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Aphanomyces cochlioides (= A. cochlioides) is a serious economic pathogen of sugarbeet and infests over 50% of acres planted in the Red River Valley (RRV) and most acres in southern Minnesota.  When soil is warm and wet, A. cochlioides causes damping-off of seedlings and root rot of older plants.  Storage of diseased roots in piles contributes to additional losses.   A. cochlioides persists in soil for over 20 years in the absence of a sugarbeet crop.  Management strategies include several options (seed treatment fungicide [Tachigaren], early planting, cultivation and drainage, varieties with partial resistance).   When inoculum levels of the pathogen are high and environmental conditions are persistently favorable for disease, these management practices are insufficient to control Aphanomyces root rot.  Severely diseased fields are abandoned or yield poorly. This chronic situation has generated interest in finding effective, alternative methods to control A. cochlioides.    

The sugarbeet purification process results in the by product “spent lime”.  Lime (calcium carbonate) precipitates impurities in sugarbeet juice.  Purified juice is further processed into crystal sugar, but spent lime (14% less acid neutralizing power of fresh lime) contains impurities and becomes an industrial by product.  Seven factories in the RRV and southern Minnesota generate 500,000 dry weight tons of spent lime annually and some has been stockpiled for 20 years.  In Europe, spent lime produced in sugarbeet factories is considered an industrial by product and most is returned to land as a soil pH amendment and to supply nutrients.  In Great Britain, it is marketed and sold as LimeX to conventional farmers as well as organic growers.
Recent evidence suggests spent lime from sugarbeet factories suppresses Aphanomyces root rot of sugarbeet and/or increases yield.  This observation was reached serendipitously when spent lime was applied in sugarbeet fields in southern Minnesota to increase soil pH to reduce carry-over of the herbicides Pursuit and Raptor - and Aphanomyces root rot also was reduced (1).  Subsequent trials by Bresnahan et al. (2) showed that application of  spent  lime in a field with an initial soil pH of 6, reduced Aphanomyces root rot and increased sugarbeet yields for 4 years compared to a non-limed control; in another field with an initial pH of 7.9, disease was unaffected but yields increased compared to non-limed soil.  No data are available on amounts of lime needed to reduce disease, duration of suppression, or the mechanisms (biological, chemical, and physical) involved.     

OBJECTIVES
Goals of this research are to annually determine 1) Aphanomyces soil index values, 2) populations of soil microorganisms, and 3) sugarbeet root rot, yield and quality, one to five years following application of spent lime. 

The long-term goals of this research are to develop management practices for application of spent lime (amounts needed to reduce Aphanomyces root rot, duration of disease suppressive effects), elucidate underlying mechanisms of disease suppression, recycle nutrients in an economic and environmentally sound manner, and reduce storage of spent lime at sugarbeet processing factories. 

