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MRNA396 AND GROWTH REGULATING 
FACTORS FOR CYST NEMATODE 

TOLERANCE IN PLANTS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims priority under 35 U.S.C. 
S119 to provisional application Ser. No. 61/480,093 filed Apr. 
28, 2011, herein incorporated by reference in its entirety. 

GRANT REFERENCE 

0002 This invention was made with government support 
under Contract No. 2008-35302-18824 awarded by USDA. 
The government has certain rights in the invention. 

FIELD OF THE INVENTION 

0003. The invention relates generally to the field of plant 
molecular biology. 

BACKGROUND OF THE INVENTION 

0004 Nematodes are a very large group of invertebrate 
animals generally referred to as roundworms, threadworms, 
eelworms, or nemas. Some nematodes are plant parasites and 
can feed on stems, buds, leaves, and in particular on roots. 
Cyst nematodes (principally Heterodera and Globodera spp.) 
are key pests of major crops. Cyst nematodes are known to 
infect tobacco, cereals, Sugar beets, potato, rice, corn, Soy 
beans and many other crops. Heterodera Schachtii principally 
attacks Sugar beets, and Heterodera avenae has cereals as 
hosts. Heterodera Zeae feeds on corn, and Globodera ros 
to chiensis and G. pallida feed on potatoes. The Soybean cyst 
nematode (Heterodera glycines) infests every soybean-pro 
ducing state in the U.S., with total soybean yield loss esti 
mates approaching S1 billion per year. 
0005 Plant-parasitic nematodes change shape as they go 
through their life cycle. In its juvenile form, the animals 
penetrate plant roots. The number of juveniles entering the 
plant root soon after plant emergence can have a dramatic 
effect on plant growth and development. Plant damage occurs 
from juvenile feeding which removes cell materials and dis 
rupts the vascular tissue by inducing the formation of novel 
plant cell types that are associated in a unique feeding organ, 
the syncytium. Due to the sedentary nature of their parasitism, 
cyst nematodes need to obtain all their nourishment from one 
location, in fact, through the contact with the initial feeding 
cell. 
0006 Cyst nematodes infect as second-stage juveniles 
(J2), which initiate the induction/formation of the syncytium. 
During this phase, J2s begin feeding on the growing syncy 
tium and then develop into third-stage (J3) and fourth-stage 
juveniles (J4) followed by the adult stage. Syncytium forma 
tion encompasses reprogramming of differentiated plant root 
cells, and these redifferentiations are accompanied and medi 
ated by massive gene expression changes, which have been 
documented in diverse research approaches using soybean 
and the Soybean cyst nematode Heterodera glycines (Alkhar 
ouf et al., 2006: Ithal et al., 2007; Klink et al., 2009) and 
probably most extensively in Arabidopsis infected by the 
sugar beet cyst nematode H. Schachtii (Szakasits et al., 2009). 
Regulatory networks governing gene expression patterns in 
nematode-infected roots and particularly in the developing 
syncytium are very poorly understood. 
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0007 Existing methods for treating or preventing nema 
tode disease include the use of chemicals, pesticides, and 
fumigants. The use of pre-plant soil fumigants is highly effec 
tive in controlling cyst nematodes and other plant-parasitic 
nematodes. However, the majority of the fumigant-type nem 
aticides is no longer available and is also costly and difficult 
to apply properly under the prevailing conditions. 
0008 Crop rotation has also been used to control nema 
tode disease. Rotating non-host plants can be effective in 
controlling nematode disease. Unfortunately, these non-host 
crops are often less valuable. Cover crops grown between the 
main crops is another alternative management strategy. 
Ryegrain, barley, oats, Sudangrass, tall fescue, and annual 
ryegrass have been shown to be non- or poor hosts for some 
nematodes. Using cover crops, however, can be costly 
because the cover crops occupy space that could be used to 
grow more valuable crops. 
0009 Biological control organisms have also been used to 
try to control nematode disease in crops. Commercially avail 
able preparations of biological control organisms are limited 
in their use to regions that can Support the growth of the 
control organism. Moreover, the outcome of using one organ 
ism to control another is unpredictable and Subject to a variety 
of factors such as weather and climate. 
0010. As can be seen, a continuing need exists for the 
development of methods and strategies to control and inhibit 
plant nematode invasion. 
0011. It is an object of the present invention to develop 
plants, seeds, varieties and lines that have improved tolerance 
to nematode infection and resultant effects on plants. 
0012. It is another object of the invention to provide meth 
ods for controlling nematode infection that are environmen 
tally friendly and do not rely on chemicals, biological control 
organisms, or crop rotation. 
0013. It is yet another object of the invention to provide 
novel plant genetic engineering strategies to ascertain more 
about the mechanism and plant response to nematode infec 
tion, to develop resistant varieties and to modulate expression 
of key components of regulatory pathways that inhibit nema 
tode infection and its affects in the plant. 

SUMMARY OF THE INVENTION 

0014. The present invention includes methods to alter the 
genetic composition of crop plants, particularly those that are 
Susceptible to nematode infection, thereby improving toler 
ance to nematode infection and reducing the effects thereof in 
plants. This invention provides methods and compositions for 
modulating key pathways involved in the syncytial event of 
nematode infection and for preventing the cascade of differ 
ential gene expression caused by the same. Applicants have 
found that the microRNA miR396 acts as a master switch of 
syncytial gene expression changes in plants after infection, 
and further that miR396 and growth regulating transcription 
factors (GRF) with miRNA396 binding sites are connected 
through a negative feedback loop to establish an irreversible 
plant gene regulatory Switch from syncytium initiation and 
maintenance. 

0015. This invention in one embodiment relates to modu 
lation of expression of miRNA396 and GRFs with 
miRNA396 binding sites to engineer improved tolerance to 
cyst nematode infection in plants as well as the hinder the 
development and maintenance of the syncytium, essential for 
plant pathogen Survival. 
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0016. According to the invention, miR396 and GRF1/ 
GRF3 are connected through a negative feedback loop from a 
low miR396 high GRF1/3 state during syncytium initiation, 
to high miR396 low GFR1/3 during maintenance. Modulated 
expression of this interaction alters the outcome of the plant 
pathogen interaction and alters plant Susceptibility. In par 
ticular, overexpression of miRNA396 reduces plant suscep 
tibility to nematode infection by more than half. Other meth 
ods of interfering with this miRNA396 and GRF interaction 
would also be included within the scope of this invention, 
whether by increasing activity of the same, through Such 
mechanisms as overexpression, inhibition of activity, such as 
through inhibition of translation or transcription, or introduc 
tion of heterologous interfering or competing proteins. 
0017 Thus the invention contemplates the regulation of 
miRNA396 and the pathway of regulatory transcription fac 
tors associated with the same to engineer tolerance to nema 
tode infection in plants, preferably by modulation of miRNA 
sequences or activity in plants. 
0018. As used herein the term “miRNA396 or “miR396 
shall be interpreted to include genes such as miR396a (Ara 
bidopsis ATG10606, Glycine max MI0001785, 
MIMAT0001687); miR396b (Arabidopsis AT5G35407, Gly 
cine max MI0001786, MIMAT0001688); miR396c (Glycine 
max MI0010572, MIMAT001 0079); and miR396e (Glycine 
max MI0016586, MIMAT0018345) which regulate expres 
sion of growth regulating transcription factor genes that have 
an miR396-binding site such as GRF 1 through 4 and 7 
through 9 in Arabidopsis, See Jones-Rhoades and Bartel, 
2004, “Computational identification of plant microRNAs and 
their targets, including a stress-induced miRNA' Mol. Cell. 
14,787-799. Soybean GRFs include GRF8, 9, 12, 13, 15, 16, 
and 19, Mi396 is a highly conserved microRNA as many are, 
and has been found in many other nematode Susceptible 
plants including Citrus unshiu, Glycine max (soybean), Lac 
tuca sativa (lettuce), Lotus japonicus, Medicago truncatula, 
Nicotiana benthaminiana (tobacco), Oryza sativa (rice), and 
Populus euphratica. See, Zhang et al., "Conservation and 
Divergence of Plant MicroRNA Genes” The Plant Journal 
(2006) 46243-259. Additionally, other miRNA396 homologs 
may be identified thought databases Such as Genbank, and the 
mircoRNA database, at worldwide web mirbase.org. 
0019. Similarly, other growth regulatory transcription fac 
tor genes are known and easily identifiable by one of skill in 
the art through similar databases. Kim, J. H., Choi, D., Kende, 
H. (2003)“The AtGRF Family of Putative Transcription Fac 
tors is Involved in Leaf and Cotyledon Growth in Arabidop 
sis’ The Plant Journal 36. These include, for example Arabi 
dopsis, At2g22840 AtGRF1 transcription activator (GRF1). 
At2g36400 AtGRF3 transcription activator (GRF3), 
At3g52910 AtGRF4 expressed protein, growth-regulating 
factor. At3g13960 AtGRF5 transcription activator (GRF5), 
At2g06200 AtGRF6 expressed protein, At5g53660 AtGRF7 
hypothetical protein At4g.24150 AtGRF8 hypothetical pro 
tein. From soybean these include but are not limited to: 
GmGRF8 (Glyma10g.07790); GRF9 (XM 003537618): 
GmGRF12 (Glyma13g16920): GmGRF13 
(Glyma13g21630); GmGRF15 (XM 003547454): 
GmGRF16 (Glyma16g00970) and GmGRF19 (XM 
003553541). All GFR transcription factors useful for the 
invention, will have an miRNA396 sequence (CAAGUUCU 
UUCGNACACCUU) (SEQ ID NO:27) binding site AAG 
GUGUNCGAAAGAACUUGC (SEQ ID NO:28) in com 
mon. Thus, although the invention is exemplified herein with 
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specific Arabidopsis and Soybean genes, the invention is not 
so limited and has applicability to any plant Susceptible to 
nematode or other plant pathogen infection by interaction 
with miRNA396 and corresponding GRF transcription fac 
tOrS. 

0020. The invention provides methods for improving plant 
tolerance to cyst nematode infection by modulating miRNA 
396 interacting pathway, Such as, for example, increasing/ 
modulating the activity of at least one miRNA396. In other 
embodiments, other steps along the signaling pathway could 
be modulated, such as the miRNA396 binding sites including 
GRF1, GRF3 and other GRFs. 
0021. According to the invention, the methods for modu 
lation include modification of a plant cell by introducing at 
least one polynucleotide sequence comprising a plant 
miRNA396 or plant GRF nucleic acid sequence, or subse 
quence thereof, into said plant cell. Such that the polynucle 
otide sequence is operably linked to a promoter functional in 
said plant cell. In another embodiment, the method of modu 
lating the production of miRNA396 or a GRF protein by 
increasing/modulating includes a miRNA396 or GRF gene 
which comprises, e.g., at least about 70%, at least about 75%, 
at least about 80%, at least about 85%, at least about 90%, at 
least about 95%, at least about 99%, at least about 99.5% or 
more sequence identity to miR396a (Arabidopsis ATG10606 
(SEQID NO:1), Glycine max MI0001785 (SEQID NO:12), 
or MIMAT0001687 (SEQID NO:13); miR396b (Arabidop 
sis AT5G35407 (SEQ ID NO:2), Glycine max MI0001786 
(SEQ ID NO:14), MIMAT0001688) (SEQ ID NO:15); or 
miR396c (Glycine max MI0010572 (SEQ ID NO:116), 
MIMAT001 0079 (SEQ ID NO:17)); or miR396e (Glycine 
max MI0016586 (SEQ ID NO:18), MIMAT0018345 (SEQ 
ID NO:10)) or to corresponding GRFs including GRF1 
(At2g2284.0) (SEQID NO:3), GRF2 (Atag37740)) (SEQID 
NO:4), GRF3 (At2g36400)) (SEQ ID NO:5), GRF4 
(At3g52910)) (SEQID NO:6), GRF7 (At5g53660) (SEQID 
NO:9), GRF8 (Atag24150) (SEQ ID NO:10), GRF9 
(At2g45480) (SEQID NO:11), GmGRF8 (Glyma10g.07790) 
(SEQ ID NO:20); GRF9 (XM 003537618) (SEQ ID 
NO:21); GmGRF12 (Glyma13g16920) (SEQ ID NO:22); 
GmGRF13 (Glyma13g21630) (SEQID NO:23); GmGRF15 
(XM 003547454) (SEQ ID NO:24); GmGRF16 
(Glyma16g00970) (SEQ ID NO:25) and GmGRF19 (XM 
003553541)) (SEQID NO:26). 
(0022. Many plant miRNA396s and GRFs are known to 
those of skill in the art such as those from rice, Arabidopsis 
and soybean and are readily available through sources such as 
GENBANK and the like. 

0023. In another embodiment, the invention relates to 
methods for improving plant tolerance to cyst nematode 
infection by providing an isolated or recombinant modified 
plant cell comprising at least one modification that increases, 
decreases or otherwise modulates miRNA396 or GRF activ 
ity. In certain embodiments, a plant cell resulting from the 
methods of the invention is from a dicot or monocot. In 
another aspect, the plant cell is inaplant comprising a sterility 
phenotype, e.g., a male sterility phenotype. 
0024. The methods of the invention are practiced with an 
isolated or recombinant polynucleotide comprising a mem 
ber selected from the group consisting of: (a) a polynucle 
otide, or a complement thereof, comprising, e.g., at least 
about 70%, at least about 75%, at least about 80%, at least 
about 85%, at least about 90%, at least about 95%, at least 
about 99%, about 99.5% or more sequence identity to an 
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miRNA396 or GRF transcription factor or a subsequence 
thereof, or a conservative variation thereof; (b) a polynucle 
otide, or a complement thereof, encoding a polypeptide 
sequence of a (c) a polynucleotide, or a complement thereof, 
that hybridizes under stringent conditions over substantially 
the entire length of a polynucleotide Subsequence comprising 
at least 100 contiguous nucleotides of SEQa, or that hybrid 
izes to a polynucleotide sequence of (a) or (b); and, (d) a 
polynucleotide that is at least about 85% identical to a poly 
nucleotide sequence of (a), (b) or (c). 
0025. Such polynucleotides for practice of the methods of 
the invention can comprise or be contained within an expres 
sion cassette or a vector (e.g., a viral vector). The vector or 
expression cassette can comprise a promoter (e.g., a consti 
tutive, tissue-specific, or inducible promoter) operably linked 
to the polynucleotide. In a preferred embodiment, the pro 
moter is a root specific promoter. 
0026 Detection of expression products is performed 
either qualitatively (by detecting presence or absence of one 
or more product of interest) or quantitatively (by monitoring 
the level of expression of one or more product of interest). 
Aspects of the invention optionally include monitoring an 
expression level of a nucleic acid, polypeptide or chemical as 
noted herein for detection of the same in a plant or in a 
population of plants. 
0027. In yet another embodiment, the present invention is 
directed to a transgenic plant or plant cells with improved 
performance under nematode infecting conditions, contain 
ing the nucleic acids described herein. Preferred plants con 
taining the polynucleotides of the present invention include 
but are not limited to soybean, Sunflower, maize, Sorghum, 
canola, wheat, alfalfa, cotton, oat, rice, barley, tomato, cacao 
and millet. In another embodiment, the transgenic plant is a 
Soybean plant or plant cells. Plants produced according to the 
invention can have at least one of the following phenotypes in 
nematode infecting conditions as compared to a non-modi 
fied control plant, including but not limited to: increased root 
mass, increased plant Survival, increased root length, 
increased leaf size, increased ear size, increased seed size, 
absence of syncytia, Smaller or decreased syncytia, or 
increased plant size when compared to a non-modified plant 
under conditions of nematode infection. 
0028. In yet another embodiment, levels of miRNA396 or 
GRF proteins or mutant polynucleotide or polypeptide 
(where appropriate) sequences may be used as markers or 
selection traits to identify and select nematode tolerant plants 
even in the absence of transformation for breeding of tolerant 
lines, plants seeds, varieties and the like. Marker assisted 
selection protocols are thus included herein. 

DETAILED DESCRIPTION OF THE FIGURES 

0029 FIG. 1: Characterization of transgenic plants over 
expressing miR396 or the target genes GRF1 and GRF3. (A) 
Overexpression of miR396 reduces GRF gene expression. 
The mRNA expression level of GRF1-9 was measured by 
quantitative real-time RT-PCR in the root tissues of 10 d-old 
wild-type (Col-0) and transgenic plants overexpressing 
miR396b (line 16-4). The expression levels were normalized 
using Actin8 as an internal control. The relative fold-change 
values represent changes of mRNA levels in the transgenic 
plants relative to the wild-type control. Data are averages of 
three biologically independent experiments+SE. (B) and (C) 
Transgenic plants overexpressing miR396a (line 22-5) (B) or 
miR396b (line 15-1) (C) develop shorter roots than the wild 
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type (Col-0). Homozygous T3 plants were planted on modi 
fied Knop's medium along with the wild type (Col-0), and 
root lengths were measured 10 days after planting. Root 
length values are averages of at least 50 plants. Differences 
between miR396 overexpression lines and the wildtype were 
statistically significant as determined by unadjusted paired t 
tests (P<0.01). (D) Schematic representation of wild-type and 
miR396-resistant versions of GRF1 and GRF3 transcripts. 
Nucleotide pairing of miR396 with the corresponding wild 
type binding sites of GRF1 (witGRF1) and GRF3 (witGRF3) 
show 19 nucleotide matches, whereas in the miR396-resistant 
version of GRF1 (rGRF1) and GRF3 (rCRF3) the miR396 
binding site contains 10 mismatches. Conserved nucleotides 
between wild-type and modified miR396 binding sites are in 
bold. (E) and (F): Transgenic plants overexpressing witGRF1 
or witGRF3 (E) and rGRF1 or rGRF3 (F) develop shorter 
roots than the wildtype (Col-0). Homozygous T3 plants were 
planted on modified Knop's medium along with the wildtype, 
and root lengths were measured as indicated above. Differ 
ences between overexpression lines and the wild type were 
statistically significant as determined by unadjusted paired t 
tests (P<0.01). (G) Overexpression of GRF1 or GRF3 nega 
tively regulates GRF gene expression. The mRNA expression 
levels of GRF1 through 9 were quantified in the root tissues of 
the transgenic plants overexpressing the wild-type forms of 
GRF1 and GRF3 (S:wtGRF1 and S:wtGRF3) or the 
miR396-resistant forms (S:rGRF1 and S:rGRF3) using 
qPCR. The expression levels were normalized using Actin8 
as an internal control. The relative fold-change values repre 
sent changes of GRF expression levels in the transgenic 
plants relative to the wild-type control. Data are averages of 
three biologically independent experiments+SE. Note that 
the expression levels of GRF1 and GRF3 in the SirGRF1 
and SirGRF3 plants include the endogenous transcripts. 
(H) Overexpression of GRF1 or GRF3 negatively regulates 
miR396 expression. The levels of pre-miR396a, pre 
miR396b and mature miR396 were quantified in root tissues 
of the transgenic plants described in (G) using qPCR. The 
expression levels were normalized using U6 snRNA as an 
internal control. The relative fold-change values represent 
changes of miRNA abundance in the transgenic plant relative 
to the wild-type control. Data are averages of three biologi 
cally independent experiments+SE. The expression levels of 
the transgenes are provided in Figure S3. 
0030 FIG.2: Promoteractivity of miR396a, miR396b and 
the target genes GRF1 and GRF3 during Heterodera 
Schachtii infection. Time course experiments comparing the 
expression of miR396a:GUS (A-D), miR396b:GUS (E-H), 
GRF1:GUS (1-L), and GRF3: GUS (M-P) transgenic plants 
at the second-stage (J2), early and late third-stage (J3), and 
fourth-stage juvenile (J4) time points. N indicates nematode 
and S indicates syncytium. See also Figure S2. 
0031 FIG. 3: Post-transcriptional regulation of GRF1 and 
GRF3 by miR396 in response to H. Schachtii infection. The 
expression level of pre-miR396a, pre-miR396b, mature 
miR396, GRF1 and GRF3 was measured by qPCR in wild 
type (Col-0) root tissues. Infected and noninfected tissues 
were collected at 1, 3, 8, and 14 days after inoculation (dpi). 
Down regulation of miR396 at 1 and 3 dpi was associated 
with up regulation of both GRF1 and GRF3. In contrast, up 
regulation of miR396 at 8 and 14 dpiactivated the cleavage of 
GRF1 and GRF3 resulting in low transcript accumulation of 
GRF1 and GRF3. U6 snRNA was used as an internal control 
to normalize the expression levels of miR396, whereas Actin8 
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was used to normalize the expression levels of GRF1 and 3. 
The relative fold-change values represent changes of the 
expression levels in infected tissues relative to noninfected 
controls. Data are averages of three biologically independent 
experiments+SE. 
0032 FIG. 4: Nematode susceptibility assays of miR396 
overexpression lines and GRF mutants (A) and (B)Nematode 
susceptibility assays of miR396 overexpression lines. Trans 
genic plants overexpressing miR396a (A) or miR396b (B) 
exhibited reduced susceptibility to H. Schachtii. Homozy 
gous T3 lines overexpressing miR396a (lines 22-5, 13-10, 
and 10-12) or miR396b (lines 16-4, 15-1 and 8-16) were 
planted on modified Knop's medium, and 10-d-old seedlings 
were inoculated with ~200 surface-sterilized J2 H. Schachtii 
nematodes. Three weeks after inoculation, the number of J4 
female nematodes per root system was determined. Data are 
presented as the meant-SE. Mean values significantly differ 
ent from the wildtype (Col-0) were determined by unadjusted 
paired ttests (P<0.05) and indicated by an asterisk. Identical 
results were obtained from at least two independent experi 
ments. (C) Nematode Susceptibility is not significantly 
altered in grfl or grf3 single mutant. The mutant alleles of 
grfl (Salk069339C and Salk078547C) and gfr3 (salk116709 
and salk026786) along with wild-type Col-O plants were 
planted on modified Knop's medium and assayed for nema 
tode susceptibility. No statistically significant differences 
between these mutant lines and wild type were observed. 
Data are presented as means-ESE. Similar results were 
obtained from at least three independent experiments. (D) 
The grf1/grf2/grf3 triple mutant exhibited reduced suscepti 
bility to H. Schachtii. Seeds of the grf1/grf2/grf3 triple mutant 
and wild type (WS) were planted on modified Knop's 
medium and assayed for nematode Susceptibility. Data are 
presented as meansitSE and the statistically significant dif 
ference between the grfl/grf2/grf3 mutant and the wild type 
(WS) is denoted by asterisk as determined by unadjusted 
paired t tests (P<0.05). Identical results were obtained from 
two independent experiments. (E-H). Transgenic plants over 
expressing witGRF1 (E), rGRF1 (F), witGRF3 (G) or rCRF3 
(H) revealed reduced susceptibility to H. Schachtii. Four inde 
pendent homozygous T3 lines for each construct were 
assayed for nematode Susceptibility. All lines showed signifi 
cantly reduced susceptibility compared with wild-type 
plants. Data are presented as the meant-SE. Mean values 
significantly different from the wild-type (Col-0) were deter 
mined by unadjusted paired ttests (P<0.05) and indicated by 
an asterisk. Identical results were obtained from at least two 
independent experiments. 
0033 FIG.5: Overexpression of miR396, GRF1 or GRF3 
negatively impacts syncytium size and nematode develop 
ment. (A) Transgenic plants overexpressing miR396, rGRF1 
or rGRF3 developed smaller syncytia than the wild type. 
Homozygous T3 lines overexpressing miR396b (line 16-4), 
rGRF1 (lines 12-3) or rCRF3 (line 12-5) as well as wild-type 
(Col-0) were planted on modified Knop's medium, and 10-d- 
old seedlings were inoculated with ~200 surface-sterilized J2 
H. Schachtiinematodes. Two weeks post-inoculation, at least 
20 single-nematode syncytia were randomly selected and 
measured. Data are presented as meansitSE. The asterisk 
indicates a statistically significance difference from wild 
type plants at PK0.05. (B) and (C) Overexpression of miR396, 
rGRF1 or rCRF3 negatively impacts nematode development. 
Seeds of the above-indicated lines along with wild-type (Col 
O) were planted and inoculated as described in (A). After 
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inoculation, the number of parasitic J2/J3 (B) and J4 females 
(C) was counted in the same plants. Data are presented as 
means-SE. The asterisk indicates a statistically significance 
difference from wild-type plants at PK0.05. 
0034 FIG. 6: Functional classification of the differentially 
expressed genes identified in 35S:rGRF1, 35S:rGRF1 and 
grfl/grfl/grf3 mutants. (A) Venn diagram showing overlaps 
between differentially expressed genes in 35S:rGRF1, 35S: 
rGRF3 and grf1/grf2/grf3 mutants. The total number of dif 
ferentially expressed genes in each set is shown in parenthe 
ses. Genes are listed in Table S1A-C. (B) and (C) Venn 
diagram comparing the overlapping differentially expressed 
genes between 35S:rGRF1 and grf1/grf2/grf3 (B) or 35S: 
rGRF1 and grf1/grf2/grf3 (C). Numbers in the areas high 
lighted in red indicate differentially expressed genes that 
exhibit opposite expression whereas overlapping areas high 
lighted in blue indicate the number of the differentially 
expressed genes that exhibited similar expression. (Genes are 
listed in Table S1D and E). (D) and (E) Gene ontology cat 
egorization of the molecular functions (D) or the biological 
processes (E) of the candidate target genes of GRF1 or GRF3. 
(Genes used for this categorization are listed in Table S1D and 
E). (F) Venn diagram showing overlaps between differentially 
expressed genes in the syncytium and those identified in 
35S:rGRF1, 35S:rGRF1 and grfl/grf2/grf3 mutants. The 
total number of differentially expressed genes in each set is 
shown in parentheses. 
0035 FIG. 7: Expression profiles of GRF gene family 
members in Arabidopsis roots. 
0036 FIG. 8 (A-L): Spatial expression patterns of 
miR396a and miR396b and the target genes GRF1 and GRF3. 
0037 FIG. 9 (A-F): Quantification of transgene expres 
sion levels in the transgenic Arabidopsis lines described in 
this study using qPCR. 
0038 FIG. 10 (A-C): Characterization of Arabidopsis 
grfl and grf3 mutants. 
0039 FIG. 11 (A-D); GRF2 promoteractivity during Het 
erodera Schachtii infection. 
0040 FIG. 12: Soybean miR396/target GRFs Expression 
Analyses with qRT-PCR after SCN Infection. 

