The results of the present study suggest that integration of nonchemical weed control
methods have potential in suppressing weed growth and reducing herbicide use. Cover
crops used in this system served multiple important functions that included providing suit-
able cnvironment for establishment and proliteration of soilborne bivlogical control
agents, relcasing allelochemicals that contributed to weed suppression, and disrupting the
soil envirenment to minimize weed establishment (Carding er ol 1999). Other atiributes
of caver crops include promwoting naturally-occurring weed suppressive microorganisms
(Cardina er gf. 1999), providing habitats for seed predators for reducing weed seedling
emergence (Reader 1991), and enhancing plant-growth-promoting bacteria on the pro-
duction crop {Sturz ef ¢l 1998) that may alse complement the interaction with applied
weed-suppressive DRB and will be examined in future studies. Cover crops for integrat-
ing biological control by delivering the agents on sceds and promoting their establishment
in soils for atiack of weed seedlings prior to planting the main crop 1s similar to a “sys-
tem management” approach recently demonstrated where a crop underseeded with a liv-
ing green cover and treated with a postemergence bicherbicide resulted in successtul com-
trol of the target weed and control of other weeds by the cover crop (Pliner e af. 19973
Rescurch efforts are underway to develop biological control agents highly effective in
suppressing a broad spectrum of weeds, 1o refine fonuulations for optimum survival and
[icld application. and to detine conditions under which cover crops stimulate the cstab-
lishment of weed-suppressive microorganisms.
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