MATERIALS AND METHODS    
Field trials - establishment.   Experiments were established at Hillsboro, ND (pH = 7.4) in mid October, 2003 and at Breckenridge, MN (pH =7.2) in mid April, 2004.  The Hillsboro site has a history of moderate root rot and the average Aphanomyces soil index value (SIV) = 48 (0 – 100 scale, 0 = no disease, 100 = disease severe) while   Breckenridge has severe root rot and the average SIV = 98.  Each site was divided into four, 1-acre experiments; each experiment was treated with four rates of spent lime and an untreated control, and replicated four times in a randomized block design.  Treatments applied at Hillsboro were 0, 5, 10, 20 and 30 tons wet weight of spent lime per acre (= 0, 3.3, 6.5, 13, and 19.5 tons dry weight, respectively) and at Breckenridge were 0, 5, 10, 15 and 20 tons wet weight per acre (= 0, 2.7, 5.3, 8, and 10.6 tons dry weight, respectively).   Each treatment plot measures 33 x 60 ft.   The four experiments were established so sugarbeet could be sown in one experiment each year from 2005 to 2008; the three experiments not sown with sugarbeet in these years are sown with the same crop as grown in the field by the grower-cooperator.  Rotation crops are maintained by the grower-cooperator following recommended practices.  This approach allows evaluation of spent lime applications on sugarbeet and other crops in the rotation every season through 2008.  To allow lime treatments to stabilize in 2004, corn ‘DeKalb 3551RR’ was sown across the four experiments at Hillsboro and wheat ‘Grandin’ was sown at Breckenridge. 
Aphanomyces soil index values.   Soil samples were collected for assaying later in controlled environment chambers to determine Aphanomyces soil index values (measures potential for Aphanomyces diseases and populations of A. cochlioides).  For each location and sampling time, soil cores (2.5-inch diameter x 6-inch depth; 8 removed per plot and combined) were collected at random across each plot (80 plots per location).  Baseline soil samples were collected before, and on the same day, spent lime was applied to plots at Hillsboro in mid October, 2003 and all plots were re-sampled in July and October, 2004 and in June, 2005 (9, 12, and 20 months, respectively after lime was applied).  Baseline soil samples were collected at Breckenridge before spent lime was applied in mid April, 2004 and all plots were re-sampled in September, 2004 and in June, 2005 (5 and 14 months after application of spent lime, respectively).   
Soil was screened through 0.25-inch hardware cloth to remove debris and improve consistency of samples.  To determine Aphanomyces SIVs, 25 seed of sugarbeet ‘ACH 261’ were sown per pot (4 pots/soil sample) to “bait” A. cochlioides from soil.  Pots were placed in a controlled environment chamber in a randomized block design at 70 + 2 0F for 1 week for optimal emergence and then at 79 + 2 0F (14 hour photoperiod) to favor disease.  Soil was watered daily to keep moist. Stand counts were made two times per week starting at emergence.  Dying seedlings were removed at each stand count to prevent disease from spreading to adjacent plants.  Four dying seedlings per treatment were cultured in the laboratory to confirm infection by A. cochlioides.  They were washed free of soil, surface-treated in 0.5% NaOCl for 15 sec, rinsed twice in sterile deionized water (SDW), placed in 5 ml SDW, and examined microscopically 24 to 48 hours later.  Four weeks after planting, surviving seedlings were rated for disease and a root rot index (0 to 100 scale, 0 = healthy, 100 = all seedlings dead or severely diseased) was calculated.   
Soil microorganisms.  A small quantity of each soil sample collected for determining Aphanomyces SIVs at Hillsboro in October, 2004 and Breckenridge in September, 2004 also was assayed for population densities of several groups of microorganisms (cultureable bacteria, fluorescent pseudomonads, Bacillus species, Streptomyces species, and cultureable fungi).   Based on the literature, these microorganisms have been implicated in suppression of some soilborne pathogen of various crops (4, 10, 11).  Soil samples also were collected in June, 2005 at both locations, as previously described, and re-assayed for the same microorganisms.   Soil samples were stored in a walk-in cooler until assayed.  
For each soil sample, the equivalent of 10 g of oven-dry soil (based on previously determined moisture content) was placed in a flask containing 100 ml of 0.15% water agar, agitated on a rotary shaker for 30 minutes, and serially diluted at 10-fold increments in flasks containing 0.15% water agar. Then, 1 ml of soil suspension was pipetted from a dilution flask onto each of three standard-sized Petri dishes containing various culture media: 1/10-strength tryptic soy agar (TSA) for isolation of cultureable bacteria, Kings B medium for fluorescent pseudomonads, and peptone rose bengal agar for cultureable fungi (4).  For isolation of Bacillus species, 10 ml of soil suspension was removed from the 10-4 dilution flask, placed in an oven, and held at 176 0F for 30 minutes to kill heat-sensitive organisms.  Then, 1 ml of suspension was added to each of three Petri dishes containing 1/10-strength TSA.  To quantify populations of Streptomyces species, soil samples were air-dried overnight and ground with a mortar and pestle.  For each soil sample, the equivalent of 5 g of oven-dry soil (based on previously determined moisture content) was placed in a flask containing 50 ml of 0.15% water agar, agitated on a rotary shaker for 30 minutes, serially diluted, and pipetted on to STR medium (3), as previously described.  For all groups of microorganisms, culturing of serial dilutions on appropriate media were “bracketed” to ensure reasonable populations for counting.  Plates were incubated for recommended times and temperatures before counting (4).   