DETAILED DESCRIPTION OF THE INVENTION 

0041. The practice of the present invention will employ, 
unless otherwise indicated, conventional techniques of 
botany, microbiology, tissue culture, molecular biology, 
chemistry, biochemistry and recombinant DNA technology, 
which are within the skill of the art. Such techniques are 
explained fully in the literature. See, e.g., Langenheim and 
Thimann, (1982) Botany: Plant Biology and Its Relation to 
Human Affairs, John Wiley; Cell Culture and Somatic Cell 
Genetics of Plants, vol. 1, Vasil, ed. (1984); Stanier, et al., 
(1986) The Microbial World, 5' ed., Prentice-Hall; Dhringra 
and Sinclair, (1985) Basic Plant Pathology Methods, CRC 
Press: Maniatis, et al., (1982) Molecular Cloning: A Labora 
tory Manual; DNA Cloning, vols. I and II, Glover, ed. (1985); 
Oligonucleotide Synthesis, Gait, ed. (1984); Nucleic Acid 
Hybridization, Hames and Higgins, eds. (1984); and the 
series Methods in Enzymology, Colowick and Kaplan, eds, 
Academic Press, Inc., San Diego, Calif. 
0042 Units, prefixes, and symbols may be denoted in their 
SI accepted form. Unless otherwise indicated, nucleic acids 
are written left to right in 5' to 3' orientation; amino acid 
sequences are written left to right in amino to carboxy orien 
tation, respectively. Numeric ranges are inclusive of the num 
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bers defining the range. Amino acids may be referred to 
herein by either their commonly known three letter symbols 
or by the one-letter symbols recommended by the IUPAC 
IUB Biochemical Nomenclature Commission. Nucleotides, 
likewise, may be referred to by their commonly accepted 
single-letter codes. The terms defined below are more fully 
defined by reference to the specification as a whole. In 
describing the present invention, the following terms will be 
employed, and are intended to be defined as indicated below. 
0043. By “amplified' is meant the construction of multiple 
copies of a nucleic acid sequence or multiple copies comple 
mentary to the nucleic acid sequence using at least one of the 
nucleic acid sequences as a template. Amplification systems 
include the polymerase chain reaction (PCR) system, ligase 
chain reaction (LCR) system, nucleic acid sequence based 
amplification (NASBA, Cangene, Mississauga, Ontario), 
Q-Beta Replicase systems, transcription-based amplification 
system (TAS), and strand displacement amplification (SDA). 
See, e.g., Diagnostic Molecular Microbiology: Principles and 
Applications, Persing, et al., eds. American Society for 
Microbiology, Washington, D.C. (1993). The product of 
amplification is termed an amplicon. 
0044) The term “conservatively modified variants' applies 
to both amino acid and nucleic acid sequences. With respect 
to particular nucleic acid sequences, conservatively modified 
variants refer to those nucleic acids that encode identical or 
conservatively modified variants of the amino acid 
sequences. Because of the degeneracy of the genetic code, a 
large number of functionally identical nucleic acids encode 
any given protein. For instance, the codons GCA, GCC, GCG 
and GCU all encode the amino acid alanine Thus, at every 
position where an alanine is specified by a codon, the codon 
can be altered to any of the corresponding codons described 
without altering the encoded polypeptide. Such nucleic acid 
variations are “silent variations” and represent one species of 
conservatively modified variation. Every nucleic acid 
sequence herein that encodes a polypeptide also describes 
every possible silent variation of the nucleic acid. One of 
ordinary skill will recognize that each codon in a nucleic acid 
(except AUG, which is ordinarily the only codon for methion 
ine; one exception is Micrococcus rubens, for which GTG is 
the methionine codon (Ishizuka, et al., (1993) J. Gen. Micro 
biol. 139:425-32) can be modified to yield a functionally 
identical molecule. Accordingly, each silent variation of a 
nucleic acid, which encodes a polypeptide of the present 
invention, is implicit in each described polypeptide sequence 
and incorporated herein by reference. 
0045. As to amino acid sequences, one of skill will recog 
nize that individual substitutions, deletions or additions to a 
nucleic acid, peptide, polypeptide, or protein sequence which 
alters, adds or deletes a single amino acid or a small percent 
age of amino acids in the encoded sequence is a “conserva 
tively modified variant' when the alteration results in the 
Substitution of an amino acid with a chemically similar amino 
acid. Thus, any number of amino acid residues selected from 
the group of integers consisting of from 1 to 15 can be so 
altered. Thus, for example, 1,2,3,4, 5, 7 or 10 alterations can 
be made. Conservatively modified variants typically provide 
similar biological activity as the unmodified polypeptide 
sequence from which they are derived. For example, substrate 
specificity, enzyme activity, or ligand/receptor binding is gen 
erally at least 30%, 40%, 50%, 60%, 70%, 80% or 90%, 
preferably 60-90% of the native protein for its native sub 

Nov. 1, 2012 

strate. Conservative substitution tables providing function 
ally similar amino acids are well known in the art. 
0046. The following six groups each contain amino acids 
that are conservative substitutions for one another: 

1) Alanine (A), Serine (S), Threonine (T); 
0047. 2) Aspartic acid (D), Glutamic acid (E); 

3) Asparagine (N). Glutamine (Q); 
4) Arginine (R), Lysine (K); 
5) Isoleucine (I), Leucine (L), Methionine (M), Valine (V); 
and 

6) Phenylalanine (F), Tyrosine (Y), Tryptophan (W). 

0048. See also, Creighton, Proteins, W.H. Freeman and 
Co. (1984). 
0049. As used herein, "consisting essentially of means 
the inclusion of additional sequences to an object polynucle 
otide where the additional sequences do not selectively 
hybridize, under stringent hybridization conditions, to the 
same cDNA as the polynucleotide and where the hybridiza 
tion conditions include a wash step in 0.1 xSSC and 0.1% 
sodium dodecyl sulfate at 65° C. 
0050. By “encoding” or “encoded,” with respect to a 
specified nucleic acid, is meant comprising the information 
for translation into the specified protein. A nucleic acid 
encoding a protein may comprise non-translated sequences 
(e.g., introns) within translated regions of the nucleic acid, or 
may lack Such intervening non-translated sequences (e.g., as 
in cDNA). The information by which a protein is encoded is 
specified by the use of codons. Typically, the amino acid 
sequence is encoded by the nucleic acid using the “universal' 
genetic code. However, variants of the universal code, such as 
is present in some plant, animal, and fungal mitochondria, the 
bacterium Mycoplasma capricolumn (Yamao, et al., (1985) 
Proc. Natl. Acad. Sci. USA 82:2306-9), or the ciliate Macro 
nucleus, may be used when the nucleic acid is expressed 
using these organisms. 
0051. When the nucleic acid is prepared or altered syn 
thetically, advantage can be taken of known codon prefer 
ences of the intended host where the nucleic acid is to be 
expressed. For example, although nucleic acid sequences of 
the present invention may be expressed in both monocotyle 
donous and dicotyledonous plant species, sequences can be 
modified to account for the specific codon preferences and 
GC content preferences of monocotyledonous plants or 
dicotyledonous plants as these preferences have been shown 
to differ (Murray, et al., (1989) Nucleic Acids Res. 17:477-98 
and herein incorporated by reference). Thus, the maize pre 
ferred codon for a particular amino acid might be derived 
from known gene sequences from maize. Maize codon usage 
for 28 genes from maize plants is listed in Table 4 of Murray, 
et al., Supra. 
0052. As used herein, "control plant' is a plant without 
recombinant DNA disclosed herein. A control plant is used to 
measure and compare trait improvement in a transgenic plant 
with such recombinant DNA. A suitable control plant may be 
a non-transgenic plant of the parental line used to generate a 
transgenic plantherein. Alternatively, a control plant may be 
a transgenic plant that comprises an empty vector or marker 
gene, but does not contain the recombinant DNA that pro 
duces the trait improvement. A control plant may also be a 
negative segregant progeny of hemizygous transgenic plant. 
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0053 As used herein, “gene’ refers to chromosomal 
DNA, plasmid DNA, cDNA, synthetic DNA, or other DNA 
that encodes a peptide, polypeptide, protein, or RNA mol 
ecule, and regions flanking the coding sequences involved in 
the regulation of expression. 
0054 As used herein, "heterologous' in reference to a 
nucleic acid is a nucleic acid that originates from a foreign 
species, or, if from the same species, is Substantially modified 
from its native form in composition and/or genomic locus by 
deliberate human intervention. For example, a promoteroper 
ably linked to a heterologous structural gene is from a species 
different from that from which the structural gene was derived 
or, if from the same species, one or both are substantially 
modified from their original form. A heterologous protein 
may originate from a foreign species or, if from the same 
species, is substantially modified from its original form by 
deliberate human intervention. 
0055. By “host cell' is meant a cell, which comprises a 
heterologous nucleic acid sequence of the invention, which 
contains a vector and Supports the replication and/or expres 
sion of the expression vector. Host cells may be prokaryotic 
cells such as E. coli, or eukaryotic cells such as yeast, insect, 
plant, amphibian, or mammalian cells. Preferably, host cells 
are monocotyledonous or dicotyledonous plant cells, includ 
ing but not limited to maize, Sorghum, Sunflower, soybean, 
wheat, alfalfa, rice, cotton, canola, lawn grass, barley, millet, 
and tomato. A particularly preferred monocotyledonous host 
cell is a soybean host cell. 
0056. The term “hybridization complex” includes refer 
ence to a duplex nucleic acid structure formed by two single 
stranded nucleic acid sequences selectively hybridized with 
each other. 

0057. As used herein, “improved trait” refers to a trait with 
a detectable improvement in a transgenic plant relative to a 
control plant or a reference. In some cases, the trait improve 
ment can be measured quantitatively. For example, the trait 
improvement can entail at least a 2% desirable difference in 
an observed trait, at least a 5% desirable difference, at least 
about a 10% desirable difference, at least about a 20% desir 
able difference, at least about a 30% desirable difference, at 
least about a 50% desirable difference, at least about a 70% 
desirable difference, or at least about a 100% difference, oran 
even greater desirable difference. In other cases, the trait 
improvement is only measured qualitatively. It is known that 
there can be a natural variation in a trait. Therefore, the trait 
improvement observed entails a change of the normal distri 
bution of the trait in the transgenic plant compared with the 
trait distribution observed in a control plant or a reference, 
which is evaluated by statistical methods provided herein. 
Trait improvement includes, but not limited to, yield increase, 
including increased yield under non-stress conditions and 
increased yield under environmental stress conditions. Stress 
conditions may include, for example, drought, shade, fungal 
disease, viral disease, bacterial disease, insect infestation, 
nematode infestation, cold temperature exposure, heat expo 
Sure, osmotic stress, reduced nitrogen nutrient availability, 
reduced phosphorus nutrient availability and high plant den 
sity. 
0058. The term “introduced in the context of inserting a 
nucleic acid into a cell, means “transfection' or “transforma 
tion' or “transduction' and includes reference to the incor 
poration of a nucleic acid into a eukaryotic or prokaryotic cell 
where the nucleic acid may be incorporated into the genome 
of the cell (e.g., chromosome, plasmid, plastid or mitochon 
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drial DNA), converted into an autonomous replicon, or tran 
siently expressed (e.g., transfected mRNA). 
0059. The terms “isolated or “isolated nucleic acid or 
"isolated protein’ refer to material, such as a nucleic acid or 
a protein, which is Substantially or essentially free from com 
ponents which normally accompany or interact with it as 
found in its naturally occurring environment. The isolated 
material optionally comprises material not found with the 
material in its natural environment. Nucleic acids which are 
"isolated’, as defined herein, are also referred to as "heter 
ologous nucleic acids. 
0060. As used herein, “nucleic acid' includes reference to 
a deoxyribonucleotide or ribonucleotide polymer in either 
single- or double-stranded form, and unless otherwise lim 
ited, encompasses known analogues having the essential 
nature of natural nucleotides in that they hybridize to single 
Stranded nucleic acids in a manner similar to naturally occur 
ring nucleotides (e.g., peptide nucleic acids). 
0061. By “nucleic acid library” is meant a collection of 
isolated DNA or RNA molecules, which comprise and sub 
stantially represent the entire transcribed fraction of a 
genome of a specified organism. Construction of exemplary 
nucleic acid libraries, such as genomic and cDNA libraries, is 
taught in standard molecular biology references such as 
Berger and Kimmel, (1987) Guide To Molecular Cloning 
Techniques, from the series Methods in Enzymology, Vol. 
152, Academic Press, Inc., San Diego, Calif.; Sambrook, et 
al., (1989) Molecular Cloning: A Laboratory Manual. 2, ed., 
vols. 1-3; and Current Protocols in Molecular Biology, 
Ausubel, et al., eds. Current Protocols, a joint venture 
between Greene Publishing Associates, Inc. and John Wiley 
& Sons, Inc. (1994 Supplement). 
0062. As used herein “operably linked' includes reference 
to a functional linkage between a first sequence, such as a 
promoter, and a second sequence, wherein the promoter 
sequence initiates and mediates transcription of the DNA 
corresponding to the second sequence. Generally, operably 
linked means that the nucleic acid sequences being linked are 
contiguous and, where necessary to join two protein coding 
regions, contiguous and in the same reading frame. 
0063 As used herein, the term “plant includes reference 
to whole plants, plant organs (e.g., leaves, stems, roots, etc.), 
seeds and plant cells and progeny of same. Plant cell, as used 
herein includes, without limitation, cells in or from seeds, 
Suspension cultures, embryos, meristematic regions, callus 
tissue, leaves, roots, shoots, gametophytes, sporophytes, pol 
len, and microspores. The class of plants which can be used in 
the methods of the invention is generally as broad as the class 
of higher plants amenable to transformation techniques, 
including both monocotyledonous and dicotyledonous plants 
including species from the genera: Cucurbita, Rosa, Vitis, 
Juglans, Fragaria, Lotus, Medicago, Onobrychis, Trifolium, 
Trigonella, Vigna, Citrus, Linum, Geranium, Manihot, Dau 
cus, Arabidopsis, Brassica, Raphanus, Sinapis, Atropa, Cap 
sicum, Datura, Hyoscyamus, Lycopersicon, Nicotiana, 
Solanum, Petunia, Digitalis, Majorana, Ciahorium, Helian 
thus, Lactuca, Bromus, Asparagus, Antirrhinum, Heterocal 
lis, Nemesis, Pelargonium, Pamieum, Pennisetum, Ranuncu 
lus, Senecio, Salpiglossis, Cucumis, Browaalia, Glycine, 
Pisum, Phaseolus, Lolium, Oryza, Avena, Hordeum, Secale, 
Allium, and Triticum. A particularly preferred plant is Zea 
mayS. 

0064. As used herein, yield’ may include reference to 
bushels per acre of a grain crop at harvest, as adjusted for 
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grain moisture (15% typically for maize, for example), and/or 
the Volume of biomass generated (for forage crops such as 
alfalfa, and plant root size for multiple crops). Grain moisture 
is measured in the grain at harvest. The adjusted test weight of 
grain is determined to be the weight in pounds per bushel, 
adjusted for grain moisture level at harvest. Biomass is mea 
Sured as the weight of harvestable plant material generated. 
0065. As used herein, “polynucleotide' includes reference 
to a deoxyribopolynucleotide, ribopolynucleotide, or analogs 
thereof that have the essential nature of a natural ribonucle 
otide in that they hybridize, under stringent hybridization 
conditions, to Substantially the same nucleotide sequence as 
naturally occurring nucleotides and/or allow translation into 
the same amino acid(s) as the naturally occurring nucleotide 
(s). A polynucleotide can be full-length or a Subsequence of a 
native or heterologous structural or regulatory gene. Unless 
otherwise indicated, the term includes reference to the speci 
fied sequence as well as the complementary sequence thereof. 
Thus, DNAS or RNAs with backbones modified for stability 
or for other reasons are “polynucleotides” as that term is 
intended herein. Moreover, DNAS or RNAs comprising 
unusual bases, such as inosine, or modified bases, such as 
tritylated bases, to name just two examples, are polynucle 
otides as the term is used herein. It will be appreciated that a 
great variety of modifications have been made to DNA and 
RNA that serve many useful purposes known to those of skill 
in the art. The term polynucleotide as it is employed herein 
embraces Such chemically, enzymatically or metabolically 
modified forms of polynucleotides, as well as the chemical 
forms of DNA and RNA characteristic of viruses and cells, 
including interalia, simple and complex cells. 
0066. The terms “polypeptide,” “peptide,” and “protein' 
are used interchangeably hereinto refer to a polymer of amino 
acid residues. The terms apply to amino acid polymers in 
which one or more amino acid residue is an artificial chemical 
analogue of a corresponding naturally occurring amino acid, 
as well as to naturally occurring amino acid polymers. 
0067. As used herein “promoter” includes reference to a 
region of DNA upstream from the start of transcription and 
involved in recognition and binding of RNA polymerase and 
other proteins to initiate transcription. A “plant promoter is 
a promoter capable of initiating transcription in plant cells. 
Exemplary plant promoters include, but are not limited to, 
those that are obtained from plants, plant viruses, and bacteria 
which comprise genes expressed in plant cells such Agrobac 
terium or Rhizobium. Examples are promoters that preferen 
tially initiate transcription in certain tissues, such as leaves, 
roots, seeds, fibres, xylem vessels, tracheids, or Scleren 
chyma. Such promoters are referred to as “tissue-preferred.” 
A “cell type' specific promoterprimarily drives expression in 
certain cell types in one or more organs, for example, vascular 
cells in roots or leaves. An “inducible' or “regulatable' pro 
moter is a promoter which is under environmental control. 
Examples of environmental conditions that may affect tran 
Scription by inducible promoters include anaerobic condi 
tions or the presence of light. Another type of promoter is a 
developmentally regulated promoter, for example, a promoter 
that drives expression during pollen development. Tissue pre 
ferred, cell type specific, developmentally regulated, and 
inducible promoters constitute the class of “non-constitutive' 
promoters. A "constitutive' promoter is a promoter, which is 
active under most environmental conditions. 

0068. As used herein “recombinant includes reference to 
a cell or vector that has been modified by the introduction of 
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a heterologous nucleic acid, or that the cell is derived from a 
cell so modified. Thus, for example, recombinant cells 
express genes that are not found in identical form within the 
native (non-recombinant) form of the cell or express native 
genes that are otherwise abnormally expressed, under 
expressed or not expressed at all as a result of deliberate 
human intervention; or may have reduced or eliminated 
expression of a native gene. The term “recombinant’ as used 
herein does not encompass the alteration of the cell or vector 
by naturally occurring events (e.g., spontaneous mutation, 
natural transformation/transduction/transposition) Such as 
those occurring without deliberate human intervention. 
0069. As used herein, a “recombinant expression cassette' 