2005 Field trials.  Sugarbeet was sown in one experiment located at Hillsboro on May 4 and at Breckenridge on May 6, 2005.  Varieties Crystal 820 (partially resistant to Aphanomyces and treated with 45 g Tachigaren/unit of seed) and Seedex Magnum (susceptible) were grown as subplots within each lime treatment and control plot.  There were six rows of each variety centered within each plot.  Seed was sown every 2 inches in 22-inch rows that were 60 feet long.  The insecticide Counter 15G (12 lb product/A) was applied modified in-furrow at planting.  After sugarbeet seedlings emerged, 10 feet of row was cut from the front and back of each plot, resulting in 40-foot long rows.  Microrates of Betamix +  UpBeet + Stinger + Select + MSO (8 , 0.125, 1.3 and 2 fl oz/A, respectively, + 1.5%) were applied on May 31, June 8 and 21, July 11 and 19, and August 13 at Hillsboro.  The same microrate mix was applied on May 31, June 22 (Progress [0.4 pt] was substituted for Betamix) and 27, July 11 and 19, and August 8 at Breckenridge.  Plots were hand-thinned to a 6-inch spacing on June 10 at both locations and cultivated on June 23 at Hillsboro and June 24 at Breckenridge.  To control Cercospora leaf spot, sugarbeet plots at Hillsboro were treated with Eminent (13 oz/A) on July 27 and Headline (9 oz/A) on August 13.  At Breckenridge, Eminent was applied on August 1 and Headline on August 16 at the same rates as at Hillsboro.  Alleys separating replicates were rototilled throughout the season.  Plots at Hillsboro were harvested on September 28 and at Breckenridge on September 30.    
Data were collected on seedling stand until 44 and 61 days after planting at Hillsboro and Breckenridge, respectively.  At both locations, harvest data were collected on the two middle rows of each variety per treatment to determine number of marketable roots, root rot rating, yield, and quality.  Twenty roots were randomly selected from each subplot and rated for root rot (0 – 7 scale, 0 = healthy and 7 = root completely rotted and foliage dead).  Ten roots also were analyzed for yield and sucrose quality by the American Crystal Sugar Company Quality Laboratory, East Grand Forks, MN.  

In 2005, the remaining three experiments at Hillsboro were left fallow because excessive soil moisture did not allow a soybean crop to be planted, as planned.  At Breckenridge, the three other experiments were planted to wheat ‘Knudson’ on April 19.  On July 14, each plot was assessed for numbers of plants per square meter.  Ten plants were removed and rated for common root rot (caused primarily by Bipolaris sorokiniana and Fusarium graminearum).  Roots were rated on a 0 to 4 scale (0 = no lesions, 4 = more than 66% of roots with lesions (9). 

Data were transformed as appropriate, if needed, and subjected to analysis of variance.  If analyses indicated statistical significant (P = 0.05, P = 0.10), means were separated by Least Significant Difference (LSD). 

RESULTS

Aphanomyces soil index values.  Data are presented separately for each location.  
Hillsboro.  Baseline Aphanomyces (SIVs) before spent lime was applied averaged a moderate SIV of 48 (maximum SIV value is 100) across the experimental area (Fig. 1A).  In July and October, 2004 (9 and 12 months after application of spent lime, respectively) all rates of lime resulted in equal and significantly lower SIVs compared to the non-limed control (Fig. 1A).  In 2005, fallow plots sampled in June (20 months after lime was applied) resulted in equal SIVs in plots treated with 10, 20, or 30 tons of spent lime per acre, which were significantly lower compared to the non-limed control; the SIV in plots treated with 5 tons of lime was intermediate (Fig. 1B).  In 2005, plots sown with sugarbeet resulted in SIVs that were statistically the same for all lime treatments and the non-limed control and these results were similar to pre-lime baseline values (Fig. 1B).  

Breckenridge.  Baseline SIVs before spent lime was applied averaged a high index value of 98 across the experimental area (Fig. 2).  By September, 2004 (5 months after application of spent lime and production of a wheat crop), all rates of lime statistically reduced SIVs compared to the non-limed control (Fig. 2).  Among the lime treatments, the SIV was statistically lowest with 15 tons compared to 5 and 10 tons; the SIV was intermediate for 20 tons.   In June 2005 (14 months after application of spent lime), SIVs in plots sown with wheat were the same for all lime treatments and also were significantly lower than in the non-limed control (Fig. 2).  In plots sown to sugarbeet, however, SIVs were statistically the same for all lime treatments and the non-limed control and these results were similar to pre-lime baseline values (Fig. 2).  

Soil microorganisms.    Results shown in Figure 3 include total numbers (colony forming units [CFUs] per gram of oven-dry soil) of cultureable bacteria and Streptomyces species (a type of bacterium).  These microorganisms were most affected by lime application at either or both locations. Data are presented for each location and are combined across all plots for each sampling date. 
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Figure 1.
Hillsboro, ND:  Aphanomyces soil index values (SIVs, 0 – 100 scale, 0 = healthy, 100 = all plants dead) of soil samples collected from field plots treated with spent lime at 0, 5, 10, 20, and 30 tons wet weight/A (= 0, 3.3, 6.5, 13, and 19.5 tons dry weight/A, respectively) in October, 2003 in a randomized block design of four replicates/experiment (total of four experiments, with one to be planted to sugarbeet each year from 2005 to 2008).  Aphanomyces SIVs were determined in controlled environment chambers in a 4-week assay under conditions favorable for disease.  A) Baseline Aphanomyces SIVs for soil samples collected before, but on same day, as spent lime was applied compared to SIVs of soil samples collected in June, 2004 when corn was growing in the plots (9 months after lime was applied) and October, 2004 shortly before corn was harvested (12 months after lime was applied).  For each sampling time, each bar represents an average of 16 plots (across four experiments) and bars with the same letter are not significantly different, P = 0.05. B) Baseline Aphanomyces SIVs for soil samples collected before, but on same day, as spent lime was applied compared to SIVs of soil samples collected June, 2005 from fallow and sugarbeet plots (20 months after lime was applied).  Each bar for fallow soil samples represents an average of 12 plots (across three experiments) and for sugarbeet represents 8 plots (sown with 2 varieties, 4 plots each in one experiment).  For each treatment, bars with the same letter are not significantly different, P = 0.05. 
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Figure 2. 
Breckenridge, MN: Aphanomyces soil index values (SIVs, 0 – 100 scale, 0 = healthy, 100 = all plants dead) for soil samples collected from field plots treated with spent lime at 0, 5, 10, 15, and 20 tons wet weight/A (= 0, 2.7, 5.3, 8, and 10.6 tons dry weight/A, respectively) in April, 2004 in a randomized block design of four replicates/experiment (total of four experiments, with one to be planted to sugarbeet each year from 2005 to 2008).  Aphanomyces SIVs were determined in controlled environment chambers in a 4-week assay under conditions favorable for disease.  Baseline Aphanomyces SIVs for soil samples collected before, but on same day, as spent lime was applied are compared to SIVs of soil samples collected after a wheat crop was harvested in September, 2004 (5 months after lime was applied) and while wheat and sugarbeet were growing in plots in June, 2005 (14 months after lime was applied).  For baseline and wheat samples collected in 2004, each bar represents an average of 16 plots (averaged across four experiments) and those with the same letter are not significantly different, P = 0.05. Each bar for fallow soil samples represents an average of 12 plots (averaged across three experiments) and for sugarbeet represents 8 plots (sown with 2 varieties, 4 plots each, sown in one experiment).  For each sample treatment, bars with the same letter are not significantly different, P = 0.05. 
=========================
Hillsboro.  In October, 2004 (12  months after lime was applied) there was a significant increase in populations of cultureable bacteria in plots treated with 30 tons of lime per acre compared to 5 or 20 tons; plots treated with 10 tons and the non-limed control were intermediate (Fig. 3A).  In June, 2005 (20 months after lime was applied), populations of cultureable bacteria were statistically the same in limed and non-limed plots, although there was a tendency for higher populations as rates of lime increased (Fig. 3A). Populations of Streptomyces species were the same in limed and non-limed plots sampled at 12 and 20 months after lime was applied but overall, populations were considerably higher when soil was sampled in June, 2005 compared to October, 2004 (Fig. 3B).  

There were no significant differences for populations of three groups of soil microorganisms among limed and non-limed control plots quantified in October, 2004 and June, 2005 (12 and 20 months after lime was applied, respectively).  In October, 2004, populations of fluorescent pseudomands, Bacillus species, and cultureable fungi averaged 89,400, 166,000, and 388,000 CFUs per gram of oven-dry soil, respectively and in June, 2005 averaged 292,600, 118,000, and 238,000 CFUs per gram of oven-dry soil, respectively (data not shown).  

Breckenridge.  In September, 2004 (5 months after lime was applied) there was a significant increase in populations of cultureable bacteria in plots treated with 20 tons  of lime  per acre  compared  to  plots  treated  with lower rates of  
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Figure 3.   Hillsboro, ND: Total number (colony forming units) of A)  cultureable bacteria and B) Streptomyces species in soil samples collected from field plots in October, 2004 and June, 2005 at 12 and 20 months, respectively, after spent lime was applied October, 2003 (0, 5, 10, 20, and 30 tons wet weight/A; =  0, 3.3, 6.5,13, and 19.5tons dry weight/A, respectively). 