is a nucleic acid construct, generated recombinantly or Syn 
thetically, with a series of specified nucleic acid elements, 
which permit transcription of a particular nucleic acid in a 
target cell. The recombinant expression cassette can be incor 
porated into a plasmid, chromosome, mitochondrial DNA, 
plastid DNA, virus, or nucleic acid fragment. Typically, the 
recombinant expression cassette portion of an expression 
vector includes, among other sequences, a nucleic acid to be 
transcribed, and a promoter. 
0070. The terms “residue' or “amino acid residue' or 
“amino acid are used interchangeably herein to refer to an 
amino acid that is incorporated into a protein, polypeptide, or 
peptide (collectively “protein'). The amino acid may be a 
naturally occurring amino acid and, unless otherwise limited, 
may encompass known analogs of natural amino acids that 
can function in a similar manner as naturally occurring amino 
acids. 
(0071. The term “selectively hybridizes” includes refer 
ence to hybridization, under stringent hybridization condi 
tions, of a nucleic acid sequence to a specified nucleic acid 
target sequence to a detectably greater degree (e.g., at least 
2-fold over background) than its hybridization to non-target 
nucleic acid sequences and to the Substantial exclusion of 
non-target nucleic acids. Selectively hybridizing sequences 
typically have about at least 40% sequence identity, prefer 
ably 60-90% sequence identity, and most preferably 100% 
sequence identity (i.e., complementary) with each other. 
0072 The terms “stringent conditions' or “stringent 
hybridization conditions’ include reference to conditions 
under which a probe will hybridize to its target sequence, to a 
detectably greater degree than other sequences (e.g., at least 
2-fold over background). Stringent conditions are sequence 
dependent and will be different in different circumstances. By 
controlling the stringency of the hybridization and/or wash 
ing conditions, target sequences can be identified which can 
be up to 100% complementary to the probe (homologous 
probing). Alternatively, stringency conditions can be adjusted 
to allow some mismatching in sequences so that lower 
degrees of similarity are detected (heterologous probing). 
Optimally, the probe is approximately 500 nucleotides in 
length, but can vary greatly in length from less than 500 
nucleotides to equal to the entire length of the target sequence. 
0073. Typically, stringent conditions will be those in 
which the salt concentration is less than about 1.5 MNaion, 
typically about 0.01 to 1.0 M Na ion concentration (or other 
salts) at pH 7.0 to 8.3 and the temperature is at least about 30° 
C. for short probes (e.g., 10 to 50 nucleotides) and at least 
about 60° C. for long probes (e.g., greater than 50 nucle 
otides). Stringent conditions may also be achieved with the 
addition of destabilizing agents such as formamide or Den 
hardt's. Exemplary low stringency conditions include hybrid 
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ization with a buffer solution of 30 to 35% formamide, 1 M 
NaCl, 1% SDS (sodium dodecyl sulphate) at 37° C., and a 
wash in 1x to 2xSSC (20xSSC=3.0 MNaC1/0.3 M trisodium 
citrate) at 50 to 55° C. Exemplary moderate stringency con 
ditions include hybridization in 40 to 45% formamide, 1 M 
NaCl, 1% SDS at 37°C., and a wash in 0.5x to lx SSC at 55 
to 60° C. Exemplary high stringency conditions include 
hybridization in 50% formamide, 1 MNaCl, 1% SDS at 37° 
C., and a wash in 0.1xSSC at 60 to 65° C. Specificity is 
typically the function of post-hybridization washes, the criti 
cal factors being the ionic strength and temperature of the 
final wash solution. For DNA-DNA hybrids, the T can be 
approximated from the equation of Meinkoth and Wahl, 
(1984) Anal. Biochem., 138:267-84: T81.5° C.+16.6 (log 
M)+0.41 (% GC)-0.61 (% form)-500/L: where M is the 
molarity of monovalent cations, 96 GC is the percentage of 
guanosine and cytosine nucleotides in the DNA,% form is the 
percentage of formamide in the hybridization Solution, and L 
is the length of the hybrid in base pairs. The T is the tem 
perature (under defined ionic strength and pH) at which 50% 
of a complementary target sequence hybridizes to a perfectly 
matched probe. T is reduced by about 1° C. for each 1% of 
mismatching; thus, T., hybridization and/or wash conditions 
can be adjusted to hybridize to sequences of the desired 
identity. For example, if sequences with >90% identity are 
sought, the T can be decreased 10° C. Generally, stringent 
conditions are selected to be about 5° C. lower than the 
thermal melting point (T) for the specific sequence and its 
complement at a defined ionic strength and pH. However, 
severely stringent conditions can utilize a hybridization and/ 
or wash at 1, 2, 3 or 4°C. lower than the thermal melting point 
(T); moderately stringent conditions can utilize a hybridiza 
tion and/or wash at 6, 7, 8, 9 or 10° C. lower than the thermal 
melting point (T), low stringency conditions can utilize a 
hybridization and/or wash at 11, 12, 13, 14, 15 or 20° C. lower 
than the thermal melting point (T). Using the equation, 
hybridization and wash compositions, and desired T, those 
of ordinary skill will understand that variations in the strin 
gency of hybridization and/or wash Solutions are inherently 
described. If the desired degree of mismatching results in a T. 
of less than 45° C. (aqueous solution) or 32° C. (formamide 
solution) it is preferred to increase the SSC concentration so 
that a higher temperature can be used. An extensive guide to 
the hybridization of nucleic acids is found in Tijssen, Labo 
ratory Techniques in Biochemistry and Molecular Biology— 
Hybridization with Nucleic Acid Probes, part I, chapter 2, 
“Overview of principles of hybridization and the strategy of 
nucleic acid probe assays.” Elsevier, N.Y. (1993); and Current 
Protocols in Molecular Biology, chapter 2, Ausubel, et al., 
eds, Greene Publishing and Wiley-Interscience, New York 
(1995). Unless otherwise stated, in the present application 
high stringency is defined as hybridization in 4xSSC, 5xDen 
hardt's (5 g Ficoll, 5g polyvinypyrrolidone, 5 g bovine serum 
albumin in 500 ml of water), 0.1 mg/ml boiled salmon sperm 
DNA, and 25 mM Na phosphate at 65° C., and a wash in 
0.1XSSC, 0.1% SDS at 65° C. 
0074 As used herein, “trait” refers to a physiological, 
morphological, biochemical, or physical characteristic of a 
plant or particular plant material or cell. In some instances, 
this characteristic is visible to the human eye. Such as seed or 
plant size, or can be measured by biochemical techniques, 
Such as detecting the protein, starch, or oil content of seed or 
leaves, or by observation of a metabolic or physiological 
process, e.g., by measuring uptake of carbon dioxide, or by 
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the observation of the expression level of agene or genes, e.g., 
by employing Northern analysis, RT-PCR, microarray gene 
expression assays, or reporter gene expression systems, or by 
agricultural observations such as stress tolerance, yield, or 
pathogen tolerance. 
0075. As used herein, “transgenic plant includes refer 
ence to a plant, which comprises within its genome a heter 
ologous polynucleotide. Generally, the heterologous poly 
nucleotide is stably integrated within the genome Such that 
the polynucleotide is passed on to Successive generations. 
The heterologous polynucleotide may be integrated into the 
genome alone or as part of a recombinant expression cassette. 
“Transgenic’ is used herein to include any cell, cell line, 
callus, tissue, plant part or plant, the genotype of which has 
been altered by the presence of heterologous nucleic acid 
including those transgenics initially so altered as well as those 
created by sexual crosses or asexual propagation from the 
initial transgenic. The term “transgenic as used herein does 
not encompass the alteration of the genome (chromosomal or 
extra-chromosomal) by conventional plant breeding methods 
or by naturally occurring events such as random cross-fertili 
Zation, non-recombinant viral infection, non-recombinant 
bacterial transformation, non-recombinant transposition, or 
spontaneous mutation. 
0076. As used herein, “transgenic seed’ refers to a plant 
seed whose genome has been altered by the incorporation of 
recombinant DNA, e.g., by transformation as described 
herein. The term “transgenic plant' is used to refer to the plant 
produced from an original transformation event, or progeny 
from later generations or crosses of a plant to a transformed 
plant, so long as the progeny contains the recombinant DNA 
in its genome. 
0077. As used herein, “vector includes reference to a 
nucleic acid used in transfection of a host cell and into which 
can be inserted a polynucleotide. Vectors are often replicons. 
Expression vectors permit transcription of a nucleic acid 
inserted therein. 
0078. The following terms are used to describe the 
sequence relationships between two or more nucleic acids or 
polynucleotides or polypeptides: (a) “reference sequence.” 
(b) “comparison window, (c) “sequence identity.” (d) “per 
centage of sequence identity, and (e) 'substantial identity.” 
0079. As used herein, “reference sequence' is a defined 
sequence used as a basis for sequence comparison. A refer 
ence sequence may be a Subset or the entirety of a specified 
sequence; for example, as a segment of a full-length cDNA or 
gene sequence, or the complete cDNA or gene sequence. 
0080. As used herein, “comparison window' means 
includes reference to a contiguous and specified segment of a 
polynucleotide sequence, wherein the polynucleotide 
sequence may be compared to a reference sequence and 
wherein the portion of the polynucleotide sequence in the 
comparison window may comprise additions or deletions 
(i.e., gaps) compared to the reference sequence (which does 
not comprise additions or deletions) for optimal alignment of 
the two sequences. Generally, the comparison window is at 
least 20 contiguous nucleotides in length, and optionally can 
be 30, 40, 50, 100 or longer. Those of skill in the art under 
stand that to avoid a high similarity to a reference sequence 
due to inclusion of gaps in the polynucleotide sequence a gap 
penalty is typically introduced and is Subtracted from the 
number of matches. 
I0081 Methods of alignment of nucleotide and amino acid 
sequences for comparison are well known in the art. The local 
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homology algorithm (BESTFIT) of Smith and Waterman, 
(1981) Adv. Appl. Math 2:482, may conduct optimal align 
ment of sequences for comparison; by the homology align 
ment algorithm (GAP) of Needleman and Wunsch, (1970) J. 
Mol. Biol. 48:443-53; by the search for similarity method 
(Tfasta and Fasta) of Pearson and Lipman, (1988) Proc. Natl. 
Acad. Sci. USA 85:2444; by computerized implementations 
of these algorithms, including, but not limited to: CLUSTAL 
in the PC/Gene program by Intelligenetics, Mountain View, 
Calif., GAP, BESTFIT, BLAST, FASTA, and TFASTA in the 
Wisconsin Genetics Software Package, Version 8 (available 
from Genetics Computer Group (GCG(R) programs (Accel 
rys, Inc., San Diego, Calif.).). The CLUSTAL program is well 
described by Higgins and Sharp, (1988) Gene 73:237-44: 
Higgins and Sharp, (1989) CABIOS 5:151-3: Corpet, et al., 
(1988) Nucleic Acids Res. 16:10881-90; Huang, et al., (1992) 
Computer Applications in the Biosciences 8:155-65, and 
Pearson, et al., (1994) Meth. Mol. Biol. 24:307-31. The pre 
ferred program to use for optimal global alignment of mul 
tiple sequences is PileUp (Feng and Doolittle, (1987).J. Mol. 
Evol., 25:351-60 which is similar to the method described by 
Higgins and Sharp, (1989) CABIOS 5:151-53 and hereby 
incorporated by reference). The BLAST family of programs 
which can be used for database similarity searches includes: 
BLASTN for nucleotide query sequences against nucleotide 
database sequences; BLASTX for nucleotide query 
sequences against protein database sequences; BLASTP for 
protein query sequences against protein database sequences; 
TBLASTN for protein query sequences against nucleotide 
database sequences; and TBLASTX for nucleotide query 
sequences against nucleotide database sequences. See, Cur 
rent Protocols in Molecular Biology, Chapter 19, Ausubel et 
al., eds. Greene Publishing and Wiley-Interscience, New 
York (1995). 
0082) GAP uses the algorithm of Needleman and Wunsch, 
Supra, to find the alignment of two complete sequences that 
maximizes the number of matches and minimizes the number 
of gaps. GAP considers all possible alignments and gap posi 
tions and creates the alignment with the largest number of 
matched bases and the fewest gaps. It allows for the provision 
of a gap creation penalty and a gap extension penalty in units 
of matched bases. GAP must make a profit of gap creation 
penalty number of matches for each gap it inserts. If a gap 
extension penalty greater than Zero is chosen, GAP must, in 
addition, make a profit for each gap inserted of the length of 
the gap times the gap extension penalty. Default gap creation 
penalty values and gap extension penalty values in Version 10 
of the Wisconsin Genetics Software Package are 8 and 2. 
respectively. The gap creation and gap extension penalties 
can be expressed as an integer selected from the group of 
integers consisting of from 0 to 100. Thus, for example, the 
gap creation and gap extension penalties can be 0, 1,2,3,4, 5, 
6, 7, 8, 9, 10, 15, 20, 30, 40, 50 or greater. 
I0083) GAP presents one member of the family of best 
alignments. There may be many members of this family, but 
no other member has a better quality. GAP displays four 
figures of merit for alignments: Quality, Ratio, Identity, and 
Similarity. The Quality is the metric maximized in order to 
align the sequences. Ratio is the quality divided by the num 
ber of bases in the shorter segment. Percent Identity is the 
percent of the symbols that actually match. Percent Similarity 
is the percent of the symbols that are similar. Symbols that are 
across from gaps are ignored. A similarity is scored when the 
scoring matrix value for a pair of symbols is greater than or 
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equal to 0.50, the similarity threshold. The scoring matrix 
used in Version 10 of the Wisconsin Genetics Software Pack 
age is BLOSUM62 (see, Henikoff and Henikoff, (1989) Proc. 
Natl. Acad. Sci. USA 89:10915). 
I0084. Unless otherwise stated, sequence identity/similar 
ity values provided herein refer to the value obtained using the 
BLAST 2.0 suite of programs using default parameters (Alts 
chul, et al., (1997) Nucleic Acids Res. 25:3389-402). 
I0085. As those of ordinary skill in the art will understand, 
BLAST searches assume that proteins can be modeled as 
random sequences. However, many real proteins comprise 
regions of nonrandom sequences, which may be homopoly 
meric tracts, short-period repeats, or regions enriched in one 
or more amino acids. Such low-complexity regions may be 
aligned between unrelated proteins even though other regions 
of the protein are entirely dissimilar. A number of low-com 
plexity filter programs can be employed to reduce Such low 
complexity alignments. For example, the SEG (Wooten and 
Federhen, (1993) Comput. Chem. 17:149-63) and XNU 
(Clayerie and States, (1993) Comput. Chem. 17:191-201) 
low-complexity filters can be employed alone or in combina 
tion. 
I0086. As used herein, “sequence identity” or “identity” in 
the context of two nucleic acid or polypeptide sequences 
includes reference to the residues in the two sequences, which 
are the same when aligned for maximum correspondence 
over a specified comparison window. When percentage of 
sequence identity is used in reference to proteins it is recog 
nized that residue positions which are not identical often 
differ by conservative amino acid substitutions, where amino 
acid residues are substituted for other amino acid residues 
with similar chemical properties (e.g., charge or hydropho 
bicity) and therefore do not change the functional properties 
of the molecule. Where sequences differ in conservative sub 
stitutions, the percent sequence identity may be adjusted 
upwards to correct for the conservative nature of the substi 
tution. Sequences, which differ by such conservative substi 
tutions, are said to have “sequence similarity” or “similarity.” 
Means for making this adjustment are well known to those of 
skill in the art. Typically this involves scoring a conservative 
substitution as a partial rather than a full mismatch, thereby 
increasing the percentage sequence identity. Thus, for 
example, where an identical amino acid is given a score of 1 
and a non-conservative substitution is given a score of Zero, a 
conservative Substitution is given a score between Zero and 1. 
The scoring of conservative substitutions is calculated, e.g., 
according to the algorithm of Meyers and Miller, (1988) 
Computer Applic. Biol. Sci. 4:11-17, e.g., as implemented in 
the program PC/GENE (Intelligenetics, Mountain View, 
Calif., USA). 
I0087 As used herein, “percentage of sequence identity” 
means the value determined by comparing two optimally 
aligned sequences over a comparison window, wherein the 
portion of the polynucleotide sequence in the comparison 
window may comprise additions or deletions (i.e., gaps) as 
compared to the reference sequence (which does not com 
prise additions or deletions) for optimal alignment of the two 
sequences. The percentage is calculated by determining the 
number of positions at which the identical nucleic acid base or 
amino acid residue occurs in both sequences to yield the 
number of matched positions, dividing the number of 
matched positions by the total number of positions in the 
window of comparison and multiplying the result by 100 to 
yield the percentage of sequence identity. 
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0088. The term “substantial identity” of polynucleotide 
sequences means that a polynucleotide comprises a sequence 
that has between 50-100% sequence identity, preferably at 
least 50% sequence identity, preferably at least 60% sequence 
identity, preferably at least 70%, more preferably at least 
80%, more preferably at least 90%, and most preferably at 
least 95%, compared to a reference sequence using one of the 
alignment programs described using standard parameters. 
One of skill will recognize that these values can be appropri 
ately adjusted to determine corresponding identity of proteins 
encoded by two nucleotide sequences by taking into account 
codon degeneracy, amino acid similarity, reading frame posi 
tioning and the like. Substantial identity of amino acid 
sequences for these purposes normally means sequence iden 
tity of between 55-100%, preferably at least 55%, preferably 
at least 60%, more preferably at least 70%, 80%, 90%, and 
most preferably at least 95%. 
0089 Another indication that nucleotide sequences are 
substantially identical is if two molecules hybridize to each 
other under stringent conditions. The degeneracy of the 
genetic code allows for many amino acids Substitutions that 
lead to variety in the nucleotide sequence that code for the 
same amino acid, hence it is possible that the DNA sequence 
could code for the same polypeptide but not hybridize to each 
other under stringent conditions. This may occur, e.g., when 
a copy of a nucleic acid is created using the maximum codon 
degeneracy permitted by the genetic code. One indication that 
two nucleic acid sequences are Substantially identical is that 
the polypeptide, which the first nucleic acid encodes, is 
immunologically cross reactive with the polypeptide encoded 
by the second nucleic acid. 
0090. The terms “substantial identity” in the context of a 
peptide indicates that a peptide comprises a sequence with 
between 55-100% sequence identity to a reference sequence 
preferably at least 55% sequence identity, preferably 60% 
preferably 70%, more preferably 80%, most preferably at 
least 90% or 95% sequence identity to the reference sequence 
over a specified comparison window. Preferably, optimal 
alignment is conducted using the homology alignment algo 
rithm of Needleman and Wunsch, supra. An indication that 
two peptide sequences are substantially identical is that one 
peptide is immunologically reactive with antibodies raised 
against the second peptide. Thus, a peptide is Substantially 
identical to a second peptide, for example, where the two 
peptides differ only by a conservative substitution. In addi 
tion, a peptide can be substantially identical to a second 
peptide when they differ by a non-conservative change if the 
epitope that the antibody recognizes is Substantially identical. 
Peptides which are “substantially similar share sequences as 
noted above, except that residue positions which are not iden 
tical may differ by conservative amino acid changes. 
0091. Many agronomic traits can affect "yield, including 
without limitation, plant height, pod number, pod position on 
the plant, number of internodes, incidence of pod shatter, 
grain size, efficiency of nodulation and nitrogen fixation, 
efficiency of nutrient assimilation, resistance to biotic and 
abiotic stress, carbon assimilation, plant architecture, resis 
tance to lodging, percent seed germination, seedling vigor, 
and juvenile traits. Other traits that can affect yield include, 
efficiency of germination (including germination in stressed 
conditions), growth rate (including growth rate in stressed 
conditions), ear number, seed number per ear, seed size, com 
position of seed (starch, oil, protein) and characteristics of 
seed fill. Also of interest is the generation of transgenic plants 
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that demonstrate desirable phenotypic properties that may or 
may not confer an increase in overall plant yield. Such prop 
erties include enhanced plant morphology, plant physiology 
or improved components of the mature seed harvested from 
the transgenic plant. 
0092. As used herein, “increased yield of a transgenic 
plant of the present invention may be evidenced and measured 
in a number of ways, including test weight, seed number per 
plant, seed weight, seed number per unit area (i.e., seeds, or 
weight of seeds, per acre), bushels per acre, tons per acre, kilo 
per hectare. For example, maize yield may be measured as 
production of shelled corn kernels per unit of production area, 
e.g., in bushels per acre or metric tons per hectare, often 
reported on a moisture adjusted basis, e.g., at 15.5% moisture. 
Increased yield may result from improved utilization of key 
biochemical compounds, such as nitrogen, phosphorous and 
carbohydrate, or from improved tolerance to environmental 
stresses, such as cold, heat, drought, salt, and attack by pests 
orpathogens. Trait-improving recombinant DNA may also be 
used to provide transgenic plants having improved growth 
and development, and ultimately increased yield, as the result 
of modified expression of plant growth regulators or modifi 
cation of cell cycle or photosynthesis pathways. 

Nucleic Acids 

0093. The present invention provides, interalia, for the use 
of isolated nucleic acids of RNA, DNA, homologs, paralogs 
and orthologs and/or chimeras thereof, comprising a plant 
miRNA396 and plant GRF encoding polynucleotide. This 
includes naturally occurring as well as synthetic variants and 
homologs of the sequences. 
0094 Sequences homologous, i.e., that share significant 
sequence identity or similarity, to those provided herein 
derived from maize, Arabidopsis thaliana, rice or from other 
plants of choice, are also an aspect of the invention. Homolo 
gous sequences can be derived from any plant including 
monocots and dicots and in particular agriculturally impor 
tant plant species, including but not limited to, crops such as 
Soybean, wheat, corn (maize), potato, cotton, rice, rape, oil 
seed rape (including canola), Sunflower, alfalfa, clover, Sug 
arcane, and turf or fruits and vegetables, such as banana, 
blackberry, blueberry, strawberry, and raspberry, cantaloupe, 
carrot, cauliflower, coffee, cucumber, eggplant, grapes, hon 
eydew, lettuce, mango, melon, onion, papaya, peas, peppers, 
pineapple, pumpkin, spinach, squash, Sweet corn, tobacco, 
tomato, tomatillo, watermelon, rosaceous fruits (such as 
apple, peach, pear, cherry and plum) and vegetable brassicas 
(such as broccoli, cabbage, cauliflower, Brussels sprouts, and 
kohlrabi). Other crops, including fruits and vegetables, whose 
phenotype can be changed and which comprise homologous 
sequences include barley, rye: millet, Sorghum, currant, avo 
cado; citrus fruits such as oranges, lemons, grapefruit and 
tangerines, artichoke, cherries; nuts such as the walnut and 
peanut, endive; leek; roots such as arrowroot, beet, cassava, 
turnip, radish, yam, and Sweet potato; and beans. The 
homologous sequences may also be derived from Woody 
species. Such pine, poplar and eucalyptus, or mint or other 
labiates. In addition, homologous sequences may be derived 
from plants that are evolutionarily-related to crop plants, but 
which may not have yet been used as crop plants. Examples 
include deadly nightshade (Atropa belladona), related to 
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tomato; jimson weed (Datura stromnium), related to peyote: 
and teosinte (Zea species), related to corn (maize). 

Orthologs and Paralogs 

0095 Homologous sequences as described above can 
comprise orthologous or paralogous sequences. Several dif 
ferent methods are known by those of skill in the art for 
identifying and defining these functionally homologous 
sequences. Three general methods for defining orthologs and 
paralogs are described; an ortholog, paralog or homolog may 
be identified by one or more of the methods described below. 
0096 Orthologs and paralogs are evolutionarily related 
genes that have similar sequence and similar functions. 
Orthologs are structurally related genes in different species 
that are derived by a speciation event. Paralogs are structur 
ally related genes within a single species that are derived by a 
duplication event. 
0097. Within a single plant species, gene duplication may 
result in two copies of a particular gene, giving rise to two or 
more genes with similar sequence and often similar function 
known as paralogs. A paralog is therefore a similar gene 
formed by duplication within the same species. Paralogs typi 
cally cluster together or in the same Glade (a group of similar 
genes) when a gene family phylogeny is analyzed using pro 
grams such as CLUSTAL (Thompson et al. (1994) Nucleic 
Acids Res. 22: 4673-4680; Higgins et al. (1996) Methods 
Enzymol. 266: 383-402). Groups of similar genes can also be 
identified with pair-wise BLAST analysis (Feng and 
Doolittle (1987) J. Mol. Evol. 25: 351-360). 
0098 Speciation, the production of new species from a 
parental species, can also give rise to two or more genes with 
similar sequence and similar function. These genes, termed 
orthologs, often have an identical function within their host 
plants and are often interchangeable between species without 
losing function. Because plants have common ancestors, 
many genes in any plant species will have a corresponding 
orthologous gene in another plant species. Once a phylogenic 
tree for a gene family of one species has been constructed 
using a program such as CLUSTAL (Thompson et al. (1994) 
Nucleic Acids Res. 22: 4673-4680: Higgins et al. (1996) 
Supra) potential orthologous sequences can be placed into the 
phylogenetic tree and their relationship to genes from the 
species of interest can be determined. Orthologous sequences 
can also be identified by a reciprocal BLAST strategy. Once 
an orthologous sequence has been identified, the function of 
the ortholog can be deduced from the identified function of 
the reference sequence. 
0099 Orthologous genes from different organisms have 
highly conserved functions, and very often essentially iden 
tical functions (Lee et al. (2002) Genome Res. 12:493-502: 
Remm et al. (2001) J. Mol. Biol. 314: 1041-1052). Paralo 
gous genes, which have diverged through gene duplication, 
may retain similar functions of the encoded proteins. In Such 
cases, paralogs can be used interchangeably with respect to 
certain embodiments of the instant invention (for example, 
transgenic expression of a coding sequence). 

Variant Nucleotide Sequences in the Non-Coding Regions 

0100. The plant miRNA396 or GRF1/3 nucleotide 
sequences maybe used to generate variant nucleotide 
sequences having the nucleotide sequence of the 5'-untrans 
lated region, 3'-untranslated region, or promoter region that is 
approximately 70%, 75%, 80%, 85%,90% and 95% identical 
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to the original nucleotide sequence. These variants are then 
associated with natural variation in the germplasm for com 
ponent traits related to nematode infection. The associated 
variants are used as marker haplotypes to select for the desir 
able traits. 

Variant Amino Acid Sequences of Polypeptides 
0101 Variant amino acid sequences of the plant GRF 
polypeptides are generated. For one example, one amino acid 
is altered. Specifically, the open reading frames are reviewed 
to determine the appropriate amino acid alteration. The selec 
tion of the amino acid to change is made by consulting the 
protein alignment (with the other orthologs and other gene 
family members from various species). An amino acid is 
selected that is deemed not to be underhigh selection pressure 
(not highly conserved) and which is rather easily substituted 
by an amino acid with similar chemical characteristics (i.e., 
similar functional side-chain). Using a protein alignment, an 
appropriate amino acid can be changed. Once the targeted 
amino acid is identified, the procedure outlined herein is 
followed. Variants having about 70%, 75%, 80%, 85%, 90% 
and 95% nucleic acid sequence identity are generated using 
this method. These variants are then associated with natural 
variation in the germplasm for component traits related to 
plant pathogen infection. The associated variants are used as 
marker haplotypes to select for the desirable traits. 
0102 The present invention also includes polynucleotides 
optimized for expression in different organisms. For 
example, for expression of the polynucleotide in a maize 
plant, the sequence can be altered to account for specific 
codon preferences and to alter GC content as according to 
Murray, et al. Supra. Maize codon usage for 28 genes from 
maize plants is listed in Table 4 of Murray, et al., supra. 
(0103) The plant miRNA398 or GRF1/GRF3 nucleic acids 
which may be used for the present invention comprise iso 
lated plant polynucleotides which are inclusive of: 
(a) a polynucleotide encoding an plant GRF1, or GRF3 
polypeptide or a microRNA396 and conservatively modified 
and polymorphic variants thereof. 
(b) a polynucleotide having at least 70% sequence identity 
with polynucleotides of (a): 
(c) complementary sequences of polynucleotides of (a) or (b). 

Construction of Nucleic Acids 

0104. The isolated nucleic acids of the present invention 
can be made using (a) standard recombinant methods, (b) 
synthetic techniques, or combinations thereof. In some 
embodiments, the polynucleotides of the present invention 
will be cloned, amplified, or otherwise constructed from a 
fungus or bacteria. 
0105. The nucleic acids may conveniently comprise 
sequences in addition to a polynucleotide of the present 
invention. For example, a multi-cloning site comprising one 
or more endonuclease restriction sites may be inserted into 
the nucleic acid to aid in isolation of the polynucleotide. Also, 
translatable sequences may be inserted to aid in the isolation 
of the translated polynucleotide of the present invention. For 
example, a hexa-histidine marker sequence provides a con 
Venient means to purify the proteins of the present invention. 
The nucleic acid of the present invention—excluding the 
polynucleotide sequence—is optionally a vector, adapter, or 
linker for cloning and/or expression of a polynucleotide of the 
present invention. Additional sequences may be added to Such 
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cloning and/or expression sequences to optimize their func 
tion in cloning and/or expression, to aid in isolation of the 
polynucleotide, or to improve the introduction of the poly 
nucleotide into a cell. Typically, the length of a nucleic acid of 
the present invention less the length of its polynucleotide of 
the present invention is less than 20 kilobase pairs, often less 
than 15 kb, and frequently less than 10 kb. Use of cloning 
vectors, expression vectors, adapters, and linkers is well 
known in the art. Exemplary nucleic acids include Such vec 
tors as: M13, lambda ZAP Express, lambda ZAP II, lambda 
gt10, lambda gt11, pBK-CMV, pBK-RSV, pBluescript II, 
lambda DASH II, lambda EMBL 3, lambda EMBL 4, 
pWE15, SuperCos 1, Surf7ap, Uni-ZAP pBC, pBS+/-, 
pSG5, pBK, pCR-Script, pET, pSPUTK, p3'SS, pGEM, 
pSK+/-, pCEX, pSPORTI and II, pCPRSVI CAT, pOPI3 
CAT, pXT1, pSG5, pPbac, pMbac, pMC1neo, pOG44, 
pOG45, pFRTBGAL, pNEORGAL, pRS403, pRS404, 
pRS405, pRS406, pRS413, pRS414, pRS415, pRS416, 
lambda MOSSlox, and lambda MOSElox. Optional vectors 
for the present invention, include but are not limited to, 
lambda ZAP II, and pGEX. For a description of various 
nucleic acids see, e.g., Stratagene Cloning Systems, Catalogs 
1995, 1996, 1997 (La Jolla, Calif); and, Amersham Life 
Sciences, Inc, Catalog 97 (Arlington Heights, Ill.). 

Synthetic Methods for Constructing Nucleic Acids 

0106. The isolated nucleic acids used in the methods of the 
present invention can also be prepared by direct chemical 
synthesis by methods such as the phosphotriester method of 
Narang, et al., (1979) Meth. Enzymol. 68:90-9; the phos 
phodiester method of Brown, et al., (1979) Meth. Enzymol. 
68: 109-51; the diethylphosphoramidite method of Beaucage, 
et al., (1981) Tetra. Letts. 22(20): 1859-62; the solid phase 
phosphoramidite triester method described by Beaucage, et 
al., Supra, e.g., using an automated Synthesizer, e.g., as 
described in Needham-VanDevanter, et al., (1984) Nucleic 
Acids Res. 12:6159-68; and, the solid support method of U.S. 
Pat. No. 4,458.066. Chemical synthesis generally produces a 
single stranded oligonucleotide. This may be converted into 
double stranded DNA by hybridization with a complemen 
tary sequence or by polymerization with a DNA polymerase 
using the single strand as a template. One of skill will recog 
nize that while chemical synthesis of DNA is limited to 
sequences of about 100 bases, longer sequences may be 
obtained by the ligation of shorter sequences. 

UTRS and Codon Preference 

0107. In general, translational efficiency has been found to 
be regulated by specific sequence elements in the 5' non 
coding or untranslated region (5' UTR) of the RNA. Positive 
sequence motifs include translational initiation consensus 
sequences (Kozak, (1987) Nucleic Acids Res. 15:8125) and 
the 5<G> 7 methyl GpppG RNA cap structure (Drummond, 
et al., (1985) Nucleic Acids Res. 13:7375). Negative elements 
include stable intramolecular 5' UTR stem-loop structures 
(Muesing, et al., (1987) Cell 48:691) and AUG sequences or 
short open reading frames preceded by an appropriate AUG in 
the 5' UTR (Kozak, supra, Rao, et al., (1988) Mol. and Cell. 
Biol. 8:284). Accordingly, the present invention provides 5' 
and/or 3' UTR regions for modulation of translation of heter 
ologous coding sequences. 
0108 Further, the polypeptide-encoding segments of the 
polynucleotides of the present invention can be modified to 
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alter codon usage. Altered codon usage can be employed to 
alter translational efficiency and/or to optimize the coding 
sequence for expression in a desired host or to optimize the 
codon usage in a heterologous sequence for expression in 
maize. Codon usage in the coding regions of the polynucle 
otides of the present invention can be analyzed statistically 
using commercially available Software packages such as 
“Codon Preference' available from the University of Wiscon 
sin Genetics Computer Group. See, Devereaux, et al., (1984) 
Nucleic Acids Res. 12:387-395); or MacVector 4.1 (Eastman 
Kodak Co., New Haven, Conn.). Thus, the present invention 
provides a codon usage frequency characteristic of the coding 
region of at least one of the polynucleotides of the present 
invention. The number of polynucleotides (3 nucleotides per 
amino acid) that can be used to determine a codon usage 
frequency can be any integer from 3 to the number of poly 
nucleotides of the present invention as provided herein. 
Optionally, the polynucleotides will be full-length sequences. 
An exemplary number of sequences for statistical analysis 
can be at least 1, 5, 10, 20, 50 or 100. 

Sequence Shuffling 

0109 The present invention also includes the use of 
sequence shuffling using polynucleotides disclosed for the 
methods of the present invention, and compositions resulting 
therefrom. Sequence shuffling is described in PCT publica 
tion No. 96/19256. See also, Zhang, et al., (1997) Proc. Natl. 
Acad. Sci. USA 94:4504-9; and Zhao, et al., (1998) Nature 
Biotech 16:258-61. Generally, sequence shuffling provides a 
means for generating libraries of polynucleotides having a 
desired characteristic, which can be selected or screened for. 
Libraries of recombinant polynucleotides are generated from 
a population of related sequence polynucleotides, which 
comprise sequence regions, which have substantial sequence 
identity and can be homologously recombined in vitro or in 
vivo. The population of sequence-recombined polynucle 
otides comprises a subpopulation of polynucleotides which 
possess desired or advantageous characteristics and which 
can be selected by a suitable selection or screening method. 
The characteristics can be any property or attribute capable of 
being selected for or detected in a screening system, and may 
include properties of an encoded protein, a transcriptional 
element, a sequence controlling transcription, RNA process 
ing, RNA stability, chromatin conformation, translation, or 
other expression property of a gene or transgene, a replicative 
element, a protein-binding element, or the like. Such as any 
feature which confers a selectable or detectable property. In 
some embodiments, the selected characteristic will be an 
altered K, and/or K, over the wild-type protein as provided 
herein. In other embodiments, a protein or polynucleotide 
generated from sequence shuffling will have a ligand binding 
affinity greater than the non-shuffled wild-type polynucle 
otide. In yet other embodiments, a protein or polynucleotide 
generated from sequence shuffling will have an altered pH 
optimum as compared to the non-shuffled wild-type poly 
nucleotide. The increase in Such properties can be at least 
110%, 120%, 130%, 14.0% or greater than 150% of the wild 
type value. 