Breckenridge, MN:  Total number of C) cultureable bacteria and D) Streptomyces species in soil samples collected from field plots in September, 2004 and June, 2005 at 5 and 14 months, respectively, after spent lime was applied in April, 2004 (0, 5, 10, 15, and 20 tons wet weight/A; =  0,2.7, 5.3, 8, and 10.6 tons dry weight/A, respectively).    Plots at each location were arranged in a randomized block design of four replicates/experiment (total of four experiments).  For each sampling time, each bar represents an average of 16 plots and bars with the same letter are not significantly different.   

Table 1.
Hillsboro, ND:  Seedling stand, root rot ratings, and harvest data of sugarbeet sown on May 4, 2005, 19 months after several rates of spent lime were applied in a field naturally infested with moderate inoculum densities of Aphanomyces cochlioides.  

	
	Seedling stand/80 ft x
(days after planting)
	No. roots harvested/80 ft  row
	         RRR

(0-7) y
	Yield

(Ton/A)
	                                         Sucrose
	Gross

return

($/A)

	Main treatments
	19         
	28
	44
	
	
	
	%
	lb/T
	lb recov/A
	

	   Lime (Ton/A)v
	
	
	
	
	
	
	
	
	
	

	    Wet   
Dry  
	
	
	
	
	
	
	
	
	
	

	
  0
0
	247
	280
	126
	 104 a
	2.2
	14.6 a
	17.0
	316
	4602 a
	533 a

	
  5 
3.3
	274
	295
	122
	116 a b
	2.0
	17.6   b
	17.1
	319
	5613  b
	656  b

	
10 
6.5
	269
	286
	130
	124   b  
	2.0
	17.8   b
	17.3
	323
	5762  b
	682  b

	
20 
13.0
	293
	309
	142
	128   b
	2.1
	17.1   b
	17.6
	329
	5647  b
	681  b

	
30 
19.5
	310
	316
	136
	128   b
	1.9
	18.9   b
	17.5
	328
	6218  b
	749  b

	
	
	
	
	
	
	
	
	
	
	

	
LSD (P = 0.05) z
	NS
	NS
	NS
	15
	NS
	2.4
	NS
	NS
	871
	118

	
	
	
	
	
	
	
	
	
	
	

	   Variety w
	
	
	
	
	
	
	
	
	
	

	
Crystal 820 + 45g Tach.
	262 a
	288 a
	127 a
	117
	2.1
	17.4
	17.3
	323
	5622
	666

	
Seedex Magnum
	295  b
	305  b
	135   b
	123
	2.0
	17.0
	17.3
	323
	5514
	654

	
	
	
	
	
	
	
	
	
	
	

	     LSD (P = 0.05) z
	15
	13
	7
	NS
	NS
	NS
	NS
	NS
	NS
	NS


V
Spent lime was applied in October, 2003 in a randomized block design of four replicates per experiment (total of four experiments).    Spent lime then was incorporated by chisel plow.  In the spring of 2004, plots were cultivated, sown with corn (‘DeKalb 3551RR’) and chisel-plowed twice after harvest.  In 2005, plots were cultivated once and sown with sugarbeet; each value is averaged over  two sugarbeet varieties in one experiment in 2005.    

W
Sugarbeet varieties Crystal 820 (partially resistant to Aphanomyces, treated with 45 g of Tachigaren [Tach]/unit) and Seedex Magnum
(susceptible) were sown as subplots within each spent lime treatment plot.  Plots were harvested on September 28, 2005.  Each value
is averaged over all lime treatments.  

X
Plots were sown at 142,560 seeds per acre (seed every 2 inches in 22-inch rows) and hand-thinned to a 6-inch spacing on June 10.  

Y
RRR = Root rot rating, 0 – 7 scale (0 = roots healthy; 7 = root completely rotted and foliage dead).    

Z
LSD = Least significant difference, P = 0.05; for each column, values followed by the same letter are not significantly different; NS =
not significantly different.  