Recombinant Expression Cassettes 

0110. The present invention provides the use of recombi 
nant expression/transcription cassettes comprising a poly 
nucleotide for a plant microRNA396, or a GRF useful for the 
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methods of the present invention. A nucleic acid sequence 
coding for the desired polynucleotide, for example a cDNA or 
a genomic sequence encoding a polypeptide long enough to 
code for an active GRF protein, or for a desired mircor RNA 
can be used to construct a recombinant expression cassette 
which can be introduced into the desired host cell. A recom 
binant expression cassette will typically comprise a poly 
nucleotide of the present invention operably linked to tran 
Scriptional initiation regulatory sequences which will direct 
the transcription of the polynucleotide in the intended host 
cell. Such as tissues of a transformed plant. 
0111 For example, plant expression vectors may include 
(1) a cloned plant gene under the transcriptional control of 5' 
and 3' regulatory sequences and (2) a dominant selectable 
marker. Such plant expression vectors may also contain, if 
desired, a promoter regulatory region (e.g., one conferring 
inducible or constitutive, environmentally- or developmen 
tally-regulated, or cell- or tissue-specific/selective expres 
sion), a transcription initiation start site, a ribosome binding 
site, an RNA processing signal, a transcription termination 
site, and/or a polyadenylation signal. 
0112 A plant promoter fragment can be employed which 
will direct expression of a polynucleotide of the present 
invention in all tissues of a regenerated plant. Such promoters 
are referred to herein as “constitutive' promoters and are 
active under most environmental conditions and states of 
development or cell differentiation. Examples of constitutive 
promoters include the 1'- or 2'-promoter derived from T-DNA 
of Agrobacterium tumefaciens, the Smas promoter, the cin 
namyl alcohol dehydrogenase promoter (U.S. Pat. No. 5,633, 
439), the Nos promoter, the rubisco promoter, the GRP1-8 
promoter, the 35S promoter from cauliflower mosaic virus 
(CaMV), as described in Odell, et al., (1985) Nature 313:810 
2: rice actin (McElroy, et al., (1990) Plant Cell 163-171): 
ubiquitin (Christensen, et al., (1992) Plant Mol. Biol. 12:619 
632 and Christensen, et al., (1992) Plant Mol. Biol. 18:675 
89); pEMU (Last, et al., (1991) Theor. Appl. Genet. 81:581 
8); MAS (Velten, et al., (1984) EMBO J. 3:2723-30); and 
maize H3 histone (Lepetit, et al., (1992) Mol. Gen. Genet. 
23 1:276-85; and Atanassvoa, et al., (1992) Plant Journal 203): 
29.1-300); ALS promoter, as described in PCT Application 
No. WO 96/30530; and other transcription initiation regions 
from various plant genes known to those of skill. For the 
present invention ubiquitin is the preferred promoter for 
expression in monocot plants. 
0113 Alternatively, the plant promoter can direct expres 
sion in a specific tissue or may be otherwise under more 
precise environmental or developmental control. Such pro 
moters are referred to here as “inducible' promoters. Envi 
ronmental conditions that may affect transcription by induc 
ible promoters include pathogen attack, anaerobic conditions, 
or the presence of light. Examples of inducible promoters are 
the Adh1 promoter, which is inducible by hypoxia or cold 
stress, the Hsp70 promoter, which is inducible by heat stress, 
and the PPDK promoter, which is inducible by light. 
0114 Examples of promoters under developmental con 

trol include promoters that initiate transcription only, or pref 
erentially, in certain tissues, such as leaves, roots, fruit, seeds, 
or flowers. The operation of a promoter may also vary 
depending on its location in the genome. Thus, an inducible 
promoter may become fully or partially constitutive in certain 
locations. 
0115 If polypeptide expression is desired, it is generally 
desirable to include a polyadenylation region at the 3'-end of 
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a polynucleotide coding region. The polyadenylation region 
can be derived from a variety of plant genes, or from T-DNA. 
The 3' end sequence to be added can be derived from, for 
example, the nopaline synthase or octopine synthase genes, 
or alternatively from another plant gene, or less preferably 
from any other eukaryotic gene. Examples of such regulatory 
elements include, but are not limited to, 3' termination and/or 
polyadenylation regions such as those of the Agrobacterium 
tumefaciens nopaline synthase (nos) gene (Bevan, et al., 
(1983) Nucleic Acids Res. 12:369–85); the potato proteinase 
inhibitor II (PINII) gene (Keil, et al., (1986) Nucleic Acids 
Res. 14:5641-50; and An, et al., (1989) Plant Cell 1:115-22); 
and the CaMV 19S gene (Mogen, et al., (1990) Plant Cell 
2:1261-72). 
0116. An intron sequence can be added to the 5' untrans 
lated region or the coding sequence of the partial coding 
sequence to increase the amount of the mature message that 
accumulates in the cytosol. Inclusion of a spliceable intron in 
the transcription unit in both plant and animal expression 
constructs has been shown to increase gene expression at both 
the mRNA and protein levels up to 1000-fold (Buchman and 
Berg, (1988) Mol. Cell. Biol. 8:4395-4405; Callis, et al., 
(1987) Genes Dev. 1:1 183-200). Such intron enhancement of 
gene expression is typically greatest when placed near the 5' 
end of the transcription unit. Use of maize introns Adh1-S 
intron 1, 2 and 6, the Bronze-1 intron are known in the art. See 
generally, The Maize Handbook, Chapter 116, Freeling and 
Walbot, eds. Springer, N.Y. (1994). 
0117 Plant signal sequences, including, but not limited to, 
signal-peptide encoding DNA/RNA sequences which target 
proteins to the extracellular matrix of the plant cell 
(Dratewka-Kos, et al., (1989).J. Biol. Chem. 264:4896-900), 
Such as the Nicotiana plumbaginifolia extension gene (De 
Loose, et al., (1991) Gene 99.95-100); signal peptides which 
target proteins to the vacuole. Such as the Sweet potato 
sporamin gene (Matsuka, et al., (1991) Proc. Natl. Acad. Sci. 
USA 88:834) and the barley lectin gene (Wilkins, et al., 
(1990) Plant Cell, 2:301-13); signal peptides which cause 
proteins to be secreted, such as that of PRIb (Lind, et al., 
(1992) Plant Mol. Biol. 18:47-53) or the barley alpha amylase 
(BAA) (Rahmatullah, et al., (1989) Plant Mol. Biol. 12:119, 
and hereby incorporated by reference), or signal peptides 
which target proteins to the plastids such as that of rapeseed 
enoyl-Acp reductase (Verwaert, et al., (1994) Plant Mol. Biol. 
26:189-202) are useful in the invention. 
0118. The vector comprising the sequences from a plant 
nicroRNA396, GRF1 or GRF3 will typically comprise a 
marker gene, which confers a selectable phenotype on plant 
cells. Usually, the selectable marker gene will encode antibi 
otic resistance, with Suitable genes including genes coding for 
resistance to the antibiotic spectinomycin (e.g., the aada 
gene), the Streptomycin phosphotransferase (SPT) gene cod 
ing for streptomycin resistance, the neomycin phosphotrans 
ferase (NPTII) gene encoding kanamycin or geneticin resis 
tance, the hygromycin phosphotransferase (HPT) gene 
coding for hygromycin resistance, genes coding for resis 
tance to herbicides which act to inhibit the action of aceto 
lactate synthase (ALS), in particular the Sulfonylurea-type 
herbicides (e.g., the acetolactate synthase (ALS) gene con 
taining mutations leading to such resistance in particular the 
S4 and/or Hra mutations), genes coding for resistance to 
herbicides which act to inhibit action of glutamine synthase, 
Such as phosphinothricin or basta (e.g., the bar gene), or other 



US 2012/0278929 A1 

Such genes known in the art. The bar gene encodes resistance 
to the herbicide basta, and the ALS gene encodes resistance to 
the herbicide chlorsulfuron. 
0119 Typical vectors useful for expression of genes in 
higher plants are well known in the art and include vectors 
derived from the tumor-inducing (Ti) plasmid of Agrobacte 
rium tumefaciens described by Rogers, et al. (1987), Meth. 
Enzymol. 153:253-77. These vectors are plant integrating 
vectors in that on transformation, the vectors integrate a por 
tion of vector DNA into the genome of the host plant. Exem 
plary A. tumefaciens vectors useful herein are plasmids 
pKYLX6 and pKYLX7 of Schardl, et al., (1987) Gene 61:1- 
11, and Berger, et al., (1989) Proc. Natl. Acad. Sci. USA, 
86:8402-6. Another useful vector herein is plasmid pBI101.2 
that is available from CLONTECH Laboratories, Inc. (Palo 
Alto, Calif.). 

Expression of Proteins in Host Cells 
0120. Using the methods of the present invention, one may 
express an miRNA396 or GRF protein in a recombinantly 
engineered cell Such as bacteria, yeast, insect, mammalian, or 
preferably plant cells. The cells produce the protein in a 
non-natural condition (e.g., in quantity, composition, loca 
tion, and/or time), because they have been genetically altered 
through human intervention to do so. 
0121. It is expected that those of skill in the art are knowl 
edgeable in the numerous expression systems available for 
expression of a nucleic acid encoding a protein of the present 
invention. No attempt to describe in detail the various meth 
ods known for the expression of proteins in prokaryotes or 
eukaryotes will be made. 
0122. In brief summary, the expression of isolated nucleic 
acids encoding a GRF 1 or GRF3 protein or microRNA will 
typically be achieved by operably linking, for example, the 
DNA or cDNA to a promoter (which is either constitutive or 
inducible), followed by incorporation into an expression vec 
tor. The vectors can be suitable for replication and integration 
in either prokaryotes or eukaryotes. Typical expression vec 
tors contain transcription and translation terminators, initia 
tion sequences, and promoters useful for regulation of the 
expression of the DNA encoding a protein of the present 
invention. To obtain high level expression of a cloned gene, it 
is desirable to construct expression vectors which contain, at 
the minimum, a strong promoter, such as ubiquitin, to direct 
transcription, a ribosome binding site for translational initia 
tion, and a transcription/translation terminator. Constitutive 
promoters are classified as providing for a range of constitu 
tive expression. Thus, some are weak constitutive promoters, 
and others are strong constitutive promoters. Generally, by 
“weak promoter' is intended a promoter that drives expres 
sion of a coding sequence at a low level. By “low level is 
intended at levels of about /10,000 transcripts to about /100,000 
transcripts to about/500,000 transcripts. Conversely, a “strong 
promoter drives expression of a coding sequence at a “high 
level.” or about /10 transcripts to about 1/100 transcripts to 
about /1,000 transcripts. 
0123. One of skill would recognize that modifications 
could be made to a GRF protein or MicroRNA without dimin 
ishing its biological activity. Some modifications may be 
made to facilitate the cloning, expression, or incorporation of 
the targeting molecule into a fusion protein. Such modifica 
tions are well knownto those of skill in theart and include, for 
example, a methionine added at the amino terminus to pro 
vide an initiation site, or additional amino acids (e.g., poly 
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His) placed on either terminus to create conveniently located 
restriction sites or termination codons or purification 
Sequences. 

Expression in Prokaryotes 

0.124 Prokaryotic cells may be used as hosts for expres 
Sion. Prokaryotes most frequently are represented by various 
strains of E. coli; however, other microbial strains may also be 
used. Commonly used prokaryotic control sequences which 
are defined herein to include promoters for transcription ini 
tiation, optionally with an operator, along with ribosome 
binding site sequences, include Such commonly used promot 
ers as the beta lactamase (penicillinase) and lactose (lac) 
promoter systems (Chang, et al., (1977) Nature 198: 1056), 
the tryptophan (trp) promoter system (Goeddel, et al., (1980) 
Nucleic Acids Res. 8:4057) and the lambda derived P L 
promoter and N-gene ribosome binding site (Shimatake, et 
al., (1981) Nature 292: 128). The inclusion of selection mark 
ers in DNA vectors transfected in E. coli is also useful. 
Examples of Such markers include genes specifying resis 
tance to amplicillin, tetracycline, or chloramphenicol. 
0.125. The vector is selected to allow introduction of the 
gene of interest into the appropriate host cell. Bacterial vec 
tors are typically of plasmid or phage origin. Appropriate 
bacterial cells are infected with phage vector particles or 
transfected with naked phage vector DNA. Ifa plasmid vector 
is used, the bacterial cells are transfected with the plasmid 
vector DNA. Expression systems for expressing a protein of 
the present invention are available using Bacillus sp. and 
Salmonella (Palva, et al., (1983) Gene 22:229-35; Mosbach, 
et al., (1983) Nature 302:543-5). The pGEX-4T-1 plasmid 
vector from Pharmacia is the preferred E. coli expression 
vector for the present invention. 

Expression in Eukaryotes 

0.126 A variety of eukaryotic expression systems such as 
yeast, insect cell lines, plant and mammaliancells, are known 
to those of skill in the art. As explained briefly below, the 
present invention can be expressed in these eukaryotic sys 
tems. In some embodiments, transformed/transfected plant 
cells, as discussed infra, are employed as expression systems 
for production of the proteins of the instant invention. 
I0127 Synthesis of heterologous proteins in yeast is well 
known. Sherman, et al., (1982) Methods in Yeast Genetics, 
Cold Spring Harbor Laboratory is a well-recognized work 
describing the various methods available to produce the pro 
tein in yeast. Two widely utilized yeasts for production of 
eukaryotic proteins are Saccharomyces cerevisiae and Pichia 
pastoris. Vectors, strains, and protocols for expression in 
Saccharomyces and Pichia are known in the art and available 
from commercial Suppliers (e.g., Invitrogen). Suitable vec 
tors usually have expression control sequences, such as pro 
moters, including 3-phosphoglycerate kinase or alcohol oxi 
dase, and an origin of replication, termination sequences and 
the like as desired. 
I0128. A plant protein, once expressed, can be isolated 
from yeast by lysing the cells and applying standard protein 
isolation techniques to the lysates or the pellets. The moni 
toring of the purification process can be accomplished by 
using Western blot techniques or radioimmunoassay of other 
standard immunoassay techniques. 
I0129. The sequences encoding plant GRF proteins or 
miRNA396 can also be ligated to various expression vectors 
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for use in transfecting cell cultures of for instance, mamma 
lian, insect, or plant origin. Mammalian cell systems often 
will be in the form of monolayers of cells although mamma 
lian cell suspensions may also be used. A number of suitable 
host cell lines capable of expressing intact proteins have been 
developed in the art, and include the HEK293, BHK21, and 
CHO cell lines. Expression vectors for these cells can include 
expression control sequences, such as an origin of replication, 
a promoter (e.g., the CMV promoter, a HSV th promoter or 
pgk (phosphoglycerate kinase) promoter), an enhancer 
(Queen, et al., (1986) Immunol. Rev. 89:49), and necessary 
processing information sites, such as ribosome binding sites, 
RNA splice sites, polyadenylation sites (e.g., an SV40 large T 
Ag poly A addition site), and transcriptional terminator 
sequences. Other animal cells useful for production of pro 
teins of the present invention are available, for instance, from 
the American Type Culture Collection Catalogue of Cell 
Lines and Hybridomas (7" ed., 1992). 
0130 Appropriate vectors for expressing proteins of the 
present invention in insect cells are usually derived from the 
SF9 baculovirus. Suitable insect cell lines include mosquito 
larvae, silkworm, armyworm, moth, and Drosophila cell lines 
such as a Schneider cell line (see, e.g., Schneider, (1987) J. 
Embryol. Exp. Morphol. 27:353-65). 
I0131). As with yeast, when higher animal or plant host cells 
are employed, polyadenylation or transcription terminator 
sequences are typically incorporated into the vector. An 
example of a terminator sequence is the polyadenylation 
sequence from the bovine growth hormone gene. Sequences 
for accurate splicing of the transcript may also be included. 
An example of a splicing sequence is the VP1 intron from 
SV40 (Sprague et al., J. Virol. 45:773-81 (1983)). Addition 
ally, gene sequences to control replication in the host cell may 
be incorporated into the vector such as those found in bovine 
papilloma virus type-vectors (Saveria-Campo, “Bovine Pap 
illoma Virus DNA a Eukaryotic Cloning Vector.” in DNA 
Cloning: A Practical Approach, vol.II, Glover, ed., IRL Press, 
Arlington, Va., pp. 213-38 (1985)). 
(0132. In addition, the plant GRF or miRNA396 gene 
placed in the appropriate plant expression vector can be used 
to transform plant cells. The polypeptide can then be isolated 
from plant callus or the transformed cells can be used to 
regenerate transgenic plants. Such transgenic plants can be 
harvested, and the appropriate tissues (seed or leaves, for 
example) can be subjected to large scale protein extraction 
and purification techniques. 

Plant Transformation Methods 

0133. Numerous methods for introducing foreign genes 
into plants are known and can be used to insert a plant 
miRNA396 or GRF encoding polynucleotide into a plant 
host, including biological and physical plant transformation 
protocols. See, e.g., Miki et al., “Procedure for Introducing 
Foreign DNA into Plants.” in Methods in Plant Molecular 
Biology and Biotechnology, Glick and Thompson, eds. CRC 
Press, Inc., Boca Raton, pp. 67-88 (1993). The methods cho 
sen vary with the host plant, and include chemical transfec 
tion methods such as calcium phosphate, microorganism 
mediated gene transfer such as Agrobacterium (Horsch et al., 
Science 227:1229-31 (1985)), electroporation, micro-injec 
tion, and biolistic bombardment. 
0134) Expression cassettes and vectors and in vitro culture 
methods for plant cell or tissue transformation and regenera 
tion of plants are known and available. See, e.g., Gruber et al., 
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“Vectors for Plant Transformation,” in Methods in Plant 
Molecular Biology and Biotechnology, supra, pp. 89-119. 
0135). The isolated plant polynucleotides or polypeptides 
may be introduced into the plant by one or more techniques 
typically used for direct delivery into cells. Such protocols 
may vary depending on the type of organism, cell, plant or 
plant cell, i.e. monocot or dicot, targeted for gene modifica 
tion. Suitable methods of transforming plant cells include 
microinjection (Crossway, et al., (1986) Biotechniques 
4:320-334; and U.S. Pat. No. 6,300,543), electroporation 
(Riggs, et al., (1986) Proc. Natl. Acad. Sci. USA 83:5602 
5606, direct genetransfer (Paszkowski et al., (1984) EMBO.J. 
3:2717-2722), and ballistic particle acceleration (see, for 
example, Sanford, et al., U.S. Pat. No. 4,945.050; WOk 
91/10725; and McCabe, et al., (1988) Biotechnology 6:923 
926). Also see, Tomes, et al., “Direct DNA Transfer into Intact 
Plant Cells Via Microprojectile Bombardment”. pp. 197-213 
in Plant Cell, Tissue and Organ Culture, Fundamental Meth 
ods. eds. O. L. Gamborg & G. C. Phillips. Springer-Verlag 
Berlin Heidelberg New York, 1995: U.S. Pat. No. 5,736,369 
(meristem); Weissinger, et al., (1988) Ann. Rev. Genet. 
22:421-477; Sanford, et al., (1987) Particulate Science and 
Technology 5:27-37 (onion); Christou, et al., (1988) Plant 
Physiol. 87:671-674 (soybean); Datta, et al., (1990) Biotech 
nology 8:736-740 (rice); Klein, et al., (1988) Proc. Natl. 
Acad. Sci. USA 85:4305-4309 (maize): Klein, et al., (1988) 
Biotechnology 6:559-563 (maize); WO 91/10725 (maize): 
Klein, et al., (1988) Plant Physiol. 91:440-444 (maize): 
Fromm, et al., (1990) Biotechnology 8:833-839; and Gordon 
Kamm, et al., (1990) Plant Cell 2:603-618 (maize): Hooy 
daas-Van Slogteren & Hooykaas (1984) Nature (London) 
3 11:763-764: Bytebierm, et al., (1987) Proc. Natl. Acad. Sci. 
USA 84:53.45-5349 (Liliaceae); De Wet, et al., (1985) In The 
Experimental Manipulation of Ovule Tissues, ed. G. P. Chap 
man, et al., pp. 197-209. Longman, N.Y. (pollen); Kaeppler, 
et al., (1990) Plant Cell Reports 9:415-418; and Kaeppler, et 
al., (1992) Theor. Appl. Genet. 84:560-566 (whisker-medi 
ated transformation); U.S. Pat. No. 5,693,512 (sonication): 
DHalluin, et al., (1992) Plant Cell 4: 1495-1505 (electropo 
ration); Li, et al., (1993) Plant Cell Reports 12:250-255; and 
Christou and Ford, (1995) Annals of Botany 75:407-413 
(rice); Osjoda, et al., (1996) Nature Biotech. 14:745-750; 
Agrobacterium mediated maize transformation (U.S. Pat. No. 
5,981,840); silicon carbide whisker methods (Frame, et al., 
(1994) Plant J. 6:941-948); laser methods (Guo, et al., (1995) 
Physiologia Plantarum 93:19-24); sonication methods (Bao, 
et al., (1997) Ultrasound in Medicine & Biology 23:953-959; 
Finer and Finer, (2000) Lett Appl Microbiol. 30:406-10; 
Amoah, et al., (2001) J Exp Bot 52:1135-42); polyethylene 
glycol methods (Krens, et al., (1982) Nature 296:72-77); 
protoplasts of monocot and dicot cells can be transformed 
using electroporation (Fromm, et al., (1985) Proc. Natl. Acad. 
Sci. USA 82:5824-5828) and microinjection (Crossway, et 
al., (1986) Mol. Gen. Genet. 202: 179-185); all of which are 
herein incorporated by reference. 

Agrobacterium-Mediated Transformation 
0.136. The most widely utilized method for introducing an 
expression vector into plants is based on the natural transfor 
mation system of Agrobacterium. A. tumefaciens and A. 
rhizogenes are plant pathogenic soil bacteria, which geneti 
cally transform plant cells. The Ti and Ri plasmids of A. 
tumefaciens and A. rhizogenes, respectively, carry genes 
responsible for genetic transformation of plants. See, e.g., 
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Kado, (1991) Crit. Rev. Plant Sci. 10:1. Descriptions of the 
Agrobacterium vector Systems and methods for Agrobacte 
rium-mediated gene transfer are provided in Gruber, et al., 
supra; Miki, et al., Supra; and Moloney, et al., (1989) Plant 
Cell Reports 8:238. 
0.137 Similarly, the gene can be inserted into the T-DNA 
region of a Tior Ri plasmid derived from A. tumefaciens or A. 
rhizogenes, respectively. Thus, expression cassettes can be 
constructed as above, using these plasmids. Many control 
sequences are known which when coupled to a heterologous 
coding sequence and transformed into a host organism show 
fidelity in gene expression with respect to tissue/organ speci 
ficity of the original coding sequence. See, e.g., Benfey and 
Chua, (1989) Science 244:174-81. Particularly suitable con 
trol sequences for use in these plasmids are promoters for 
constitutive leaf-specific expression of the gene in the various 
target plants. Other useful control sequences include a pro 
moter and terminator from the nopaline synthase gene (NOS). 
The NOS promoter and terminator are present in the plasmid 
pARC2, available from the American Type Culture Collec 
tion and designated ATCC 67238. If such a system is used, the 
virulence (vir) gene from either the Tior Riplasmid must also 
be present, either along with the T-DNA portion, or via a 
binary system where the vir gene is present on a separate 
vector. Such systems, vectors for use therein, and methods of 
transforming plant cells are described in U.S. Pat. No. 4,658, 
082: U.S. Pat. No. 913,914, filed Oct. 1, 1986, as referenced 
in U.S. Pat. No. 5,262,306, issued Nov. 16, 1993; and Simp 
son, et al., (1986) Plant Mol. Biol. 6:403-15 (also referenced 
in the 306 patent); all incorporated by reference in their 
entirety. 
0.138. Once constructed, these plasmids can be placed into 
A. rhizogenes or A. tumefaciens and these vectors used to 
transform cells of plant species, which are ordinarily Suscep 
tible to Fusarium or Alternaria infection. Several other trans 
genic plants are also contemplated by the present invention 
including but not limited to Soybean, corn, Sorghum, alfalfa, 
rice, clover, cabbage, banana, coffee, celery, tobacco, cow 
pea, cotton, melon and pepper. The selection of either A. 
tumefaciens or A. rhizogenes will depend on the plant being 
transformed thereby. In general A. tumefaciens is the pre 
ferred organism for transformation. Most dicotyledonous 
plants, some gymnosperms, and a few monocotyledonous 
plants (e.g., certain members of the Liliales and Arales) are 
Susceptible to infection with A. tumefaciens. A. rhizogenes 
also has a wide host range, embracing most dicots and some 
gymnosperms, which includes members of the Leguminosae, 
Compositae, and Chenopodiaceae. Monocot plants can now 
be transformed with some success. European Patent Applica 
tion No. 604 662 A1 discloses a method for transforming 
monocots using Agrobacterium. European Application No. 
672 752 A1 discloses a method for transforming monocots 
with Agrobacterium using the Scutellum of immature 
embryos. Ishida, et al., discuss a method for transforming 
maize by exposing immature embryos to A. tumefaciens (Na 
ture Biotechnology 14:745-50 (1996)). 
0.139. Once transformed, these cells can be used to regen 
erate transgenic plants. For example, whole plants can be 
infected with these vectors by wounding the plant and then 
introducing the vector into the wound site. Any part of the 
plant can be wounded, including leaves, stems and roots. 
Alternatively, plant tissue, in the form of an explant. Such as 
cotyledonary tissue or leaf disks, can be inoculated with these 
vectors, and cultured under conditions, which promote plant 
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regeneration. Roots or shoots transformed by inoculation of 
plant tissue with A. rhizogenes or A. tumefaciens, containing 
the gene coding for the fumonisin degradation enzyme, can 
be used as a source of plant tissue to regenerate fumonisin 
resistant transgenic plants, either via Somatic embryogenesis 
or organogenesis. Examples of such methods for regenerating 
plant tissue are disclosed in Shahin, (1985) Theor. Appl. 
Genet. 69:235-40; U.S. Pat. No. 4,658,082: Simpson, et al., 
supra; and U.S. Pat. Nos. 913,913 and 913,914, both filed Oct. 
1, 1986, as referenced in U.S. Pat. No. 5,262,306, issued Nov. 
16, 1993, the entire disclosures therein incorporated herein by 
reference. 

Direct Gene Transfer 

0140. Despite the fact that the host range for Agrobacte 
rium-mediated transformation is broad, Some major cereal 
crop species and gymnosperms have generally been recalci 
trant to this mode of gene transfer, even though some Success 
has recently been achieved in rice (Hiei, et al., (1994) The 
Plant Journal 6:271-82). Several methods of plant transfor 
mation, collectively referred to as direct gene transfer, have 
been developed as an alternative to Agrobacterium-mediated 
transformation. 
0.141. A generally applicable method of plant transforma 
tion is microprojectile-mediated transformation, where DNA 
is carried on the Surface of microprojectiles measuring about 
1 to 4 um. The expression vector is introduced into plant 
tissues with a biolistic device that accelerates the micro 
projectiles to speeds of 300 to 600 m/s which is sufficient to 
penetrate the plant cell walls and membranes (Sanford, et al., 
(1987) Part. Sci. Technol. 5:27: Sanford, (1988) Trends Bio 
tech 6:299; Sanford, (1990) Physiol. Plant 79:206; and Klein, 
et al., (1992) Biotechnology 10:268). 
0142. Another method for physical delivery of DNA to 
plants is Sonication of target cells as described in Zang, et al., 
(1991) BioTechnology 9:996. Alternatively, liposome or 
spheroplast fusions have been used to introduce expression 
vectors into plants. See, e.g., Deshayes, et al., (1985) EMBO 
J. 4:2731; and Christou, et al., (1987) Proc. Natl. Acad. Sci. 
USA 84:3962. Direct uptake of DNA into protoplasts using 
CaCl2 precipitation, polyvinyl alcohol, or poly-L-ornithine 
has also been reported. See, e.g., Hain, et al., (1985) Mol. 
Gen. Genet. 199:161; and Draper, et al., (1982) Plant Cell 
Physiol. 23:451. Electroporation of protoplasts and whole 
cells and tissues has also been described. See, e.g., Donn, et 
al., (1990) Abstracts of the VIIth Intl. Congress on Plant Cell 
and Tissue Culture IAPTC, A2-38, p. 53; DHalluin, et al., 
(1992) Plant Cell 4:1495-505; and Spencer, et al., (1994) 
Plant Mol. Biol. 24:51-61. 
0.143 Some embodiments may involve the improvement 
in nematode tolerance by modulating the expression of a plant 
miRNA396, GRF1/GRF3 in away that decreases the activity/ 
expression of the protein or mircroRNA. 

Reducing the Activity of a Plant GRF Polypeptide or 
MicroRNA 

014.4 Methods are also provided to reduce or eliminate the 
activity of a plant GRF Polypeptide or MicroRNA by trans 
forming a plant cell with an expression cassette that expresses 
a polynucleotide that inhibits the expression of the plant 
polypeptide or microRNA. The polynucleotide may inhibit 
the expression of the plant a plant GRF Polypeptide or 
MicroRNA directly, by preventing transcription or translation 
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of the plant messenger RNA, or indirectly, by encoding a 
polypeptide that inhibits the transcription or translation of an 
plant a plant GRF Polypeptide or MicroRNA gene encoding 
an planta plant GRF Polypeptide or MicroRNA. Methods for 
inhibiting or eliminating the expression of a gene in a plant 
are well known in the art, and any such method may be used 
in the present invention to inhibit the expression of the plant 
a plant GRF Polypeptide or MicroRNA. Many methods may 
be used to reduce or eliminate the activity of GRF polypep 
tides. In addition, more than one method may be used to 
reduce the activity of a plant GRF Polypeptide or MicroRNA. 

1. Polynucleotide-Based Methods: 

0145. In some embodiments of the present invention, a 
plant is transformed with an expression cassette that is 
capable of expressing a polynucleotide that inhibits the 
expression of a plant GRF Polypeptide or MicroRNA of the 
invention. For example, for the purposes of the present inven 
tion, an expression cassette capable of expressing a poly 
nucleotide that inhibits the expression of at least one a plant 
GRF Polypeptide or MicroRNA is an expression cassette 
capable of producing an RNA molecule that inhibits the tran 
scription and/or translation of at least one plant a plant GRF 
Polypeptide or MicroRNA of the invention. 
0146 Examples of polynucleotides that inhibit the expres 
sion of a plant GRF Polypeptide or MicroRNA include sense 
Suppression/coSuppresion. In coSuppression, an expression 
cassette is designed to express an RNA molecule correspond 
ing to all or part of a messenger RNA encoding a plant GRF 
Polypeptide or MicroRNA in the “sense' orientation. Over 
expression of the RNA molecule can result in reduced expres 
sion of the native gene. The polynucleotide used for coSup 
pression may correspond to all or part of the sequence encod 
ing the a plant GRF Polypeptide or MicroRNA, all or part of 
the 5' and/or 3' untranslated region of a plant GRF Polypep 
tide or MicroRNA transcript, or all or part of both the coding 
sequence and the untranslated regions of a transcript encod 
ing a plant GRF Polypeptide or MicroRNA. In some embodi 
ments where the polynucleotide comprises all or part of the 
coding region for the plant a plant GRF Polypeptide or 
MicroRNA, the expression cassette is designed to eliminate 
the start codon of the polynucleotide so that no protein prod 
uct will be translated. 

0147 In some embodiments of the invention, inhibition of 
the expression of a plant GRF Polypeptide or MicroRNA may 
be obtained by antisense Suppression. For antisense Suppres 
Sion, the expression cassette is designed to express an RNA 
molecule complementary to all or part of a messenger RNA 
encoding the a plant GRF Polypeptide or MicroRNA. Over 
expression of the antisense RNA molecule can result in 
reduced expression of the native gene. The polynucleotide for 
use in antisense Suppression may correspond to all or part of 
the complement of the sequence encoding the a plant GRF 
Polypeptide or MicroRNA, all or part of the complement of 
the 5' and/or 3' untranslated region of the plant a plant GRF 
Polypeptide or MicroRNA transcript, or all or part of the 
complement of both the coding sequence and the untranslated 
regions of a transcript encoding the plant a plant GRF 
Polypeptide or MicroRNA. In addition, the antisense poly 
nucleotide may be fully complementary (i.e., 100% identical 
to the complement of the target sequence) or partially 
complementary (i.e., less than 100% identical to the comple 
ment of the target sequence) to the target sequence. 
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0.148. In some embodiments of the invention, inhibition of 
the expression of a plant GRF Polypeptide or MicroRNA may 
be obtained by double-stranded RNA (dsRNA) interference. 
For dsRNA interference, a sense RNA molecule like that 
described above for cosuppression and an antisense RNA 
molecule that is fully or partially complementary to the sense 
RNA molecule are expressed in the same cell, resulting in 
inhibition of the expression of the corresponding endogenous 
messenger RNA. 
0149 Expression of the sense and antisense molecules can 
be accomplished by designing the expression cassette to com 
prise both a sense sequence and an antisense sequence. Alter 
natively, separate expression cassettes may be used for the 
sense and antisense sequences. Multiple plant lines trans 
formed with the dsRNA interference expression cassette or 
expression cassettes are then screened to identify plant lines 
that show the greatest inhibition of plant a plant GRF 
Polypeptide or MicroRNA. Methods for using dsRNA inter 
ference to inhibit the expression of endogenous plant genes 
are described in Waterhouse, et al., (1998) Proc. Natl. Acad. 
Sci. USA95:13959-13964, Liu, et al., (2002) Plant Physiol. 
129:1732-1743, and WO 99/49029, WO 99/53050, WO 
99/61631, and WO 00/49035; each of which is herein incor 
porated by reference. 
0150. In some embodiments of the invention, inhibition of 
the expression of a plant GRF Polypeptide or MicroRNA may 
be obtained by hairpin RNA (hpRNA) interference or intron 
containing hairpin RNA (ihpRNA) interference. These meth 
ods are highly efficient at inhibiting the expression of endog 
enous genes. See, Waterhouse and Helliwell. (2003) Nat. Rev. 
Genet. 4:29-38 and the references cited therein. 

0151. For hpRNA interference, the expression cassette is 
designed to express an RNA molecule that hybridizes with 
itself to form a hairpin structure that comprises a single 
Stranded loop region and a base-paired stem. The base-paired 
stem region comprises a sense sequence corresponding to all 
or part of the endogenous messenger RNA encoding the gene 
whose expression is to be inhibited, and an antisense 
sequence that is fully or partially complementary to the sense 
sequence. Alternatively, the base-paired stem region may cor 
respond to a portion of a promoter sequence controlling 
expression of the gene to be inhibited. Thus, the base-paired 
stem region of the molecule generally determines the speci 
ficity of the RNA interference. hpRNA molecules are highly 
efficient at inhibiting the expression of endogenous genes, 
and the RNA interference they induce is inherited by subse 
quent generations of plants. See, for example, Chuang and 
Meyerowitz, (2000) Proc. Natl. Acad. Sci. USA 97:4985 
4990: Stoutjesdijk, et al., (2002) Plant Physiol. 129: 1723 
1731; and Waterhouse and Helliwell, (2003) Nat. Rev. Genet. 
4:29-38. Methods for using hpRNA interference to inhibit or 
silence the expression of genes are described, for example, in 
Chuang and Meyerowitz, (2000) Proc. Natl. Acad. Sci. USA 
97:4985-4990; Stoutjesdijk, et al., (2002) Plant Physiol. 129: 
1723-1731: Waterhouse and Helliwell, (2003) Nat. Rev. 
Genet. 4:29-38; Pandolfini et al., BMC Biotechnology 3:7, 
and U.S. Patent Publication No. 2003/0175965; each of 
which is herein incorporated by reference. A transient assay 
for the efficiency ofhpRNA constructs to silence gene expres 
sion in vivo has been described by Panstruga, et al., (2003) 
Mol. Biol. Rep. 30:135-140, herein incorporated by refer 
CCC. 

0152 For ihpRNA, the interfering molecules have the 
same general structure as for hpRNA, but the RNA molecule 
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additionally comprises an intron that is capable of being 
spliced in the cell in which the ihpRNA is expressed. The use 
of an intron minimizes the size of the loop in the hairpin RNA 
molecule following splicing, and this increases the efficiency 
of interference. See, for example, Smith, et al., (2000) Nature 
407:319-320. In fact, Smith, et al., show 100% suppression of 
endogenous gene expression using ihpRNA-mediated inter 
ference. Methods for using ihpRNA interference to inhibit the 
expression of endogenous plant genes are described, for 
example, in Smith, et al., (2000) Nature 407:319-320; Wes 
ley, et al., (2001) Plant J. 27:581-590; Wang and Waterhouse, 
(2001) Curr. Opin. Plant Biol. 5:146-150; Waterhouse and 
Helliwell. (2003) Nat. Rev. Genet. 4:29-38: Helliwell and 
Waterhouse, (2003) Methods 30:289-295, and U.S. Patent 
Publication No. 2003/0180945, each of which is herein incor 
porated by reference. 
0153. The expression cassette for hpRNA interference 
may also be designed Such that the sense sequence and the 
antisense sequence do not correspond to an endogenous 
RNA. In this embodiment, the sense and antisense sequence 
flank a loop sequence that comprises a nucleotide sequence 
corresponding to all or part of the endogenous messenger 
RNA of the target gene. Thus, it is the loop region that deter 
mines the specificity of the RNA interference. See, for 
example, WO 02/00904; Mette, et al., (2000) EMBO J. 
19:5194-5201; Matzke, et al., (2001) Curr. Opin. Genet. 
Devel. 11:221-227; Scheid, et al., (2002) Proc. Natl. Acad. 
Sci., USA 99:13659-13662: Aufsafiz, et al., (2002) Proc. 
Natl. Acad. Sci. 99(4): 16499-16506: Sijen, et al., Curr. Biol. 
(2001) 11:436-440), herein incorporated by reference. 
0154 Amplicon expression cassettes comprise a plant 
virus-derived sequence that contains all or part of the target 
gene but generally not all of the genes of the native virus. The 
viral sequences present in the transcription product of the 
expression cassette allow the transcription product to direct 
its own replication. The transcripts produced by the amplicon 
may be either sense or antisense relative to the target 
sequence. Methods of using amplicons to inhibit the expres 
sion of endogenous plant genes are described, for example, in 
Angell and Baulcombe, (1997) EMBO J. 16:3675-3684, 
Angelland Baulcombe, (1999) Plant J. 20:357-362, and U.S. 
Pat. No. 6,635,805, each of which is herein incorporated by 
reference. 
0155. In some embodiments, the polynucleotide 
expressed by the expression cassette of the invention is cata 
lytic RNA or has ribozyme activity specific for the messenger 
RNA of the plant miRNA396 or GRF polypeptide. Thus, the 
polynucleotide causes the degradation of the endogenous 
messenger RNA, resulting in reduced expression of the plant 
GRF polypeptide or miRNA396. This method is described, 
for example, in U.S. Pat. No. 4.987,071, herein incorporated 
by reference. 
0156. In some embodiments of the invention, inhibition of 
the expression of a plant GRF Polypeptide or MicroRNA 
activity may be obtained by RNA interference by expression 
of a gene encoding a micro RNA (miRNA). miRNAs are 
regulatory agents consisting of about 22 ribonucleotides. 
miRNA are highly efficient at inhibiting the expression of 
endogenous genes. See, for example Javier, et al., (2003) 
Nature 425:257-263, herein incorporated by reference. 
0157 For miRNA interference, the expression cassette is 
designed to express an RNA molecule that is modeled on an 
endogenous miRNA gene. The miRNA gene encodes an 
RNA that forms a hairpin structure containing a 22-nucle 
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otide sequence that is complementary to another endogenous 
gene (target sequence). miRNA molecules are highly efficient 
at inhibiting the expression of endogenous genes, and the 
RNA interference they induce is inherited by subsequent 
generations of plants. 

2. Polypeptide-Based Inhibition of Gene Expression 
0158. In one embodiment, the polynucleotide encodes a 
Zinc finger protein that binds to a gene encoding a plant GRF 
Polypeptide or MicroRNA, resulting in reduced expression of 
the gene. In particular embodiments, the Zinc finger protein 
binds to a regulatory region a plant GRF Polypeptide or 
MicroRNA gene. In other embodiments, the zinc finger pro 
tein binds to a messenger RNA encoding a plant GRF 
Polypeptide or MicroRNA and prevents its translation. Meth 
ods of selecting sites for targeting by Zinc finger proteins have 
been described, for example, in U.S. Pat. No. 6,453.242, and 
methods for using Zinc finger proteins to inhibit the expres 
sion of genes in plants are described, for example, in U.S. 
Patent Publication No. 2003/0037355; each of which is 
herein incorporated by reference. 

3. Polypeptide-Based Inhibition of Protein Activity 
0159. In some embodiments of the invention, the poly 
nucleotide encodes an antibody that binds to at least one a 
plant GRF Polypeptide or MicroRNA, and reduces the activ 
ity of the a plant GRF Polypeptide or MicroRNA. In another 
embodiment, the binding of the antibody results in increased 
turnover of the antibody-GRF Polypeptide or MicroRNA 
complex by cellular quality control mechanisms. The expres 
sion of antibodies in plant cells and the inhibition of molecu 
lar pathways by expression and binding of antibodies to pro 
teins in plant cells are well known in the art. See, for example, 
Conrad and Sonnewald, (2003) Nature Biotech. 21:35-36, 
incorporated herein by reference. 

4. Gene Disruption 
0160. In some embodiments of the present invention, the 
activity of a plant GRF Polypeptide or MicroRNA is reduced 
or eliminated by disrupting the gene encoding a plant GRF 
Polypeptide or MicroRNA. The gene encoding the plant a 
plant GRF Polypeptide or MicroRNA may be disrupted by 
any method known in the art. For example, in one embodi 
ment, the gene is disrupted by transposon tagging. In another 
embodiment, the gene is disrupted by mutagenizing plants 
using random or targeted mutagenesis, and selecting for 
plants that have increased nematode tolerance. 
0.161 i. Transposon Tagging 
0162. In one embodiment of the invention, transposon tag 
ging is used to reduce or eliminate a plant GRF Polypeptide or 
MicroRNA activity of one or more plant GRF Polypeptides or 
MicroRNA polypeptides. Transposon tagging comprises 
inserting a transposon within an endogenous plant a plant 
GRF Polypeptide or MicroRNA gene to reduce or eliminate 
expression of the plant a plant GRF Polypeptide or 
MicroRNA. 
0163. In this embodiment, the expression of one or more a 
plant GRF Polypeptide or MicroRNA is reduced or elimi 
nated by inserting a transposon within a regulatory region or 
coding region of the gene encoding a plant GRF Polypeptide 
or MicroRNA. A transposon that is within an exon, intron, 5' 
or 3' untranslated sequence, a promoter, or any other regula 
tory sequence of a plant GRF Polypeptide or MicroRNA gene 
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may be used to reduce or eliminate the expression and/or 
activity of the encoded a plant GRF Polypeptide or 
MicroRNA. 
0164 Methods for the transposon tagging of specific 
genes in plants are well known in the art. See, for example, 
Maes, et al., (1999) Trends Plant Sci., 4:90-96; Dharmapuri 
and Sonti, (1999) FEMS Microbiol. Lett. 179:53-59; Meiss 
ner, et al., (2000) Plant J. 22:265-274; Phogat, et al., (2000).J. 
Biosci. 25:57-63; Walbot, (2000) Curr. Opin. Plant Biol. 
2:103-107: Gai, et al., (2000) Nucleic Acids Res. 28:94-96: 
Fitzmaurice, et al., (1999) Genetics 153:1919-1928). In addi 
tion, the TUSC process for selecting Mu insertions in selected 
genes has been described in Bensen, et al., (1995) Plant Cell 
7:75-84; Mena, et al., (1996) Science 274:1537-1540; and 
U.S. Pat. No. 5,962,764; each of which is herein incorporated 
by reference. 
0.165 ii. Mutant Plants with Reduced Transcription/ 
Translation/Activity 
0166 Additional methods for decreasing or eliminating 
the expression of endogenous genes in plants are also known 
in the art and can be similarly applied to the instant invention. 
These methods include other forms of mutagenesis, such as 
ethyl methanesulfonate-induced mutagenesis, deletion 
mutagenesis, and fast neutron deletion mutagenesis used in a 
reverse genetics sense (with PCR) to identify plant lines in 
which the endogenous gene has been deleted. For examples 
of these methods see, Ohshima, et al., (1998) Virology 243: 
472-481: Okubara, et al., (1994) Genetics 137:867-874; and 
Quesada, et al., (2000) Genetics 154:421-436; each of which 
is herein incorporated by reference. In addition, a fast and 
automatable method for Screening for chemically induced 
mutations, TILLING (Targeting Induced Local Lesions In 
Genomes), using denaturing HPLC or selective endonuclease 
digestion of selected PCR products is also applicable to the 
instant invention. See, McCallum, et al., (2000) Nat. Biotech 
nol. 18:455-457, herein incorporated by reference. 
0167 Mutations that impact gene expression or that inter 
fere with the function of the encoded protein are well known 
in the art. Insertional mutations in gene exons usually result in 
null-mutants. Mutations in conserved residues are particu 
larly effective in inhibiting the activity of the encoded protein. 
Conserved residues of plant GRF polypeptides and/or 
miRNA396 suitable for mutagenesis with the goal to elimi 
nate activity have been described. Such mutants can be iso 
lated according to well-known procedures, and mutations in 
different loci can be stacked by genetic crossing. See, for 
example, Gruis, et al., (2002) Plant Cell 14:2863-2882. 
0168 The methods of the invention provides for improved 
plant tolerance to nematode infection. This performance may 
be demonstrated in a number of ways including the following. 

Improved or Modulated Root Development in Nematode 
Infected Plants 

0169 Methods for improving tolerance to nematode 
infection and root development in a plant are provided. By 
"modulating root development' is intended any alteration in 
the development of the plant root under nematode infection 
when compared to a control plant. Such alterations in root 
development include, but are not limited to, alterations in the 
growth rate of the primary root, the fresh root weight, the 
extent of lateral and adventitious root formation, the vascu 
lature system, meristem development, or radial expansion. 
0170 The methods comprise modulating the level and/or 
activity of a miRNA396, GRF1 or GRF3 and their interaction 

Nov. 1, 2012 

in the plant. In one method, a plant miRNA396 sequence 
expression construct is provided to the plant. In other meth 
ods, root development is modulated by increasing the level or 
activity of the GRF proteins that interact with miRNA396 in 
the plant. A change in plant GRF activity can result in at least 
one or more of the following alterations to root development, 
including, but not limited to, alterations in root biomass and 
length when the plant is grown under nematode infection. 
0171 As used herein, “root growth' encompasses all 
aspects of growth of the different parts that make up the root 
system at different stages of its development in both mono 
cotyledonous and dicotyledonous plants. It is to be under 
stood that enhanced root growth can result from enhanced 
growth of one or more of its parts including the primary root, 
lateral roots, adventitious roots, etc. 
0172 Methods of measuring such developmental alter 
ations in the root system are known in the art. See, for 
example, U.S. Application No. 2003/0074698 and Werner, et 
al., (2001) PNAS 18:10487-10492, both of which are herein 
incorporated by reference. 
As discussed above, one of skill will recognize the appropri 
ate promoter to use to modulate root development in the plant. 
Exemplary promoters for this embodiment include constitu 
tive promoters and root-preferred promoters. Exemplary 
root-preferred promoters have been disclosed elsewhere 
herein. 
0173 Stimulating root growth and increasing root mass in 
the presence of nematode infection by increasing the activity 
and/or level of miRNA396 or its targets such as the GRF 
proteins also finds use in improving the standability of a plant. 
The term “resistance to lodging or “standability” refers to 
the ability of a plant to fix itself to the soil. For plants with an 
erect or semi-erect growth habit, this term also refers to the 
ability to maintain an upright position under adverse (envi 
ronmental) conditions. This trait relates to the size, depth and 
morphology of the root system. Furthermore, higher root 
biomass production has a direct effect on the yield and an 
indirect effect of production of compounds produced by root 
cells or transgenic root cells or cell cultures of said transgenic 
root cells. 

Modulating Shoot and Leaf Development in Nematode 
Infected Plants 

0.174 Methods are also provided for modulating shoot and 
leaf development in a plant, particularly under nematode 
infection. By “modulating shoot and/or leaf development' is 
intended any alteration in the development of the plant shoot 
and/or leaf in nematode infection. Such alterations in shoot 
and/or leaf development include, but are not limited to, alter 
ations in shoot meristem development, in leaf number, leaf 
size, leaf and stem vasculature, internode length, and leaf 
senescence. As used herein, “leaf development' and “shoot 
development' encompasses all aspects of growth of the dif 
ferent parts that make up the leaf system and the shoot system, 
respectively, at different stages of their development, both in 
monocotyledonous and dicotyledonous plants. Methods for 
measuring Such developmental alterations in the shoot and 
leaf system are known in the art. See, for example, Werner, et 
al., (2001) PNAS 98: 10487-10492 and U.S. Application No. 
2003/0074698, each of which is herein incorporated by ref 
CCC. 

0.175. The method for modulating shoot and/or leaf devel 
opment in a plant in nematode infected conditions comprises 
increasing the activity and/or level of plant mrRNA396 or its 
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target GRF proteins. In one embodiment, the plant nucleotide 
sequences can be provided by introducing into the plant a 
polynucleotide comprising an plant expression construct, 
expressing the same, and thereby modifying shoot and/or leaf 
development in nematode infected plants. In other embodi 
ments, the plant expression nucleotide construct introduced 
into the plant is stably incorporated into the genome of the 
plant. 
0176 An increase in plant tolerance to nematode infection 
can result in at least one or more of the following alterations 
in shoot and/or leaf development under nematode infection 
when compared to a nonmodified plant, including, but not 
limited to, changes in leaf number, altered leaf Surface, 
altered vasculature, internodes and plant growth, and alter 
ations in leaf senescence, when compared to a control plant in 
the same conditions. 
0177. As discussed above, one of skill will recognize the 
appropriate promoter to use to modulate shoot and leaf devel 
opment of the plant. Exemplary promoters for this embodi 
ment include constitutive promoters, shoot-preferred pro 
moters, shoot meristem-preferred promoters, and leaf 
preferred promoters. Exemplary promoters have been 
disclosed elsewhere herein. 
Method of Use for Plant miRNA, and/or GRF Polynucle 
otides in Combination with Other Phenotype Changing Poly 
nucleotides 
0.178 The nucleotides, expression cassettes and methods 
disclosed herein are useful in regulating expression of any 
heterologous nucleotide sequence in a host plant in order to 
vary the phenotype of a plant. Various other changes in phe 
notype are of interest including modifying the fatty acid com 
position in a plant, altering the amino acid content of a plant, 
altering a plant's stress tolerance, and the like. These results 
can be achieved by providing expression of heterologous 
products or increased expression of endogenous products in 
plants. Alternatively, the results can be achieved by providing 
for a reduction of expression of one or more endogenous 
products, particularly enzymes or cofactors in the plant. 
These changes result in a change in phenotype of the trans 
formed plant. 
0179 Genes of interest are reflective of the commercial 
markets and interests of those involved in the development of 
the crop. Crops and markets of interest change, and as devel 
oping nations open up world markets, new crops and tech 
nologies will emerge also. In addition, as our understanding 
of agronomic traits and characteristics such as yield and het 
erosis increase, the choice of genes for transformation will 
change accordingly. General categories of genes of interest 
include, for example, those genes involved in information, 
Such as Zinc fingers, those involved in communication, Such 
as kinases, and those involved in housekeeping, such as heat 
shock proteins. More specific categories of transgenes, for 
example, include genes encoding important traits for agro 
nomics, insect resistance, disease resistance, herbicide resis 
tance, Sterility, grain characteristics, and commercial prod 
ucts. Genes of interest include, generally, those involved in 
oil, starch, carbohydrate, or nutrient metabolism as well as 
those affecting kernel size. Sucrose loading, and the like. 
0180. In certain embodiments the plant miRNA/GRF 
nucleic acid sequences of can be used in combination 
("stacked') with other polynucleotide sequences of interest in 
order to create plants with a desired phenotype. The combi 
nations generated can include multiple copies of any one or 
more of the polynucleotides of interest. The polynucleotides 
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of the present invention may be stacked with any gene or 
combination of genes to produce plants with a variety of 
desired trait combinations, including but not limited to traits 
desirable for animal feed Such as high oil genes (e.g., U.S. Pat. 
No. 6.232.529); balanced amino acids (e.g., hordothionins 
(U.S. Pat. Nos. 5,990,389; 5,885,801; 5,885,802; and 5,703, 
049); barley high lysine (Williamson, et al., (1987) Eur. J. 
Biochem. 165:99-106; and WO 98/20122); and high 
methionine proteins (Pedersen, et al., (1986) J. Biol. Chem. 
261:6279; Kirihara, et al., (1988) Gene 71:359; and 
Musumura, et al., (1989) Plant Mol. Biol. 12:123)); increased 
digestibility (e.g., modified storage proteins (U.S. application 
Ser. No. 10/053,410, filed Nov. 7, 2001); and thioredoxins 
(U.S. application Ser. No. 10/005,429, filed Dec. 3, 2001)), 
the disclosures of which are herein incorporated by reference. 
The polynucleotides of the present invention can also be 
stacked with traits desirable for insect, disease or herbicide 
resistance (e.g., Bacillus thuringiensis toxic proteins (U.S. 
Pat. Nos. 5,366,892; 5,747,450; 5,736,514; 5,723,756; 5,593, 
881; Geiser, et al., (1986) Gene 48:109); lectins (Van Damme, 
et al., (1994) Plant Mol. Biol. 24:825); fumonisin detoxifica 
tion genes (U.S. Pat. No. 5,792.931); avirulence and disease 
resistance genes (Jones, et al., (1994) Science 266:789; Mar 
tin, et al., (1993) Science 262:1432: Mindrinos, et al., (1994) 
Cell 78: 1089); acetolactate synthase (ALS) mutants that lead 
to herbicide resistance such as the S4 and/or Hra mutations; 
inhibitors of glutamine synthase Such as phosphinothricin or 
basta (e.g., bar gene); and glyphosate resistance (EPSPS 
gene)); and traits desirable for processing or process products 
such as high oil (e.g., U.S. Pat. No. 6.232.529); modified oils 
(e.g., fatty acid desaturase genes (U.S. Pat. No. 5,952,544: 
WO 94/11516)); modified starches (e.g., ADPG pyrophos 
phorylases (AGPase), starch synthases (SS), starch branching 
enzymes (SBE) and starch debranching enzymes (SDBE)); 
and polymers or bioplastics (e.g., U.S. Pat. No. 5,602,321; 
beta-ketothiolase, polyhydroxybutyrate synthase, and 
acetoacetyl-CoA reductase (Schubert, et al., (1988) J. Bacte 
riol. 170:5837-5847) facilitate expression of polyhydroxyal 
kanoates (PHAs)), the disclosures of which are herein incor 
porated by reference. 
0181. One could also combine the polynucleotides of the 
present invention with polynucleotides affecting agronomic 
traits such as malesterility (e.g., see U.S. Pat. No. 5,583,210), 
stalk strength, flowering time, or transformation technology 
traits such as cell cycle regulation or gene targeting (e.g., WO 
99/61619; WO 00/17364; WO99/25821), the disclosures of 
which are herein incorporated by reference. 
0182. In one embodiment, sequences of interest improve 
plant growth and/or crop yields. For example, sequences of 
interest include agronomically important genes that result in 
improved primary or lateral root systems. Such genes include, 
but are not limited to, nutrient/water transporters and growth 
induces. Examples of Such genes, include but are not limited 
to, maize plasma membrane H-ATPase (MHA2) (Frias, et 
al., (1996) Plant Cell 8:1533-44); AKT1, a component of the 
potassium uptake apparatus in Arabidopsis, (Spalding, et al., 
(1999) J Gen Physiol 113:909-18); RML genes which acti 
vate cell division cycle in the root apical cells (Cheng, et al., 
(1995) Plant Physiol 108:881); maize glutamine synthetase 
genes (Sukanya, et al., (1994) Plant Mol Biol 26:1935-46) 
and hemoglobin (Duffetal. (1997).J. Biol. Chem. 27:16749 
16752, Arredondo-Peter, et al., (1997) Plant Physiol. 115: 
1259-1266; Arredondo-Peter, et al., (1997) Plant Physiol 114: 
493-500 and references sited therein). The sequence of 
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interest may also be useful in expressing antisense nucleotide 
sequences of genes that that negatively affects root develop 
ment. 