==============================

lime and the control, which were equal (Fig. 3C).  In June, 2005 (14 months after lime was applied) numbers of cultureable bacteria were significantly higher in plots amended with 20 tons of lime per acre compared to plots with 5 tons and the non-treated control, which were equal; plots with 10 and 15 tons of lime were intermediate (Fig. 3C).  In September, 2004 (5 months after lime was applied) populations of Streptomyces species were equal in plots treated with 10, 15, and 20 tons of lime per acre, and also were significantly higher compared to the non-limed control; plots treated with 5 tons of lime were intermediate (Fig. 3D).  When the same plots were sampled in June, 2005 (14 months after lime was applied) populations of Streptomyces species were the same across all lime treatments and the non-limed control and overall, had dropped two- to three-fold compared to 8 months earlier (Fig. 3D).  

There were no significant differences for populations of three groups of soil microorganisms among limed and the non-limed control plots quantified in September, 2004 and June, 2005 (5 and 14 months after lime was applied, respectively).  In September, 2004, populations of fluorescent pseudomands, Bacillus species, and cultureable fungi averaged 136,000, 206,000, and 268,000 CFUs per gram of oven-dry soil, respectively, and in June, 2005, averaged 213,200, 142,000, and 224,000 CFUs per gram of oven-dry soil, respectively (data not shown).  

2005 Sugarbeet field trials.   There were no significant interactions between rate of lime and sugarbeet variety for data collected at Hillsboro or Breckenridge, so results are presented separately for these main treatments.  
Hillsboro.  A. cochlioides was inactive on sugarbeet throughout the season, which resulted in negligible root rot.   There were no significant differences in seedling stand for limed and non-limed control plots at 19, 28, or 44 days after planting (Table 1).   Low stands at 44 days after planting, compared to earlier dates, occurred when plots were thinned at 37 days after planting.  Numbers of harvested roots were equal in plots treated with 10, 20, and 30 tons of 

Table 2.
Breckenridge, MN:  Seedling stand, root rot ratings, and harvest data of sugarbeet sown on May 6, 2005, 13 months after several rates of spent lime were applied in a field naturally infested with high inoculum densities of Aphanomyces cochlioides.  

	  
	Seedling stand/80 ft x 
(days after planting)
	No. roots harvested/80 ft  row
	RRR

(0-7) y
	
	
	
	
	Gross

return

($/A)

	
	
	
	
	Yield

(Ton/A)
	Sucrose
	

	  Main treatments
	26
	

61
	
	
	
	%
	1b/T
	lb recov/A
	

	   Lime (Ton/A) v
	
	
	
	
	
	
	
	
	

	    Wet   
Dry  
	
	
	
	
	
	
	
	
	

	
  0 
0
	284
	32 a
	21 a   
	6.0 a
	6.3 a
	13.8
	244
	1559 a
	156 a

	
  5 
2.7
	307
	78  b
	64  b
	3.9  b
	18.0  b
	14.2
	253
	4550  b
	455  b

	
10 
5.3
	309
	88  bc
	73  b
	3.7  b
	19.9  bc
	14.6
	261
	5188  bc
	519  b

	
15 
8.0
	285
	80  b
	64  b
	3.7  b
	20.3  bc
	14.1
	249
	5044  bc
	504  b

	
20 
10.6
	310
	95   c
	79  b
	3.6  b
	22.3    c
	14.3
	252
	5609    c
	561  b

	
	
	
	
	
	
	
	
	
	

	
LSD (P = 0.05) z
	NS
	14.8
	17
	
	4.1
	NS
	NS
	1018
	102

	
	
	
	
	
	
	
	
	
	

	   Variety w
	
	
	
	
	
	
	
	
	

	
Crystal 820 + 45g Tach.
	279 a
	80 a
	60
	4.2
	17.9
	14.3
	253
	4552
	455 a

	
Seedex Magnum
	319  b
	69  b
	60
	4.1
	16.8
	14.1
	251
	4228
	423  b

	
	
	
	
	
	
	
	
	
	

	
LSD (P = 0.05) z
	11
	7
	NS
	NS
	1.07
	NS
	NS
	257
	26


V
Spent lime was applied in April, 2004 in a randomized block design of four replicates per experiment (total of four experiments).  Spent lime then was incorporated by cultivation, sown with wheat ‘Grandin’ on April 8, and chisel-plowed twice after harvest.  In 2005, plots were cultivated once and sown with sugarbeet.  Each value is averaged over two sugarbeet varieties sown in one experiment in 2005.    

W
Sugarbeet varieties Crystal 820 (partially resistant to Aphanomyces, treated with 45 g of Tachigaren [Tach]/unit) and Seedex Magnum (susceptible) were sown as subplots within each spent lime treatment plot.  Plots were harvested on September 30, 2005.  Each value is averaged over all lime treatments.  

X
Plots were sown at 142,560 seeds per acre (seed every 2 inches in 22-inch rows) and hand-thinned to a 6-inch spacing on June 10 (35 days after planting).  

Y
RRR = Root rot rating, 0 – 7 scale (0 = roots healthy; 7 = root completely rotted and foliage dead).    

Z
LSD = Least significant difference, P = 0.05; for each column, values followed by the same letter are not significantly different; NS = not significantly different. 
========================
spent lime and also were significantly higher compared to the non-limed control; root numbers were intermediate in plots treated with 5 tons of lime (Table 1).  At harvest, Aphanomyces root rot ratings were low and similar for limed and non-limed plots (Table 1); ratings averaged about 2 which means roots were large and infections were superficial and affected less than 5% of the root surface.  All rates of lime were equal and significantly higher compared to control plots for tons of roots, pounds of recoverable sucrose, and economic return per acre.  There was a trend for higher stands, yields, sucrose, and economic returns with increasing rates of spent lime.  There were no differences among limed and non-limed control plots for percent sucrose or pounds of sucrose per ton.

The susceptible variety had significantly higher stands than the Aphanomyces-resistant variety at 19, 28, and 44 days after planting (Table 1).  At harvest, however, there were no significant differences between the varieties for any variable measured.  

Breckenridge.  There were no significant differences in stand for limed or non-limed control plots at 26 days after planting (Table 2).  Aphanomyces was becoming very active at this time and disease was severe throughout the remainder of the season.  At 61 days after planting (plots were thinned at 35 days after planting), stands were significantly higher in limed plots compared to the non-limed control.  Among plots treated with lime, stands were significantly highest when treated with 20 tons per acre compared to 5 or 15 tons; stands were intermediate in plots treated with 10 tons.   At harvest, numbers of roots were equal for all rates of lime and were statistically higher compared to the non-limed control (Table 2).  Aphanomyces root rot was severe in the non-limed plots and averaged a rating of 6, which means that more than 75% of the root was constricted and rotted.    All rates of waste lime were equal in reducing root rot compared to the non-limed control. Root rot ratings in the limed plots were at a rating of about 4,  which  means  that  26 to  50% of the root  was constricted  and  rotted.   Roots  in  plots  treated  with  lime 
Table 3.
Breckenridge, MN:  Root rot ratings of wheat on July 14, 2005, 15 months after several rates of spent lime were applied in a field naturally infested with high inoculum densities of Aphanomyces cochlioides.   

	
  Lime (Ton/A)v                                                                                                                                             
Wet             Dry  
	Number 

plants/m2 x
	Root rot rating

(0-4)y

	
	
	

	           0
0
	154 a b  
	2.2

	           5 
2.7
	146 a
	2.2

	
10
5.3
	168   b c
	2.3

	
15
8.0
	161   b c
	1.9

	
20
10.6
	170      c
	2.1

	
	
	

	LSD (P = 0.05) z
	NS
	NS

	LSD (P = 0.10) z
	15
	NS


W
Spent lime was applied in April, 2004 in a randomized block design of four replicates per experiment (total of four experiments).  Spent lime then was incorporated by cultivation, sown with wheat ‘Grandin’ on April 18, and chisel-plowed twice after harvest.  In 2005, plots in three experiments were cultivated and sown with wheat ‘Knudson’ on April 19. 

X
Numbers of wheat plants per square meter were determined on July 14, 2005.  Each value is an average of 12 plots.  

Y
Ten wheat plants per plot were rated for root rot (caused primarily by a complex of Bipolaris sorokiniana and Fusarium graminearum) on a 0 to 4 scale (0 = no lesions, 4 = more than 66% of roots with lesions).  Each value is an average 120 plants.  