0183. Additional, agronomically important traits such as 
oil, starch, and protein content can be genetically altered in 
addition to using traditional breeding methods. Modifications 
include increasing content of oleic acid, Saturated and unsat 
urated oils, increasing levels of lysine and Sulfur, providing 
essential amino acids, and also modification of starch. Hor 
dothionin protein modifications are described in U.S. Pat. 
Nos. 5,703,049, 5,885,801, 5,885,802, and 5,990,389, herein 
incorporated by reference. Another example is lysine and/or 
sulfur rich seed protein encoded by the soybean 2S albumin 
described in U.S. Pat. No. 5,850,016, and the chymotrypsin 
inhibitor from barley, described in Williamson, et al., (1987) 
Eur. J. Biochem. 165:99-106, the disclosures of which are 
herein incorporated by reference. 
0184 Derivatives of the coding sequences can be made by 
site-directed mutagenesis to increase the level of preselected 
amino acids in the encoded polypeptide. For example, the 
gene encoding the barley high lysine polypeptide (BHL) is 
derived from barley chymotrypsin inhibitor, U.S. application 
Ser. No. 08/740,682, filed Nov. 1, 1996, and WO 98/20133, 
the disclosures of which are herein incorporated by reference. 
Other proteins include methionine-rich plant proteins such as 
from sunflower seed (Lilley, et al., (1989) Proceedings of the 
World Congress on Vegetable Protein Utilization in Human 
Foods and Animal Feedstuffs, ed. Applewhite (American Oil 
Chemists Society, Champaign, Ill.), pp. 497-502; herein 
incorporated by reference); corn (Pedersen, et al., (1986) J. 
Biol. Chem. 261:6279; Kirihara, et al., (1988) Gene 71:359: 
both of which are herein incorporated by reference); and rice 
(Musumura, et al., (1989) Plant Mol. Biol. 12:123, herein 
incorporated by reference). Other agronomically important 
genes encode latex, Floury 2, growth factors, seed storage 
factors, and transcription factors. 
0185. Herbicide resistance traits may include genes cod 
ing for resistance to herbicides that act to inhibit the action of 
acetolactate synthase (ALS), in particular the Sulfonylurea 
type herbicides (e.g., the acetolactate synthase (ALS) gene 
containing mutations leading to Such resistance, in particular 
the S4 and/or Hra mutations), genes coding for resistance to 
herbicides that act to inhibit action of glutamine synthase, 
Such as phosphinothricin or basta (e.g., the bar gene), or other 
Such genes known in the art. The bar gene encodes resistance 
to the herbicide basta, the nptII gene encodes resistance to the 
antibiotics kanamycin and geneticin, and the ALS-gene 
mutants encode resistance to the herbicide chlorsulfuron. 
0186 Sterility genes can also be encoded in an expression 
cassette and provide an alternative to physical detasseling. 
Examples of genes used in Such ways include male tissue 
preferred genes and genes with male sterility phenotypes 
such as QM, described in U.S. Pat. No. 5,583,210. Other 
genes include kinases and those encoding compounds toxic to 
either male or female gametophytic development. 
0187. The quality of grain is reflected in traits such as 
levels and types of oils, Saturated and unsaturated, quality and 
quantity of essential amino acids, and levels of cellulose. In 
corn, modified hordothionin proteins are described in U.S. 
Pat. Nos. 5,703,049, 5,885,801, 5,885,802, and 5,990,389. 
0188 Commercial traits can also be encoded on a gene or 
genes that could increase for example, starch for ethanol 
production, or provide expression of proteins. Another impor 
tant commercial use of transformed plants is the production 
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of polymers and bioplastics such as described in U.S. Pat. No. 
5,602,321. Genes such as B-Ketothiolase, PHBase (polyhy 
droxybury rate synthase), and acetoacetyl-CoA reductase 
(see, Schubert, et al., (1988) J. Bacteriol. 170:5837-5847) 
facilitate expression of polyhyroxyalkanoates (PHAs). 
0189 Exogenous products include plant enzymes and 
products as well as those from other sources including 
prokaryotes and other eukaryotes. Such products include 
enzymes, cofactors, hormones, and the like. The level of 
proteins, particularly modified proteins having improved 
amino acid distribution to improve the nutrient value of the 
plant, can be increased. This is achieved by the expression of 
Such proteins having enhanced amino acid content. 

Production And Characterization Of Stably Transformed 
Plants 

(0190. After effecting delivery of exogenous DNA to 
recipient cells, the next steps generally concern identifying 
the transformed cells for further culturing and plant regenera 
tion. In order to improve the ability to identify transformants, 
one may desire to employ a selectable or screenable marker 
gene with a transformation vector prepared in accordance 
with the invention. In this case, one would then generally 
assay the potentially transformed cell population by exposing 
the cells to a selective agent or agents, or one would screen the 
cells for the desired marker gene trait. 

Selection 

(0191). It is believed that DNA is introduced into only a 
Small percentage of target cells in any one study. In order to 
provide an efficient system for identification of those cells 
receiving DNA and integrating it into their genomes one may 
employ a means for selecting those cells that are stably trans 
formed. One exemplary embodiment of such a method is to 
introduce into the host cell, a marker gene which confers 
resistance to some normally inhibitory agent, such as an 
antibiotic or herbicide. Examples of antibiotics which may be 
used include the aminoglycoside antibiotics neomycin, kana 
mycin and paromomycin, or the antibiotic hygromycin. 
Resistance to the aminoglycoside antibiotics is conferred by 
aminoglycoside phosphotransferase enzymes Such as neo 
mycin phosphotransferase II (NPT II) or NPT I, whereas 
resistance to hygromycin is conferred by hygromycin phos 
photransferase. 
0.192 Potentially transformed cells then are exposed to the 
selective agent. In the population of Surviving cells will be 
those cells where, generally, the resistance-conferring gene 
has been integrated and expressed at Sufficient levels to per 
mit cell survival. Cells may be tested further to confirm stable 
integration of the exogenous DNA. 
0.193. One herbicide which constitutes a desirable selec 
tion agent is the broad spectrum herbicide bialaphos. Biala 
phos is a tripeptide antibiotic produced by Streptomyces 
hygroscopicus and is composed of phosphinothricin (PPT), 
an analogue of L-glutamic acid, and two L-alanine residues. 
Upon removal of the L-alanine residues by intracellular pep 
tidases, the PPT is released and is a potent inhibitor of 
glutamine synthetase (GS), a pivotal enzyme involved in 
ammonia assimilation and nitrogen metabolism (Ogawa et 
al., 1973). Synthetic PPT, the active ingredient in the herbi 
cide LibertyTM also is effective as a selection agent Inhibition 
of GS in plants by PPT causes the rapid accumulation of 
ammonia and death of the plant cells. 
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0194 The organism producing bialaphos and other spe 
cies of the genus Streptomyces also synthesizes an enzyme 
phosphinothricin acetyl transferase (PAT) which is encoded 
by the bar gene in Streptomyces hygroscopicus and the pat 
gene in Streptomyces viridochromogenes. The use of the her 
bicide resistance gene encoding phosphinothricin acetyl 
transferase (PAT) is referred to in DE 3642829A, wherein the 
gene is isolated from Streptomyces viridochromogenes. 
0.195 Another example of a herbicide which is useful for 
selection of transformed cell lines in the practice of the inven 
tion is the broad spectrum herbicide glyphosate. Glyphosate 
inhibits the action of the enzyme EPSPS which is active in the 
aromatic amino acid biosynthetic pathway Inhibition of this 
enzyme leads to starvation for the amino acids phenylalanine, 
tyrosine, and tryptophan and secondary metabolites derived 
thereof. U.S. Pat. No. 4,535,060 describes the isolation of 
EPSPS mutations which confer glyphosate resistance on 
polypeptides encoded by the Salmonella typhimurium gene 
for EPSPS, aroA. The EPSPS gene was cloned from Zea mays 
and mutations similar to those found in a glyphosate resistant 
aroA gene were introduced in vitro. Mutant genes encoding 
glyphosate resistant EPSPS enzymes are described in, for 
example, International Patent WO 97/4103. The best charac 
terized mutant EPSPS gene conferring glyphosate resistance 
comprises amino acid changes at residues 102 and 106. 
although it is anticipated that other mutations will also be 
useful (PCT/WO97/4103). 
(0196) To use a bar-bialaphos or the EPSPS-glyphosate 
selective system, for example, transformed tissue can be cul 
tured for 0-28 days on nonselective medium and subsequently 
transferred to medium containing from 1-3 mg/l bialaphos or 
1-3 mM glyphosate as appropriate. While ranges of 1-3 mg/1 
bialaphos or 1-3 mM glyphosate may be preferred, it is pro 
posed that ranges of 0.1-50 mg/l bialaphos or 0.1-50 mM 
glyphosate will find utility. 
(0197) Regeneration and Seed Production 
0198 Cells that survive the exposure to the selective 
agent, or cells that have been scored positive in a screening 
assay, may be cultured in media that Supports regeneration of 
plants. In an exemplary embodiment, MS and N6 media may 
be modified by including further Substances such as growth 
regulators. One Such growth regulator is dicamba or 2,4-D. 
However, other growth regulators may be employed, includ 
ing NAA, NAA+2,4-D or picloram. Media improvement in 
these and like ways has been found to facilitate the growth of 
cells at specific developmental stages. Tissue may be main 
tained on a basic media with growth regulators until Sufficient 
tissue is available to begin plant regeneration efforts, or fol 
lowing repeated rounds of manual selection, until the mor 
phology of the tissue is Suitable for regeneration, at least 2wk, 
then transferred to media conducive to maturation of embry 
oids. Cultures are transferred every 2 wk on this medium. 
Shoot development will signal the time to transfer to medium 
lacking growth regulators. 
(0199 The transformed cells, identified by selection or 
screening and cultured in an appropriate medium that Sup 
ports regeneration, will then be allowed to mature into plants. 
Developing plantlets are transferred to Soiless plant growth 
mix, and hardened, e.g., in an environmentally controlled 
chamber, for example, at about 85% relative humidity, 600 
ppm CO, and 25-250 microeinsteins mis' of light. Plants 
may be matured in a growth chamber or greenhouse. Plants 
can be regenerated from about 6 wk to 10 months after a 
transformant is identified, depending on the initial tissue. 
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During regeneration, cells are grown on Solid media in tissue 
culture vessels. Illustrative embodiments of such vessels are 
petri dishes and Plant Cons. Regenerating plants can be 
grown at about 19 to 28°C. After the regenerating plants have 
reached the stage of shoot and root development, they may be 
transferred to a greenhouse for further growth and testing. 
0200 Seeds on transformed plants may occasionally 
require embryo rescue due to cessation of seed development 
and premature senescence of plants. To rescue developing 
embryos, they are excised from Surface-disinfected seeds 
10-20 days post-pollination and cultured. An embodiment of 
media used for culture at this stage comprises MS salts, 2% 
Sucrose, and 5.5ul agarose. In embryo rescue, large embryos 
(defined as greater than 3 mm in length) are germinated 
directly on an appropriate media. Embryos Smaller than that 
may be cultured for 1 wk on media containing the above 
ingredients along with 10 abscisic acid and then trans 
ferred to growth regulator-free medium for germination. 

Characterization 

0201 To confirm the presence of the exogenous DNA or 
“transgene(s) in the regenerating plants, a variety of assays 
may be performed. Such assays include, for example, 
“molecular biological' assays, such as Southern and North 
ern blotting and PCRTM; “biochemical assays, such as 
detecting the presence of a protein product, e.g., by immuno 
logical means (ELISAs and Western blots) or by enzymatic 
function; plant part assays, such as leaf or root assays; and 
also, by analyzing the phenotype of the whole regenerated 
plant. 

DNA Integration, RNA Expression and Inheritance 

0202 Genomic DNA may be isolated from cell lines or 
any plant parts to determine the presence of the exogenous 
gene through the use of techniques well known to those 
skilled in the art. Note, that intact sequences will not always 
be present, presumably due to rearrangement or deletion of 
sequences in the cell. The presence of DNA elements intro 
duced through the methods of this invention may be deter 
mined, for example, by polymerase chain reaction (PCRTM). 
Using this technique, discrete fragments of DNA are ampli 
fied and detected by gel electrophoresis. This type of analysis 
permits one to determine whether a gene is present in a stable 
transformant, but does not prove integration of the introduced 
gene into the host cell genome. It is typically the case, how 
ever, that DNA has been integrated into the genome of all 
transformants that demonstrate the presence of the gene 
through PCRTM analysis. In addition, it is not typically pos 
sible using PCRTM techniques to determine whether transfor 
mants have exogenous genes introduced into different sites in 
the genome, i.e., whether transformants are of independent 
origin. It is contemplated that using PCRTM techniques it 
would be possible to clone fragments of the host genomic 
DNA adjacent to an introduced gene. 
0203 Positive proof of DNA integration into the host 
genome and the independent identities of transformants may 
be determined using the technique of Southern hybridization. 
Using this technique specific DNA sequences that were intro 
duced into the host genome and flanking host DNA sequences 
can be identified. Hence the Southern hybridization pattern of 
a given transformant serves as an identifying characteristic of 
that transformant. In addition it is possible through Southern 
hybridization to demonstrate the presence of introduced 
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genes in high molecular weight DNA, i.e., confirm that the 
introduced gene has been integrated into the host cell 
genome. The technique of Southern hybridization provides 
information that is obtained using PCRTM, e.g., the presence 
of a gene, but also demonstrates integration into the genome 
and characterizes each individual transformant. 

0204. It is contemplated that using the techniques of dot or 
slot blot hybridization which are modifications of Southern 
hybridization techniques one could obtain the same informa 
tion that is derived from PCRTM, e.g., the presence of a gene. 
0205 Both PCRTM and Southern hybridization techniques 
can be used to demonstrate transmission of a transgene to 
progeny. In most instances the characteristic Southern 
hybridization pattern for a given transformant will segregate 
in progeny as one or more Mendelian genes (Spencer et al., 
1992) indicating stable inheritance of the transgene. 
0206 Whereas DNA analysis techniques may be con 
ducted using DNA isolated from any part of a plant, RNA will 
only be expressed in particular cells or tissue types and hence 
it will be necessary to prepare RNA for analysis from these 
tissues. PCRTM techniques also may be used for detection and 
quantitation of RNA produced from introduced genes. In this 
application of PCRTM it is first necessary to reverse transcribe 
RNA into DNA, using enzymes such as reverse transcriptase, 
and then through the use of conventional PCRTM techniques 
amplify the DNA. In most instances PCRTM techniques, while 
useful, will not demonstrate integrity of the RNA product. 
Further information about the nature of the RNA product may 
be obtained by Northern blotting. This technique will dem 
onstrate the presence of an RNA species and give information 
about the integrity of that RNA. The presence or absence of an 
RNA species also can be determined using dot or slot blot 
Northern hybridizations. These techniques are modifications 
of Northern blotting and will only demonstrate the presence 
or absence of an RNA species. 

Gene Expression 

0207. While Southern blotting and PCRTM may be used to 
detect the gene(s) in question, they do not provide informa 
tion as to whether the corresponding protein is being 
expressed. Expression may be evaluated by specifically iden 
tifying the protein products of the introduced genes or evalu 
ating the phenotypic changes brought about by their expres 
S1O. 

0208 Assays for the production and identification of spe 
cific proteins may make use of physical-chemical, structural, 
functional, or other properties of the proteins. Unique physi 
cal-chemical or structural properties allow the proteins to be 
separated and identified by electrophoretic procedures. Such 
as native or denaturing gel electrophoresis or isoelectric 
focusing, or by chromatographic techniques such as ion 
exchange or gel exclusion chromatography. The unique struc 
tures of individual proteins offer opportunities for use of 
specific antibodies to detect their presence informats Such as 
an ELISA assay. Combinations of approaches may be 
employed with even greater specificity Such as western blot 
ting in which antibodies are used to locate individual gene 
products that have been separated by electrophoretic tech 
niques. Additional techniques may be employed to absolutely 
confirm the identity of the product of interest such as evalu 
ation by amino acid sequencing following purification. 
Although these are among the most commonly employed, 
other procedures may be additionally used. 
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0209 Very frequently the expression of a gene product is 
determined by evaluating the phenotypic results of its expres 
Sion. These assays also may take many forms including but 
not limited to analyzing changes in the chemical composition, 
morphology, or physiological properties of the plant. Chemi 
cal composition may be altered by expression of genes encod 
ing enzymes or storage proteins which change amino acid 
composition and may be detected by amino acid analysis, or 
by enzymes which change starch quantity which may be 
analyzed by near infrared reflectance spectrometry. Morpho 
logical changes may include greater stature or thicker Stalks. 
Most often changes in response of plants or plant parts to 
imposed treatments are evaluated under carefully controlled 
conditions termed bioassays. 

Breeding Plants 
0210. In addition to direct transformation of a particular 
plant genotype with a construct prepared according to the 
current invention, transgenic plants may be made by crossing 
a plant having a selected DNA of the invention to a second 
plant lacking the construct. For example, a selected polypep 
tide coding sequence can be introduced into a particular plant 
variety by crossing, without the need for ever directly trans 
forming a plant of that given variety. Therefore, the current 
invention not only encompasses a plant directly transformed 
or regenerated from cells which have been transformed in 
accordance with the current invention, but also the progeny of 
Such plants. As used herein the term “progeny denotes the 
offspring of any generation of a parent plant prepared in 
accordance with the instant invention, wherein the progeny 
comprises a selected DNA construct prepared in accordance 
with the invention. “Crossing a plant to provide a plant line 
having one or more added transgenes relative to a starting 
plant line, as disclosed herein, is defined as the techniques that 
result in a transgene of the invention being introduced into a 
plant line by crossing a starting line with a donor plant line 
that comprises a transgene of the invention. To achieve this 
one could, for example, perform the following steps: 
0211 (a) plant seeds of the first (starting line) and second 
(donor plant line that comprises a transgene of the invention) 
parent plants; 
0212 (b) grow the seeds of the first and second parent 
plants into plants that bear flowers; 
0213 (c) pollinate a flower from the first parent plant with 
pollen from the second parent plant; and 
0214) (d) harvest seeds produced on the parent plant bear 
ing the fertilized flower. 
Backcrossing is herein defined as the process including the 
steps of: 
0215 (a) crossing a plant of a first genotype containing a 
desired gene, DNA sequence or element to a plant of a second 
genotype lacking the desired gene, DNA sequence or ele 
ment; 
0216 (b) selecting one or more progeny plant containing 
the desired gene, DNA sequence or element; 
0217 (c) crossing the progeny plant to a plant of the sec 
ond genotype; and 
0218 (d) repeating steps (b) and (c) for the purpose of 
transferring a desired DNA sequence from a plant of a first 
genotype to a plant of a second genotype. 
0219 Introgression of a DNA element into a plant geno 
type is defined as the result of the process of backcross con 
version. A plant genotype into which a DNA sequence has 
been introgressed may be referred to as a backcross converted 
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genotype, line, inbred, or hybrid. Similarly a plant genotype 
lacking the desired DNA sequence may be referred to as an 
unconverted genotype, line, inbred, or hybrid. 
0220. It is understood that modifications which do not 
substantially affect the activity the various embodiments of 
this invention are also provided within the definition of the 
invention provided herein. Accordingly, the following 
examples are intended to illustrate but not limit the present 
invention. 

EXAMPLES 

Example 1 

0221 Pathogens alter their hosts’ biology to ensure suc 
cessful infection. Such modifications range from moderate to 
extensive, and in the case of plant pathogens, few infections 
result in more dramatic changes than those of sedentary 
endoparasitic nematodes, which include the cyst nematodes 
(Heterodera spp.). Maybe rivaled in complexity only by plant 
interactions with Agrobacterium and Rhizobia, cyst nema 
todes are obligate parasitic roundworms that induce the for 
mation of novel plant cell types that are associated in a unique 
feeding organ, the syncytium. 
0222 Cyst nematodes infect as second-stage juveniles 
(J2), which initiate the induction/formation of the syncytium. 
During this phase, J2s begin feeding on the growing syncy 
tium and then develop into third-stage (J3) and fourth-stage 
juveniles (J4) followed by the adult stage. Syncytium devel 
opment can be separated into an induction/formation phase 
followed by a maintenance phase. Induction/formation 
involves effector-mediated communication between the 
nematode and plant cells leading to cytoplasmic and nuclear 
changes followed by successive cell-to-cell fusions of the 
cells Surrounding an initial feeding cell (IFC). Through con 
tinuous cell fusions, syncytium formation and enlargement 
continues. During the maintenance phase no additional cells 
are incorporated and syncytial cells have undergone their 
developmental changes and now are fully engaged in main 
taining syncytium function. 
0223 Due to their sedentary nature of parasitism, cyst 
nematodes need to obtain all their nourishment from one 
location, in fact, through the contact with the IFC. The sever 
ity of this constraint becomes obvious when considering that 
the worm-shaped infective J2 nematode has a body length of 
approximately 500 um and then grows to a large lemon 
shaped sphere that produces several hundred eggs, each con 
taining a fully infective nematode. The sheer logistics of 
nutrient availability and flux appear unrivalled for an indi 
vidual plant pathogen. This association is also impressive 
with regard to the complete dependence of nematode Survival 
on the well-being and survival of the IFC and the syncytium. 
In other words, a single hypersensitive response or an inter 
ruption of the newly induced developmental programs of 
syncytium formation would eliminate nematode parasitism. 
But despite a plant's well developed ability to detect and 
defend against invaders, co-evolution of nematode and plant 
has resulted in an uncannily robust and Successful pathosys 
tem in which nematode contact with the IFC does not trigger 
effective defenses. Instead, syncytial cells are dedicated to 
nematode nourishment, and their plant defenses have been 
Suppressed by the nematode. 
0224 Syncytium formation encompasses reprogramming 
of differentiated root cells, and these redifferentiations are 
accompanied and mediated by massive gene expression 
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changes, which have been documented in diverse research 
approaches using soybean and the Soybean cyst nematode 
Heterodera glycines (Alkharoufetal., 2006: Ithalet al., 2007; 
Klink et al., 2009) and probably most extensively in Arabi 
dopsis infected by the Sugar beet cyst nematode H. Schachtii 
(SZakasits et al., 2009). These gene expression changes 
clearly require powerful mechanisms of concerted regulation, 
and the existence of major regulatory choke points, i.e., mas 
ter Switches, can be hypothesized, although none have been 
documented to date. Regulatory networks governing gene 
expression patterns in nematode-infected roots and particu 
larly in the developing syncytium are very poorly understood. 
0225 miRNAs initially have been shown to be involved in 
the regulation of a variety of plant developmental processes 
including phase transition, hormone synthesis and signaling, 
pattern formation, and morphogenesis (Chen, 2009). Recent 
studies indicate that miRNAs and small endogenous RNAs 
also are involved in biotic stress responses in plants (Navarro 
et al. 2006; Li et al., 2010: He et al., 2008: Lu et al., 2007: 
Fahlgrenetal. 2007; Heweziet al., 2008a; Pandey et al., 2008: 
Katiyar-Agarwal et al., 2006 and 2007). Also, consistent with 
a role of small RNAs in the regulation of plant immune 
responses, Arabidopsis mutants deficient in siRNA or 
miRNA biogenesis affected plant susceptibility to bacteria 
(Navarro et al., 2008) and the sugar beet cyst nematode H. 
Schachtii (Hewezi et al., 2008a). Collectively, these emerging 
data indicate that Small RNA-mediated gene regulation is a 
fundamental mechanism in plant-pathogen interactions. 
0226 Despite these advances, little is known about the 
molecular mechanisms controlling cell differentiation and 
development in the nematode-induced syncytium. The 
miR396 family, miR396a and miR396b, governs the expres 
sion of seven growth regulating transcription factor genes 
(GRFs) (Jones-Rhoades and Bartel, 2004). The GRF gene 
family in Arabidopsis is known to act in a functionally redun 
dant fashion to positively control cell proliferation and size in 
leaves (Kim et al., 2003; Kim and Kende, 2004; Horiguchi et 
al., 2005; Kim and Lee, 2006). Consistent with the fact that 
miR396 acts as a negative regulator of GRF gene expression, 
overexpression of miR396 negatively impacted cell prolifera 
tion in leaves and meristem size (Liu et al., 2009; Rodriguez 
et al., 2010). However, the roles of the miR396/GRF regula 
tory module in controlling developmental events during 
plant-pathogen interactions or in root developmental pro 
cesses are completely unknown. In this study we demonstrate 
that miR396 is differentially expressed in the syncytium, that 
the miR396-GRF regulatory unit is subject to extensive feed 
back regulation, and that this microRNA functions as a true 
master Switch in syncytium formation. 

Results 

0227. In Arabidopsis, miR396 is encoded by two genes, 
miR396a (AT2G10606) (SEQ ID NO:1) and miR396b 
(AT5G35407) (SEQIDNO:2) and regulates the expression of 
seven of the nine Arabidopsis growth regulating transcription 
factor genes (GRF1 through 4 and 7 through 9), which share 
the miR396-binding site (Jones-Rhoades and Bartel, 2004). 
To determine which GRF genes could be targeted by miR396 
in roots, we measured the mRNA steady-state levels in root 
tissues of 10-d old seedlings of all 9 GRF genes by quantita 
tive real-time RT-PCR (qPCR). GRF1 and GRF3 showed by 
far the highest root expression levels (FIG. 7). This observa 
tion implies that if miRNA396 is active in post-transcrip 
tional gene regulation in Arabidopsis roots in general and 
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during nematode infection in particular, GRF1 and GRF3 are 
its most likely targets, which is consistent with our previous 
findings that GRF1 and GRF3 are the genes most responsive 
to H. Schachtii infection among the GRF family members 
(Hewezi et al., 2008a). 
miR396a and miR396b have Similar Spatial Expression Pat 
terns and Overlap With GRF1 and GRF3 Expression in Roots 
0228 To examine tissue-specific expression patterns of 
the two miR396 genes, we generated transgenic plants 
expressing constructs containing the regions upstream of 
miRNA396 precursor sequences fused to the f-glucu 
ronidase (GUS) reporter gene (miR396a:GUS and miR396b: 
GUS). GUS staining of at least four independent lines for 
each construct revealed that the miR396a and miR396b pro 
moters have very similar spatial expression patterns, both in 
leaf and root tissues (FIG. 8). Despite the fact that miR396a 
and miR396b have similar spatial expression patterns, GUS 
staining of miR396b: GUS lines was in general much stronger 
than that of miR396a:GUS lines. This was confirmed by 
real-time RT-PCR (qPCR) analysis of miR396 precursors 
(pre-miR396) in roots of two-week-old Colombia-0 (Col-0) 
plants. We foundan mRNA abundance of pre-miR396b about 
70-fold higher than that of pre-miR396a. To determine 
whether the spatial expression of miR396 coincides with that 
of the GRF1 and GRF3 target genes, we generated and exam 
ined at least four transgenic lines each expressing the reporter 
gene fusion constructs GRF 1: GUS or GRF3: GUS. Promoter 
activity of GRF1: GUS and GRF3: GUS (FIG. 8H) revealed 
that expression locations of both miR396a and miR396b spa 
tially overlap with the expression of the target genes GRF1 
and GRF3, Supporting a post-transcriptional regulation of 
GRF1 and GRF3 by miR396 also in roots. 
miRNA396 and GRF Transcription Factors Represent a 
Complex Regulatory Unit Governed by Multiple Mecha 
nisms Including Feedback Regulation. 
0229. To gain insight into the effect of miR396 on GRF 
expression in roots, we expressed the primary miRNA 
sequences of both miR396a and miR396b in Arabidopsis 
under the control of the 35S promoter. Independent homozy 
gous T3 lines expressing between 2- and 5-fold higher 
miRNA levels relative to the wildtype were identified (FIGS. 
9A and B). While we used these lines in phenotypical assess 
ments (see below), we also determined whether miR396 over 
expression resulted in the expected decreased mRNA abun 
dance of GRF target genes by using qPCR to quantify the 
mRNA levels of the GRF gene family in the roots of trans 
genic miR396b-overexpression plants (line 16-4). All GRF 
gene mRNA abundances were reduced as a consequence of 
this manipulation (FIG. 1A). Interestingly, mRNA levels of 
GRF5 and GRF6 also were down regulated in the miR396 
overexpression plants (1.62 and 1.68 fold, respectively), even 
though these genes are not directly targeted by miRNA396. 
These data show that miRNA396 induction results in the 
expected mRNA reduction of its target genes in roots but also 
that the GRF gene family is subject to additional concerted 
regulatory mechanisms that are sensitive to gene family 
member expression levels. Similar results in support of the 
latter conclusion were also obtained by Rodriguez et al. 
(2010) in shoots. 
0230 Having identified that miR396 is highly expressed 
in roots it was of interest to determine the influence of 
miRNA396 overexpression on root development. Interest 
ingly, we found that overexpression of miR396 resulted in 
root length reductions of 12% to 49% (FIGS. 1B and C). 
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These data Suggest that GRF transcription factors are positive 
regulators of Arabidopsis root development. Given the fact 
that GRF1 and GRF3 are the most abundant gene family 
members in roots, their roles appear most prominent in this 
developmental pathway. 
0231. In order to further explore GRF1 and GRF3 func 
tions in roots, we overexpressed the coding sequences of 
these two genes under the control of the 35S promoter in two 
forms. First, we generated plants expressing the wild-type 
variants (35S:wtGRF1 and 35S:wtGRF3) cleavable by 
miRNA396 and second, we generated plants harboring 
miR396-resistant non-cleavable variants (35S:rGRF1 and 
35S:rGRF3). While we expected that these lines would pro 
duce phenotypes opposite to those found in miR396 overex 
pression lines, unexpectedly, the transgenic lines overex 
pressing either the wild-type or the resistant versions of GRF1 
and GRF3 both showed phenotypes similar to miR396 over 
expression plants of shorter roots (FIGS. 1E and F). In other 
words, overexpression of GRF 1 or GRF3 had similar effects 
on root morphology as the overexpression of miRNA396a or 
miR396b, which was counter intuitive. However, this obser 
vation was explained when we discovered that the majority of 
GRF genes are down regulated at the mRNA level in these 
GRF1 and GRF3 overexpression lines, particularly when 
overexpressing the variants resistant to miRNA396 (FIG. 
1G). In other words, a general downregulation of GRF family 
members is a common feature of the rGRF1 and rGRF3 
overexpression lines on one hand and the miRNA396a and 
miR396b overexpression lines on the other, which explains 
the common phenotypes. These findings illustrate again that 
expression levels of the GRF family members are intricately 
connected and that, so far unknown, mechanisms govern a 
mutual influence among gene family members. 
0232) Our findings that GRF 1 and GRF3 overexpression 
resulted in a downregulation of other GRFs in theory could be 
reconciled by the hypothesis that GRF1 and GRF3 expression 
levels provide a positive feedback regulation stimulus for 
miRNA396 expression. I.e., elevated GRF1 and GRF3 gene 
expression would result in a miRNA396 induction, which 
would re-equilibrate the regulatory equilibrium disturbed by 
GRF overexpression. Similar examples of feedback regula 
tion of miRNAs through the expression levels of their target 
genes recently have been identified (Gutierrez et al., 2009: 
Wu et al., 2009; Marinet al., 2010). We, therefore, assessed 
the abundances of pre-miRNA396a, pre-miRNA396b and 
mature miRNA396 in the 35S:wtGRF1, 35S:wtGRF3, 35S: 
rGRF1 and 35S:rGRF3 transgenic lines. While a miRNA396 
increase in these overexpression lines would have explained 
the observed decreased root length as well as the decreased 
GRF mRNA levels, we unexpectedly measured significant 
decreases in abundance of miRNA396 in both of GRF1 and 
GRF3 overexpression lines (FIG. 1H). This observation adds 
additional complexity to the regulatory mechanisms not only 
of the GRF gene family but also the miRNA396-GRF regu 
latory unit. Clearly, the GRF expression changes constituted 
a negative feedback on the expression of miRNA396. The 
mutual influence of GRF family members on each other 
coupled with a GRF feedback on miRNA396 expression 
reveal a complex regulatory module for these regulatory 
genes. 

0233. As a final step towards understanding the regulatory 
mechanisms of the miRNA396-GRF system, further insight 
could be expected from GRF mutants. We identified two 
independent T-DNA insertional alleles each for GRF1 
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(Salk 069339C and Salk 0785 47C) and GRF3 (Salk 
116709 and Salk 026786) (FIGS. 10A and B) and obtained 
the grfl/grf2/grf3 triple knockout mutant of Kimetal. (2003). 
Also here we observed counter-intuitive effects of GRF 
expression on miRNA396 abundance. While a simple model 
would imply that knocking out a miRNA target gene would 
result in a down-regulation of the miRNA, we observed in all 
mutants significant increases in miRNA abundance (FIG. 
10C), which is consistent with our results obtained with the 
rGRF1 and rGRF3 overexpression plants showing significant 
decrease in miR396 expression. In summary, the miRNA396 
GRF gene family system constitutes a non-trivial and com 
plex, multi-dimensional regulatory network. 
miR396a/b and GRF1 and GRF3 are Expressed in Syncytia of 
Heterodera Schachtii. 

0234 We previously observed marked RNA abundance 
changes for miR396a/b as well as GRF1 and GRF3 following 
root infections by H. Schachtii (Hewezi et al. 2008a) and, 
thus, it was of highest interest to identify the location of these 
altered expressions. We explored this question by analyzing 
the promoter activities of miR396a, miR396b and of the 
target genes GRF1 and GRF3 at different time points after H. 
Schachtii infection using our transgenic Arabidopsis GUS 
lines. Most remarkably, the activities of the promoters of both 
miRNA396a and miR396b were strongly down-regulated in 
developing syncytia at early time points of H. Schachtii infec 
tion (i.e., the parasitic J2 and early J3 stages) (FIGS. 2 A-B 
and E-F). At the same time, the GRF1 and GRF3 promoters 
became very active at the same locations (FIGS. 2 I-J and 
M-N). In other words, these observations of transcriptional 
miRNA396 down-regulation with simultaneous target gene 
up-regulation should resultina very pronounced peak of GRF 
1 and GRF3 mRNA abundance in the syncytium at the time of 
syncytium induction and formation. 
0235 Maybe more interestingly, after this initial early 
phase, the promoters of both miRNA396a and miR396b 
became very active in the syncytia of late J3 and J4 nematodes 
(FIGS. 2 C-D and G-H), thus delineating the two distinct 
phases of syncytium induction/formation versus syncytium 
maintenance. At the same time, GRF1 and GRF3 promoters 
remained highly active in late J3 syncytia, with only GRF3 
becoming less active at the J4 stage (FIGS. 2 K-L and O-P). In 
other words, following the initial phase of syncytium induc 
tion/formation, GRF1 and GRF3 mRNA abundance should 
markedly decrease in syncytia during the maintenance phase 
as a function of miRNA396-mediated post-transcriptional 
transcript degradation. 
0236 Because the GRF gene family in Arabidopsis is 
known to act in a functionally redundant manner (Kim et al., 
2003) and because GRF2 shares highest sequence similarity 
with GRF1, we also tested whether the GRF2 promoter is 
active in the syncytium. Transgenic plants expressing the 
reporter gene fusion GRF2:rGRF2-GUS (Rodriguez et al., 
2010) were inoculated with H. Schachtii. No GUS activity 
was detected in early syncytia during the J2 and early J3 
infective stages (FIG. 11), while at late J3 and J4 stages very 
weak syncytial GUS activity was observed (FIG. 11). These 
observations indicate that GRF2 does not work in concert 
with GRF1 and GRF3 during the early induction/formation 
period of the syncytium. Given the overall low expression of 
other GRF genes in roots, similar conclusions can be drawn 
for the remaining GRF genes. 
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GRF1 and GRF3 are Post-Transcriptionally Regulated by 
miR396 During Nematode Infection 
0237 Our promoter analyses clearly show a co-expression 
of miRNA396 with its GRF1 and GRF3 target genes in the 
syncytium, which indicates a posttranscriptional GRF 
expression regulation following nematode infection. To 
investigate any Such posttranscriptional regulation of GRF1 
and GRF3 by miR396, we quantified the abundances of 
miR396 precursors (pre-miR396a and pre-miR396b) and 
mature microRNAs (miR396) along with GRF1 and GRF3 
mRNA steady state levels in response to H. Schachtii infec 
tion over time using qPCR. Ten-day-old wild-type Arabidop 
sis seedlings were inoculated with H. Schachtii, and root 
tissues were collected from inoculated and non-inoculated 
control plants at 1, 3, 8, and 14 days post inoculation (dpi) for 
RNA isolation and cDNA synthesis. Data from three inde 
pendent experiments revealed that the accumulation of pre 
miR396a, pre-miR396b and mature miR396 was down regu 
lated in H. Schachtii-inoculated roots at 1 and 3 dpi time 
points when compared with non-inoculated roots (FIG. 3), 
confirming the down regulation of the miR396a/b promoters 
in the developing syncytium (FIG. 2). Consistent with a post 
transcriptional regulation of GRF1 and GRF3, this down 
regulation was accompanied by elevated mRNA abundance 
for both GRF1 and GRF3 (FIG.3), most probably as a result 
of decreased cleavage of GRF1 and GRF3 mRNA by 
miR396. In contrast, at 8 and 14 dpi, pre-miRNAs and mature 
miR396 were elevated more than 2-fold in inoculated roots 
(FIG. 3). Again consistent with a posttranscriptional regula 
tion of GRF1 and GRF3, this miR396 increase was correlated 
with low transcript abundance of GRF1 and GRF3 (FIG. 3). 
In other words, despite the nematode-induced increased GRF 
promoter activities in syncytia (FIG. 2), GRF1 and GRF3 
steady-state mRNA levels decrease in the syncytia of late J3 
(8 dpi) and J4 (14 dpi) nematodes. 
Overexpression of miR396 and Altered GRF Expression 
Modulate Nematode Susceptibility 
0238 Our finding that miR396 and GRF1 and GRF3 are 
differentially expressed in syncytia strongly suggests that 
miR396-mediated regulation of GRFs is of importance in the 
plant-nematode interaction, and the timing of these expres 
sion changes implies a possible function in the early events of 
syncytium induction/formation and even a delineation of the 
transition from a period of syncytium initiation/formation to 
the period of syncytium maintenance. To test this hypothesis, 
we determined the effect of miR396 overexpression on nema 
tode Susceptibility using our homozygous T3 lines overex 
pressing miR396a or miR396b. Ten-day-old plants were 
inoculated with H. Schachtii J2, and the number of adult 
females was counted 3 weeks after inoculation for both the 
transgenic lines and the wild-type control and used to quan 
tify plant susceptibility. A remarkable effect of miR396 over 
expression on nematode Susceptibility was observed. All 
transgenic lines overexpressing miR396a (FIG. 4A) or 
miR396b (FIG. 4B) were dramatically less susceptible than 
the wild-type control, as shown by the statistically significant 
reduction in number of females per root system. 
0239. It appeared most logic that this reduction of suscep 

tibility in miRNA396 overexpression lines is mediated 
through a resultant down-regulation of GRFs, particularly 
GRF1 and GRF3. Therefore, we hypothesized that mutants of 
GRF1 and GRF3 will phenocopy the decreased nematode 
susceptibility of miRNA396 overexpression lines. The single 
knockdown mutants of GRF1 and GRF3 exhibited small or 
no effects on nematode susceptibility (FIG. 4C), confirming 
the previously reported results of Kim et al. (2003) that GRF 
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gene family members are functionally redundant. However, 
the grf1/grf2/grf3 triple knockout mutant (Kim et al., 2003) 
showed a statistically significant decrease in Susceptibility to 
H. Schachtii relative to the wild-type control (FIG. 4D), Sup 
porting our hypothesis that the low Susceptibility phenotypes 
of miR396a/b overexpression lines are mediated by a post 
transcriptional down-regulation of GRF1 and GRF3 in the 
syncytium. 
0240. In order to take this analysis one step further, we also 
assessed the susceptibility of the Arabidopsis lines over-ex 
pressing the wild type or the resistant versions of GRF1 and 
GRF3. As we have shown above, these lines unexpectedly 
phenocopied the miRNA396 overexpression lines by show 
ing reduced root length and down regulation of other GRFs. 
Therefore, it was interesting to determine if also nematode 
susceptibility would follow the same direction. We therefore 
tested 35S:wtGRF1, 35S:rGRF1, 35S:wtGRF3, and 35S: 
rGRF3 homozygous T3 lines in nematode susceptibility 
assays. All tested lines exhibited significantly reduced Sus 
ceptibility relative to wild-type plants (FIG. 4E-H). These 
results again firmly connect GRF transcription factors, par 
ticularly GRF1 and GRF3, to determining the outcome of the 
cyst nematode Arabidopsis interaction. 
miR396 and Its Target Genes GRF1 and GRF3 Control Syn 
cytium Size and Nematode Development. 
0241. In addition to merely determining the number of 
females that mature on the different Arabidopsis genotypes, it 
is of particular interest to elucidate when and how altered 
Susceptibility phenotypes are established. For this purpose, 
we measured syncytium sizes and quantified different nema 
tode developmental stages at different assessment times. Two 
weeks post-inoculation, we measured the size of fully formed 
syncytia in transgenic plants overexpressing miR396b or the 
resistant versions of GRF1 or GRF3 as well as in wild-type 
Arabidopsis. Interestingly, the syncytia formed in the trans 
genic lines were significantly Smaller than those in the wild 
type control (FIG. 5A). The average reduction in syncytium 
size was up to 33% in miR396-overexpression plants and 
19% and 14% in the transgenic plants expressing rCRF1 and 
rGRF3, respectively. These results indicate that the mode of 
action responsible for the reduced susceptibility in the trans 
genic lines overexpressing miR396 or the target genes GRF1 
and GRF3 is manifested during the formation phase of the 
syncytium, i.e., at early stages of parasitism. 
0242 To investigate whether the activity of miR396 and 

its target genes GRF1 and GRF3 are associated with arrested 
nematode development at a specific stage of parasitism, we 
counted the number of parasitic J2/J3 at 7 dpi in the transgenic 
lines overexpressing miR396 or the target genes rGRF1 and 
rGRF3. The number of developing (i.e., already swollen) J2 
and J3 was significantly reduced in these transgenic plants 
relative to the wild-type control (FIG. 5B), and the reduction 
ranged between 42% for miR396 overexpressing plants and 
20% and 39% for the transgenic plants expressing rCRF1 and 
rGRF3, respectively. These reductions in nematode numbers 
were also evident when the number of J4 was counted at 21 
dpi in the same plants (FIG.5C). In fact, the percentages of 
nematode reduction were not significantly changed from the 
7 dpi assessment. These data indicate that the reduced Sus 
ceptibility of these transgenic lines is associated with early 
arrested nematode development during the J2/J3 stages, 
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which again points to a mode of action during the early stages 
of parasitism when the syncytium is being formed. 

Identification of Potential Targets of GRF1 and GRF3 Using 
Microarray Analysis 

0243 Because both GRF1 and GRF3 function as tran 
Scription factors, identifying their direct or indirect target 
genes will elucidate the pathways in which these transcription 
factors function. To this end, we used Arabidopsis Affymetrix 
ATH1 GeneChips to compare the mRNA profiles of root 
tissues of the grfl/grf2/grf3 triple mutant and transgenic 
plants expressing rCRF1 or rGRF3 with those of the corre 
sponding wild-type (Col-0 or Ws). We identified 3,944, 2.293 
and 2.410 genes as differentially expressed in the grfl/grf2/ 
grf3 triple mutant, rGRF1 and rGRF3 plants, respectively, at 
a false discovery rate (FDR) of <5% and a P value of <0.05 
(Table S1A-C). In order to mine these expression data for the 
most likely GRF-dependent target gene candidates, we 
hypothesized that bona fide target genes of GRF1 and GRF3 
likely would exhibit opposite expression patterns in the grfl/ 
grf2/grf3 triple mutant and rGRF1 or rCRF3 over-expression 
plants. We first compared the differentially expressed genes 
in grfl/grf2/grf3 triple mutant (3,944 genes) with those iden 
tified as differentially expressed in rCRF1 (2.293 genes) 
(FIG. 6A). We identified 1,135 overlapping genes of which 
1,098 had opposite expression patterns in both lines (FIG. 
6B). Of these 1,098 genes, 507 genes were found to be up 
regulated in rGRF land down regulated in grfl/grf2/grf3 
triple mutant, and 591 genes were up regulated in the grfl/ 
grf2/grf3 mutant and down regulated in rGRF1 (FIG. 6B and 
Table S1D). Similarly, we compared the differentially 
expressed genes of the grf1/grf2/grf3 triple mutant (3.944 
genes) with those identified as differentially expressed in 
rGRF3 (2,410 genes) (FIG. 6A). We identified 796 overlap 
ping genes of which 600 have opposite expression patterns in 
rGRF3 and grf1/grf2/grf3 triple mutant, and of these, 299 
genes were found to be up regulated in rCRF3 and down 
regulated in grfl/grf2/grf3 triple mutant, and 301 genes were 
up regulated in the grfl/grf2/grf3 triple mutant and down 
regulated in rGRF3 (FIG. 6C). We considered these 1,098 and 
600 genes as candidate targets of GRF1 and GRF3, respec 
tively. 
0244 GRFs in Arabidopsis function redundantly in con 
trolling various aspects of plant development (Kim et al., 
2003; Kim and Kende, 2004; Horiguchi et al., 2005; Kim and 
lee, 2006). To address the potential redundant function of 
GRF1 and GRF3 in regulating gene expression, we compared 
the 1,098 candidate target genes of GRF1 with the 600 can 
didate target genes of GRF3 to identify genes that are com 
mon to both. Interestingly, we discovered 264 genes as over 
lapping targets between GRF1 and GRF3 reducing the total 
number of targets to 1,434 unique putative target genes of 
GRF1 and GRF3. Interestingly, the 264 overlapping target 
genes all showed the same trend of expression in the rGRF1 
and rGRF3 overexpression lines, in which 124 genes were up 
regulated and 140 genes were down regulated in both lines, 
indicating that GRF1 and GRF3 activate and inhibit gene 
expression in a similar manner. 
0245. In addition to apparently targeting identical genes, 
careful examination of the putative function/annotation of the 
GRF1 and GRF3 target genes revealed that both transcription 
factors regulate genes with similar function or different mem 
bers belonging to the same gene family. When classifying 
candidate target genes into different groups by molecular 
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function using the gene ontology categorization from The 
Arabidopsis Information Resource worldwide web at Arabi 
dopsis.org, we discovered a high proportion of genes associ 
ated with other enzyme activity, binding activity, transferase 
activity, hydrolase activity, and transcription factor activity 
(FIG. 6D) for both GRF1 and GRF3. When these genes were 
grouped by associated biological processes, the most abun 
dant groups corresponded to metabolism and other cellular 
processes while response to stress, response to abiotic or 
biotic stimuli, and protein metabolism also represented sig 
nificant groups (FIG. 6E). These data provide strongevidence 
for the functional overlap between GRF1 and GRF3 in the 
regulation of gene expression both during normal develop 
ment and in response to nematode infection. Furthermore, 
these data provide valuable insight into the molecular func 
tions of GRF 1 and GRF3 as transcriptional regulators. 

A Master Switch for Gene Expression in the Syncytium 
0246. If in fact the candidate GRF1 and GRF3 target genes 
are regulated by these transcription factors and have a role in 
mediating syncytium induction/formation, these genes 
should exhibit differential regulation in the syncytium when 
compared with other root tissues because we have docu 
mented differential regulation of GRF1 and GRF3 in the 
syncytium. Therefore, we next compared the candidate tar 
gets of GRF1 and GRF3 with the 7,225 genes differentially 
expressed in Arabidopsis syncytia reported by SZakasits et al. 
(2009). Intriguingly, out of the 1,098 genes identified as 
potential targets of GRF1, we found 610 genes (55.6%, 
x=289.91, p-value=5.19E-65) that are differentially 
expressed in the syncytium. Also, out of the 600 genes iden 
tified as candidate targets of GRF3, we found 324 genes 
(54%, X=13445, p-value–4.35E-31) that are differentially 
expressed in the syncytium. In cumulo, when comparing the 
1,434 unigenes of GRF1/GRF3 candidate target genes, we 
found that 796 (55.5%, y=383.49, p-value=2.16E-85) are 
differentially expressed in the syncytium. These data provide 
strong Support for the validity of these genes as candidate 
target genes of GRF 1 and GRF3. 
0247 More interestingly, analyses of our microarray com 
parisons were also extended to determine the percentage of 
the 7.225 syncytium-regulated genes (Szakasits et al., 2009) 
that could be explained by the GRF modulations performed 
by us, i.e., by comparing all genes identified as differentially 
expressed in the rGRF1-overexpressing (2,293 genes) and 
rGRF3-overexpressing (2,410 genes) plants as well as in the 
grfl/grf2/grf3 mutant (3,944 genes), i.e., not just the putative 
target genes. We found 1,131 (49.32%, y=346.13. 
p-value=2.95E-77) and 1,165 (48.34%, y=325.27, 
p-value=1.03E-72) genes as overlapping between the 7,224 
syncytium-regulated genes and those of rGRF1 and rGRF3, 
respectively (FIG. 6F). After eliminating duplicates between 
both cohorts, the resultant 1,965 unique genes were found to 
account for 27.2% (x=605.47, p-value=1.08E-133) of the 
total number of syncytium-regulated genes (FIG. 6F). Fur 
thermore, 2,073 genes overlapped between syncytium-regu 
lated genes and those found to be differentially regulated in 
the grf1/grf2/grf3 triple mutant (FIG. 6F), which means that 
28.7% (x=916.26, p-value=2.87E-201) of the total number 
of syncytium-regulated genes change expression in the triple 
mutant. The 1,965 unique syncytial genes identified in rCRF1 
and rCRF3 overexpression lines along with the 2,073 syncy 
tial genes identified in the triple mutant make up a unigene set 
of 3,160 syncytial genes (FIG.6F). This number represents an 
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astonishing 44% (x=1234.13, p-value=2.33E-270) of all 
syncytial genes reported by Szakasits et al. (2009). In other 
words, the modulations of GRFs performed by us account for 
almost half of the reported syncytial gene expression changes 
in Arabidopsis. GRFs, thus, play tremendously important 
roles in syncytium induction/formation. Considering that 
GRF1 and GRF3 change expression in the syncytium as a 
function of miRNA396, as we have shown above, this 
miRNA, thus, represents a bona fide master switch of syncy 
tial gene expression changes. 

Discussion 

0248 Formation of functional syncytia requires a tightly 
fine-tuned coordination of multiple developmental and cellu 
lar processes to achieve the redifferentiation of hundreds of 
fused root cells into a functional new organ. The mechanisms 
and underlying regulatory networks that control the integra 
tion of these processes remain poorly understood. In this 
paper, we report on the biological role of miR396 in syncy 
tium formation and function. In response to H. Schachtii, 
miR396, GRF1 and GRF3 are regulated transcriptionally. 
0249 miR396 and its target genes GRF1 and GRF3 
showed opposite expression patterns in the early developing 
syncytium at the parasitic J2 and early J3 stages when 
miR396 was down regulated and GRF1 and GRF3 showed up 
regulation. At later stages, we established that up regulation 
of miR396 at 8 and 14 dpi is accompanied by a posttranscrip 
tional downregulation of GRF1 and GRF3 (FIG.3). miR396, 
therefore, has a stage-specific function in the spatial activa 
tion/restriction of GRF1 and GRF3 expression in the syncy 
tium. The fact that miRNA396 up regulation and GRF modu 
lations lead to Smaller syncytia and reduced Susceptibilities 
shows that the coordinated regulation of miR396 and GRF1 
and GRF3 is required for correct cell fate specification and 
differentiation in the developing syncytium. 
0250 Recent studies have shown examples of miRNA 
expression being positively or negatively regulated by the 
transcription factors they target through negative or positive 
feedback loops (Gutierrez et al., 2009; Wu et al., 2009; Wang 
etal, 2009:Yantet al., 2010; Marinet al., 2010). Similarly, the 
miR396/GRF1 and GRF3 regulatory module is under a 
tightly fine-tuned regulation to ensure adequate expression of 
GRF1 and GRF3 and their negative regulator miR396. Our 
data Suggest that maintenance of the homeostasis of miR396 
and the target genes at specific threshold levels is critical for 
syncytium development. This suggestion is Supported by our 
finding that down regulation of GRFs through overexpression 
of miR396a/b, or overexpression of wild-type or miR396 
resistant versions of GRF1/GRF3 resulted in reduced nema 
tode susceptibility. 
0251 Our results further show that the homeostasis 
between miR396 and the target genes GRF1 and GRF3 is 
established through a reciprocal feedback regulation, in 
which the expression of GRF1/GRF3 and miR396 negatively 
regulate each other's expression. The complexity of the 
miR396/GRF regulatory module was further demonstrated 
by our data showing that constitutive expression of GRF1 or 
GRF3 lowers the mRNA abundance of other GRFs as well as 
their own endogenous transcripts. Cross-regulation among 
transcription factor gene family members targeted by miR 
NAS also has been reported by others (Gutierrez et al., 2009). 
It is most likely that GRF1 and GRF3 are part of a highly 
interconnected network of GRF transcription factors that fine 
tune downstream signaling pathways in the syncytium, and 
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that disturbance of this interconnected network impacts nor 
mal differentiation and developmental processes in the syn 
cytium. 
0252 We propose that during the early stage of syncytium 
development inactivation of miR396 activity in the syncy 
tium increases GRF1 and GRF3 expression to a defined 
threshold that enables these transcription factors to regulate 
gene expression reprogramming events that direct the differ 
entiation and formation of the nematode feeding site. Once 
the syncytium is established, miR396 expression is induced 
to high levels in the feeding site, which post-transcriptionally 
reduces the expression of GRF1 and GRF3, thereby ending 
the induction/formation phase of the syncytium and leading 
syncytial cells to enter the maintenance phase after the dif 
ferentiation events have been completed. The opposite 
expression patterns of miR396 during syncytium initiation/ 
formation and maintenance stages are similar to those of 
Arabidopsis miR156 and miR172 during the juvenile-to 
adult phase transition where miR156 is expressed at high 
levels during shoot development and then decreases with 
time, while miR172 has an inverse expression pattern (Auk 
erman and Sakai, 2003; Jung et al., 2007: Wu and Poethig, 
2006). 

The Role of GRF1 and GRF3 in Mediating Gene Expression 
In The Syncytium 
0253) Despite ongoing efforts to identify the biological 
processes regulated by GRFs during plant development, only 
a very limited number of target genes has been identified and 
characterized to date (Kim and Kende, 2004), thus our 
microarray study addresses an important need. We retained 
only genes showing opposite expression between grfl/grf2/ 
grf3 triple mutant and rCRF1 or rGRF3 in order to identify 
the most likely target gene candidates that are directly or 
indirectly regulated by GRF1 or GRF3. Among these target 
candidates, genes coding for transcription factors or proteins 
with binding activity represent 39% and 35% of the putative 
GRF1 or GRF3 target genes, respectively (FIG. 6D), which 
documents a continuous amplification of the GRF response 
by targeting regulatory genes. I.e., the enrichment of tran 
scription factors belonging to zinc finger, Myb, WRKY. 
bHLH, AP2 domain-containing, CCAAT-binding, or NAC 
domain transcription factor families among the GRF1 or 
GRF3 target genes represents a powerful mechanism to trig 
ger a massive signaling response to GRF1 or GRF3 expres 
Sion. As a point in case, syncytium formation has to be asso 
ciated with a modulation of host defense responses (Davis et 
al., 2004: Gheysen and Fenoll 2002: Williamson and Kumar 
2006) and we found a number of genes involved in different 
aspects of plant defenses among the putative targets of GRF1 
or GRF3. Similarly, plant hormones, including auxin, have 
been implicated in syncytium development (Grunewaldet al., 
2009), and GRF1 or GRF3 appear to regulate a set of genes 
involved in hormone biosynthesis or signaling pathways of 
auxin, brassinosteroids, cytokinins, ethylene, gibberellins, 
and jasmonates. Furthermore, cell wall modifications are 
obvious mechanisms of syncytium formation and a high pro 
portion of genes with cell wall related functions also are 
enriched among the putative GRF target genes. In other 
words, GRF1 and GRF3 likely are impacting a very wide 
spectrum of physiological processes associated with syncy 
tium formation. This assessment becomes even more con 
crete when considering our finding that almost half of the 
putative GRF1 and GRF3 target genes were previously iden 
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tified as changing expression in the syncytium (Szakasits et 
al., 2009). This phenomenon provides the mechanistic basis 
for GRF1 and GRF3 to directly influence a variety of signal 
ing and developmental pathways required to govern the red 
ifferentiation of nematode-parasitized root cells into a func 
tional new organ. While it is fascinating to consider that half 
of the putative GRF1 and GRF3 targets are involved in syn 
cytial functions, as we would have surmised from the syncy 
tium-specific GRF expression characteristics uncovered in 
this paper, the truly fascinating discovery is made when per 
forming this analysis in the opposite direction. Not only are 
more than 55% of the GRF target genes implicated in syncy 
tium events, more importantly, the expression of 44% of the 
7.225 genes reported by Szkasits et al. (2009) to change 
expression in the Arabidopsis syncytium, is altered by GRF1 
and GRF3 and, thus, by miRNA396. Consequently, almost 
half of the known syncytial gene expression events in Arabi 
dopsis can be modulated by miRNA396 as a single molecular 
master Switch. No other known mechanism is able to exert the 
same powerful control over syncytial events. 

Experimental Procedures 
Plant Materials and Growth Conditions 

0254 Arabidopsis thaliana Wildtype Columbia-0 (Col-0) 
was used in all experiments except for the grfl/grf2/grf3 
triple knockout mutant, which is in the Wassilewskija (Ws) 
background (Kim et al., 2003). Plants were grown in long 
days (16 hlight/8 h dark) at 23° C. 

Plasmid Construction and Generation of Transgenic Arabi 
dopsis Plants 

0255) Procedures for plasmid construction and primer 
sequences used for PCR amplification are provided in 
Supplemental Experimental Procedures. 

Identification of T-DNA Mutants of GRF1 and GRF3 

0256 Two independent T-DNA insertional alleles of 
GRF1 (Salk 069339C and Salk 078547C) or GRF3 
(Salk 026786 and Salk 116709) in the Col-0 background 
were obtained from the Salk T-DNA insertional mutant col 
lection (Alonso et al., 2003). 

Histochemical Analysis of GUS Activities 
(0257. The histochemical staining of GUS enzyme activity 
was performed according to Jefferson et al. (1987). Tissue 
samples were viewed using a Zeiss SV-11 microscope and the 
images were captured using a Zeiss AxioCam MRc5 digital 
camera and then processed using Zeiss Axiovision software 
(release 4.8). 

Nematode Infection Assay 
0258 Ten-day-old seedlings were inoculated with 
approximately 200 surface-sterilized J2 H. Schachtii nema 
todes per plant (see Supplemental Experimental Procedures 
for details). 

Nematode Development Assay 
(0259 Plants were grown on modified Knop's medium in 
12-well culture plates. At 10 days, each plant was inoculated 
with 200 surface-sterilized J2 of H. Schachtii, and plants were 
assessed at 5 and 21 days post infection for parasitic-stage 
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juveniles and females, respectively. Average numbers of 
developing nematodes were calculated for each time point, 
and statistically significant differences were determined in a 
modified test using the statistical Software package SAS. 

Root Length Measurements 
0260 Arabidopsis plants were grown vertically on modi 
fied Knop's medium for ten days and then the root length of at 
least 30 plants per line was measured as the distance between 
the crown and the tip of the main root in three independent 
experiments. Statistically significant differences between 
lines were determined by unadjusted paired ttest (P<0.01). 

Syncytial Measurements 
0261 Arabidopsis seeds were planted on modified Knop's 
medium and 10-day-old seedlings were inoculated with ~200 
surface-sterilized J2 H. Schachtii. For each line, at least 20 
single-female syncytia were randomly selected, photo 
graphed and measured as previously described by Hewezi et 
al. (2008b). 
RNA. Isolation and qPCR 
0262 Total RNA was extracted from root tissues using the 
TRIZol reagent (Invitrogen, Carlsbad, Calif., U.S.A.) follow 
ing the manufacturer's instructions. DNase treatment of total 
RNA was carried out using Deoxyribonuclease I (Invitrogen). 
The treated total RNA (5ug) was polyadenylated and reverse 
transcribed using “Mir-X miRNA First-Strand Synthesis Kit' 
(Clontech, Mountain View, Calif., USA) following the manu 
facturer's instructions. The synthesized cDNAs then were 
diluted to a concentration equivalent to 10 ng total RNA/uIL 
and used as a template in real-time RT-PCR reactions to 
quantify both miRNA and GRF expression levels using the 
two-step RT-PCR kit (Bio-Rad) according to the manufactur 
er's protocol. PCR conditions and primer sequences are pro 
vided in the Supplemental Experimental Procedures. 

Microarray Analysis 
0263 Arabidopsis plants were grown vertically on modi 
fied Knop's medium for 2 weeks and then root tissues were 
collected for RNA extraction. Affymetrix Arabidopsis gene 
chips (ATH1) were used to compare the gene expression in 
the wild type to gene expression in the triple mutant and the 
rGRF1 or rGRF3 plants. Probe preparation was performed as 
described in the GeneChip(R)3' IVT Express Kit (Affymetrix, 
part number 90 1229) technical manual. Hybridization and 
washes were performed as described by Affymetrix in the 
GeneChip facility at Iowa State University. Statistical analy 
ses of gene expression levels are detailed in the Supplemental 
Experimental Procedures. Testing for the significance of gene 
list overlaps was determined using Chi-square tests. See 
Supplemental Experimental Procedures for details. 

Accession Numbers 

0264 Sequence data from this article can be found in the 
Arabidopsis Genome Initiative or GenBank/EMBL data 
bases under the following accession numbers: 
miR396a (AT2G10606) (SEQID NO: 1), 
miR396b (AT5G35407)) (SEQID NO:2), 
GRF1 (At2g2284.0) (SEQID NO:3), 
GRF2 (At4.g37740)) (SEQID NO:4), 
GRF3 (At2g36400)) (SEQID NO:5), 
GRF4 (At3g52910)) (SEQID NO:6), 
GRF5 (At3g13960)) (SEQID NO:7), 
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GRF6 (At2g06200)) (SEQID NO:8), 
GRF7 (At5g53660) (SEQID NO:9), 
GRF8 (At4g.24150) (SEQID NO:10), 
GRF9 (At2g45480)) (SEQID NO:11), 

and Actin8 (AT1G49240), 
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Primer Sequence 5' - 3' 

Primer sequences for overexpression and promoter constructs 

Overexpression miR396 a miR396a-BamHI F TATAGGATCCTAGGGTTTCGTCTGCTCTACATGACCC 
miR396a-SacI R ATGATGAGCTCCGAAATTTAGAAAATCATTTGACTCT 

overexpression miR396b miR396b-BamHI F TATAGGATCCTCAGAAGAAGGAGAAGATGAAGATCC 
miR396b-SacI R ATGATGAGCTCGTGAATCAATGGAGTAAAACCCTGAAT 
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Construct or Gene Name Primer Sequence 5' - 3' 

Overexpression wtgRF1 GRF1-Xbal F1 TATATCTAGAATGGATCTTGGAGTTCGTGTTTCTGG 
GRF1-SacI R2 ATGATGAGCTCTCACAGAGAAGGAGCAGTAGCAGAAG 

Overexpression rCRF1 GRF1 F2 GAGGCCGCCATAGAAGCAGGAAACCGGTAGAGGGCCAAAATG 
GRF1 R1 CATTTTGGCCCTCTACCGGTTTCCTGCTTCTATGGCGGCCTC 

Overexpression wtgRF3 GRF3-Xbal F1 TATATCTAGAATGGATTTGCAACTGAAACAATGGAG 
GRF3-SalI R2 
GRF3 F2 
GRF3 R1 

Overexpression rCRF3 

Promoter miR396a: GUS 

ATGATGTCGACT CAATGAAAGGCTTGTGTCGAGACAC 
GTGGCCGCAACAGGAGCCGTAAACCGGTCGAGACTCCAACCA 
TGGTTGGAGTCTCGACCGGTTTACGGCTCCTGTTGCGGCCAC 

pmiR396a-Xbal F TATATCTAGACTTGATTGTTTATTTTATCGTTTTGTG 
pmiR396a-BamHI RATGATGGATCCAGGGTCATGTAGAGCAGACGAAACCCTA 

Promoter miR396b; GUS pmiR396b-Xbal F TATATCTAGAACCGCAACTTTCTGTTATGATATTGATGG 
pmiR396b-BamHI RATGATGGATCCAGGATCTTCATCTTCTCCTTCTTCTGAAA 

Promoter GRF1: GUS 

pG RF1-SalIR 
Promoter GRF3 : GUS 

pGRF3-BamHI R 

pGRF1-HindIII F TATAAAGCTTTGTTAATTTTATCAAATGTATATTCTT 
ATCATGTCGACAAAAAATGGATTCAGAAGGAGACAAAG 

pG RF3-SalI F TATAGTCGACGCTGAGACTCTGTGGAAGCCGTTCGC 
ATGATGGATCCTGAAGAAAGAGAGAGAGAAGTGTTGG 

Gene-specific primer sequences used for qPCR 

Pri-miR396a Pri-miR396a F CAGCTTTCTTGAACTGCAAAAC 

Pri-miR396b Pri-miR396b F GGTCATACTTTTCCACAGCTTTC 
Mature miR396 Mature miR396 F TTCCACAGCTTTCTTGAACTGAA 
WitGRF1 WitGRF1 F TCGTTCAAGAAAGCCTGTGGAAGG 

witcRF1R GTTCCAACAGCAGCGGCAAGGC 
GRF1 rCRF1 F AGAAGCAGGAAACCGGTAGAGGG 

GRF2 GRF2 F CCCGAATACCGCAAAGACCT 
GRF2R GTTGTGTGTGGAGGAAGGGGA 

WitGRF3 witcRF3 F CCGTTCAAGAAAGCCTGTGGAAAC 
witcRF3 R TCCTCCTTGACCAACCACTTCCT 

GRF3 rCRF3 F CAGGAGCCGTAAACCGGTCGAG 
GRF4 GRF4 F ACCGCCACAACCACCATCACA 

GRF4 R TCCATTGCTGAATCCACTGTTAGCT 
GRF5 GRF5 F TGGAGGAGTTGGGGAGAGAACG 

GRF5 R GTTGAACATGTCGGCGCCCAA 
GRF6 GRF6 F CGAGGAGAAGCAGCCGGATCGAC 

GRF6 R CCTCTTGCTTCCTTGCTCTTCTTC 
GRE7 GRF7 F GGGCCAAGACGAAATGGGCCT 

GRF7 R CCGCTAATGGTCCACCAGGTG 
GRF8 GRF8 F GGCTGGAGGAGGCATGGAGG 

GRF8 R GGAGACACCGAGACACAGTGC 
GRF9 GRF 9 F CGGCACATGCATAGAGGTCGT 

GRF9 R CAGGATCTGGCACTAGGCAGTG 
Actin8, Acting F AGTGGTCGTACAACCGGTATTGT 

Actin8 R GAGGATAGCATGTGGAACTGAGAA 

Example 2 Error bars represent the standard error. Three to four biologi 

miR396 in Soybean During Cyst Nematode Infection 

0302) In order to understand the role that miR396 plays 
during Soybean infection by the Soybean cyst nematode (Het 
erodera glycines; SCN), expression analyses were performed 
on primary and mature sequences for all miR396 paralogs 
(miR396a, miR396b, miR396c and miR396e)and seven of its 
predicted target Growth Regulating Transcription Factors 
(GRF8, GRF9, GRF12, GRF13, GRF15, GRF16 and 
GRF19) using quantitative real-time PCR (qRT-PCR). Soy 
bean seedlings were infected with SCN three days after ger 
mination and RNA was extracted 2, 4, 8 and 14 days post 
inoculation (dpi). RNA from both SCN infected and mock 
inoculated Soybean seedlings was reverse-transcribed into 
cDNA for qRT-PCR. 
0303 Data were analyzed using the comparative Ct 
method with U6 snRNA as the reference gene for microRNA 
quantification and ubiquitin for GRFs. Significance tests 
were performed using the Student's t-test (p-values 0.05) and 
significant values are indicated on the graph with asterisks. 

cal replicates were used for each sequence at each time point 
as well as three technical replicates during qRT-PCR. 
0304. In summary, steady-state RNA levels for miR396 
and its target genes in Soybean during SCN infection very 
closely resembled the observations made in Arabidopsis: an 
early downregulation of mature miR396 with a simultaneous 
increase in GRF mRNA at the time of syncytium formation. 
At later time points, likely coinciding with the end of syncy 
tium formation, abundance of mature miR396 increases and 
GRF target gene expression is turned off. Consequently, there 
is a high probability that the manipulations we performed in 
Arabidopsis and that resulted in decreased plant Susceptibil 
ity will have similar effects on susceptibility of soybean to 
SCN. Results are shown in FIG. 12. 

Sequence Information 

0305 Some sequences have not yet been submitted to 
NCBI and thus do not have accession numbers; locus 
IDs obtained from Soybase. 
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miR396 
miR396 

Accession ID 

Accession ID MIOOO1047 Osa-MIR396b 
MIOOO1048 OSa-MIR396c 

MIOOO1702 Osa-MIR396d 

MIOOO2328 ptc-MIR396d 0319 All publications and patent applications in this 
MIOOO6571 wwi-MIR396d specification are indicative of the level of ordinary skill in the 
MIOO10570 Zma-MIR396d art to which this invention pertains. All publications and 
MIOO10897 sbi-MIR396d patent applications are hereinincorporated by reference to the 

same extent as if each individual publication or patent appli 
MIOO16SO3 gma-MIR396d cation was specifically and individually indicated by refer 
MIOO17514 tcc-MIR396c CCC. 

MIOO18096 bdi-MIR396d 0320. The invention has been described with reference to 
MIOOO1013 ath-MIR396a various specific and preferred embodiments and techniques. 
MIOOO1014 th-MIR396b However, it should be understood that many variations and 

8- modifications may be made while remaining within the spirit 
MIOOO1046 OSa-MIR396a and scope of the invention as described in the appended 

claims. 

SEQUENCE LISTING 

<16 Os NUMBER OF SEO ID NOS: 28 

<21 Os SEQ ID NO 1 
211s. LENGTH: 151 

&212s. TYPE: DNA 

<213> ORGANISM: Arabidopsis thaliana 

<4 OOs SEQUENCE: 1 

citctg tatt c titccacagot ttcttgaact gcaaaacttic titcagattitt tttitttitt to 60 

ttittgatatic tottacgcat aaaatagtga ttitt citt cat at citctgctic gattgatttg 12O 

cggttcaata aagctgtggg aagatacaga C 151 

<21 Os SEQ ID NO 2 
&211s LENGTH: 135 
&212s. TYPE: DNA 

<213> ORGANISM: Arabidopsis thaliana 

<4 OOs SEQUENCE: 2 

ggit catact t titccacagot ttcttgaact ttctttitt catttic cattgt ttttitt citta 60 

aacaaaagta agaagaaaaa aaactittaag attalagcatt ttggaagct C aagaaagctg 12O 

tgggaaaac a taca 135 

<21 Os SEQ ID NO 3 
&211s LENGTH: 1593 
&212s. TYPE: DNA 

<213> ORGANISM: Arabidopsis thaliana 

<4 OOs SEQUENCE: 3 

atggat.cttg gagttcgtgt ttctggit cat galaaccgttt Cttct CC9gg to aaactgaa 60 

Ctcggatctg gtttcagta a caa.gcaagaa agat coggitt to gatggtga agattgctgg 12O 

agaagttcaa agct citcacg aa catcaact gatggattct cittctitcc.cc tigcct ctdct 18O 

aaaacgctgt cqttt catca aggcatc cct titactgagat ctaccactat taatgatcct 24 O 

cgtaaaggac aagaacacat gottagcttic tottctgctt caggcaaatc agatgtctica 3 OO 
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cittggtggaa gtag tagtaa cactagaggit tatttcaa.ca gcc attctict tdattatcct 6OO 

tatic cttcta citt cacccaa acaacaacaa caaactic titc at catgcttic cqctttgtca 660 

citt catcaaa atactaattic tacttct cag ttcaatgtct tag cct citgc tactgaccac 72 O 

aaagacitt Cagg tactitt ca agggattggg gagagagttg gaggagttgg ggagagaacg 78O 

ttctitt coag aag catctag aagctttcaa gattctic cat accatcatca ccaacaa.ccg 84 O 

ttagcaa.cag tdatgaatga t cc.gtaccac cactgtagta citgat cataa taagattgat 9 OO 

catcat caca catact catc ct catcatca tot caa.catc titcat catga t catgat cat 96.O 

agacagcaac agtgttttgt tttgggcgcc gacatgttca acaaacctac aagaagtgtc. 1 O2O 

Cttgcaaact cat Caagaca agatcaaaat Caagaagaag atgagaaaga t t cat cagag 108 O 

tcgt.ccaaga agt ctotaca t cactitctitt ggtgaggact gggcacagala Caagaac agt 114 O 

t cagattctt ggcttgacct ttct tcc.cac toaag acticg acactgg tag ctaa 1194 

<210s, SEQ ID NO 8 
&211s LENGTH: 735 
&212s. TYPE: DNA 

<213> ORGANISM: Arabidopsis thaliana 

<4 OOs, SEQUENCE: 8 

atggctacaa gogattic catt cacagaatca caatgggaag aacttgaaaa ccaagct citt 6 O 

gtgttcaagt acttagctgc aaatatgcct gttccacctic atc.ttct citt cct catcaaa 12 O 

agaccotttc. tctitct ctitc ttcttcttct tcatcttctt cittcaagctt cittct ct coc 18O 

actictttct c cacactittgg gtggaatgtg tatgagatgg gaatgggaag aaagatagat 24 O 

gcagagc.cag galagatgtag aagaactgat ggcaagaaat ggagatgct C taaagaa.gct 3OO 

taccctgact ctaagtactg tdagagacat atgcatagag gcaagaacco ttct tcc to a 360 

agaaagcctic ctic ctactica attcacticca aatct ctitt c ticgactic titc titccagaaga 42O 

agaagaagtg gatacatgga tigatttct tc. tccatagaac Ctt Cogggtc. aatcaaaagc 48O 

tgct Ctggct cagcaatgga agataatgat gatggct cat gtagaggcat Caacaacgag 54 O 

gagalagcagc cggat.cgaca ttgct tcatC Cttgg tactg acttgaggac acgtgagagg 6OO 

c cattgatgt tagaggagaa gCtgaaacaa agagat catg ataatgaaga agagcaagga 660 

agcaa.gaggt tittataggitt tottgatgaa tdgcc ttctt ctaaatcttic tdtttctact 72 O 

t cact citt catttga 73 

<210s, SEQ ID NO 9 
&211s LENGTH: 1098 
&212s. TYPE: DNA 

<213> ORGANISM: Arabidopsis thaliana 

<4 OOs, SEQUENCE: 9 

atgg acttitc. tcaaagtttc agacaagaca acaattic cat atagaagtga ttctttgttt 6 O 

agtttgaatc agcaacaata caaagagt ct tcttittggat t cagaga cat ggagatt cat 12 O 

cc.gcatcc tactic catatgc aggaaatgga cittittgggitt gtt attact a ttacc ctitt c 18O 

acaaacgcac aattgaagga gcttgagaga caa.gcaatga t ct acaagta Catgatcgca 24 O 

tctatt cotg titc ctitt.cga t ct acttgtt tott cac cat cct citgcct c ticcittgtaac 3OO 

aataaaaa.ca t cqc.cggaga tittagagc.cg ggaagatgcc ggaga acaga C9gaaagaaa 360 
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What is claimed is: 
1. A method for improving nematode tolerance in plants 

comprising: 
a) introducing into a plant cell a polynucleotide sequence 

encoding a plant miRNA396 and/or GRF protein with a 
miRNA396 binding site operably linked to a promoter 
functional in said plant cell; 

b) regenerating a genetically modified plant from the plant 
cell; whereby a genetically modified plant demonstrates 
improved tolerance to nematode infection compared to a 
plant without Such modification. 

2. The method of claim 1, wherein said plant miRNA396 is 
selected from the group consisting of miRNA396a, 
miRNA396b, miRNA396c, and miRNA396e. 

3. The method of claim 1, wherein said plant GRF protein 
is selected from the group consisting of GRF 1, GRF2, 
GRF3, GRF 4, GRF 7, GRF8, GRF9, GRF13, GRF 15, and 
GRF16. 

4. The method of claim 1, wherein the plant cell is from a 
plant selected from the group consisting of Potato, tomato, 
Phaseolus spp., Sugarbeet, peas, Vicia faba, Sugarcane, egg 
plant, peppers, tobacco, wheat, rice, Sorghum, barley, oat, 
lawn grass, rye, soybean, canola, Brassica, Sunflower, maize, 
Sorghum, alfalfa, cotton, millet, peanut and cacao. 

5. The method of claim 1 wherein said miRNA396 is from 
Arabidopsis. 

6. The method of claim 1 wherein said GRF is from Ara 
bidopsis. 

7. The method of claim 1 wherein said miRNA396 is from 
Glycine max. 

8. The method of claim 1 wherein said GRF is from Glycine 
FiX. 

9. A method of improving nematode tolerance in a plant 
comprising: 

modulating the miRNA396-GRF interaction in said plant. 
10. The method of claim 6 further comprising introducing 

a plant miRNA396 nucleic acid into the plant. 
11. The method of claim 6 further comprising increasing 

the expression of one or more plant GRF nucleic acids in the 
plant. 

12. A method for making a genetically modified plant with 
improved nematode tolerance comprising: 

a) transforming a cell with an expression cassette compris 
ing an isolated nucleic acid which encodes a miRNA396 
operably linked to a promoter sequence functional in a 
plant cell 

b) regenerating a genetically modified plant from the cell; 
and 

c) selecting for a genetically modified plant with improved 
nematode tolerance when compared to a non-modified 
plant. 

13. A plant made by the method of claim 9. 
14. A method for making a genetically modified plant with 

improved nematode tolerance comprising: 
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a) transforming a cell with an expression cassette compris 
ing an isolated nucleic acid which encodes a GRF pro 
tein with a miRNA396 binding site operably linked to a 
promoter sequence functional in a plant cell 

b) regenerating a genetically modified plant from the cell; 
and 

c) selecting for a genetically modified plant with improved 
nematode tolerance when compared to a non-modified 
plant. 

15. A plant made by the method of claim 14. 
16. A genetically modified plant, with improved tolerance 

to nematode infection compared to a plant without Such 
modification, said plant comprising: 

a heterologous nucleotide sequence encoding a plant 
miRNA396 and/or a GRF protein with a miRNA396 
binding site, operably linked to a promoter functional in 
a said plant. 

17. Seed of the plant of claim 16. 
18. A method for making a genetically modified plant with 

improved nematode tolerance comprising: 
a) transforming a cell with an expression cassette compris 

ing an isolated nucleic acid which encodes a GRF pro 
tein with a miRNA396 binding site (SEQID NO:28) or 
an miRNA396 (SEQ ID NO:27) operably linked to a 
promoter sequence functional in a plant cell, and 

regenerating a genetically modified plant from the plant 
cell; whereby a genetically modified plant demonstrates 
improved tolerance to nematode infection compared to a 
plant without Such modification. 

19. A method for conferring or improving nematode resis 
tance of a plant, said method comprising: 

stably introducing into the genome of a plant, at least one 
nucleotide construct comprising an miRNA396 and/or 
GRF nucleic acid molecule operably linked to a pro 
moter that drives expression in a plant cell, wherein said 
nucleic acid molecule encodes a product that modulates 
the miRNA396-GRF interaction upon nematode infec 
tion. 

20. A method of breeding for improved nematode tolerance 
in plants comprising: 

measuring the amount or activity of an miRNA396 or GRF 
protein or nucleic acid present in one or more plant cells, 
and 

selectingaplant with higher levels of activity or amounts of 
miRNA396 or GRF for breeding. 

21. A method of identifying a marker for improved nema 
tode tolerance in plants comprising: 

screening an endogenous miRNA396 or GRF nucleotide 
sequence for a polymorphism that is associated with 
higher levels of expression or activity and 

selecting plants for breeding based upon the presence of 
absence of said polymorphism. 
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