Z
LSD = Least significant difference, P = 0.05 and 0.10; for each column, values followed by the same letter are not significantly different at P = 0.10; NS = not significantly different.
=============================

typically were large and healthy in the upper portion and some were constricted and rotted about 3-4 inches below the soil surface.  All rates of spent lime resulted in significantly higher tons of roots, pounds of recoverable sucrose, and economic return per acre than the non-limed control.  Among the lime treatments, tons of roots and pounds of recoverable sucrose per acre were significantly higher for 20 tons per acre compared to 5 tons; values for 10 and 15 tons were intermediate and equal.  Gross economic returns per acre were equal for all rates of spent lime and were significantly higher compared to the non-limed control.  Overall, increasing rates of spent lime tended to increase numbers of roots, yield, sucrose, and economic return.   There were no significant differences among limed and non-limed plots for percent sucrose or pounds of sucrose per ton.  

At 26 days after planting, the susceptible variety resulted in higher stands than the Aphanomyces-resistant variety (Table 2).  Then, Aphanomyces disease pressure increased and by 61 days after planting, the Aphanomyces-resistant variety had significantly higher stands than the susceptible variety.  At harvest, there were significant increases in the Aphanomyces-resistant variety for tons of roots, pounds of recoverable sucrose, and gross return of dollars per acre (Table 2).  There were no significant differences between varieties for number of roots, root rot ratings, percent sucrose, or pounds of sucrose per ton.  

In the three experiments sown to wheat, plant populations were significantly higher (P = 0.10)  in plots treated with 20 tons of spent lime per acre compared to 5 tons and non-limed plots, which were equal; plots treated with 10 or 15 tons were intermediate (Table 3).  There was no effect of spent lime applications on root rot ratings of wheat compared to non-limed control plots.   

DISCUSSION
Application of spent lime significantly increased sugarbeet yields, sucrose, and economic return at both locations, despite very low Aphanomyces disease pressure at Hillsboro and severe Aphanomyces root rot at Breckenridge.   Although soil index values (SIVs) in non-limed control plots at Hillsboro indicated a moderate potential for Aphanomyces, soil moisture was moderate at this location in the 2005 field season, so A. cochlioides caused little damage.  These results also explain why the Aphanomyces-resistant variety was not superior to the susceptible variety for the variables measured. On the other hand, A. cochlioides was very active early in the growing season at Breckenridge and wet soil conditions prevailed until harvest.  Despite severe disease pressure, as evidence by high root rot ratings and low yields in the non-limed control, Aphanomyces damping-off and root rot were significantly reduced in plots amended with all rates of spent lime.  These results suggest that spent lime not only suppresses Aphanomyces diseases, but also stimulates sugarbeet yield and quality.  In 2005, there also was an increase in numbers of wheat plants and yield in limed plots compared to the non-limed control, although lime had no effect on root diseases.  Application of spent lime increases soil pH (12), which may alter  availability of certain micronutrients to the plant and/or favor increases of beneficial microorganisms in the rhizosphere (soil on/near root surface that is affected by root exudates).  Spent lime also contains nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sodium (Na) and other inorganic and organic components (see report by Sims et al. in this Sugarbeet Research and Extension Report) that may directly benefit sugarbeet.  Spent lime also may alter physical properties of the soil (e.g., improve water drainage) that reduce Aphanomyces root rot.  

It is important to allow a period of stabilization after application of spent lime to achieve a balance in the chemical, physical, and biological components of the soil.  In our trials, sugarbeet was sown at least a year after spent lime was applied.   Recent reports indicate that some fields amended with spent lime early in 2005, and then sown with sugarbeet, did not result in improved yield or quality (American Crystal, personal communication).  

Most inoculum of A. cochlioides occurs in the top 6 to 8 inches of soil, so it is important to incorporate spent lime throughout this region to protect the tap root.  At Breckenridge, where Aphanomyces root rot was severe, roots in lime-treated plots often were large and blemish-free in the top portion of the taproot but about 3 to 4 inches below the soil surface, were constricted and rotted.  In 2005, spent lime affected chemical properties of soil throughout the top 6 inch depth, but the greatest effect occurred in the 0- to 3-inch depth at Hillsboro and Breckenridge (see Sims et al. in this Sugarbeet Research and Extension Report). In the top 3 inches of soil, there were significant increases in P, Ca, Mg, electrical conductivity, and pH with increasing rates of spent lime.  Since application of spent lime had the greatest effect on soil pH (and other soil properties) in the top 3 inches, lime likely was concentrated in this region of the soil profile.  Tillage of these fields was done by chisel plow or cultivation to a depth of about 6 inches.  Chisel plows disturb soil to a depth of 6 inches, but residue is distributed above the 4-inch soil depth (8).  Through future tillage operations, however, spent lime is expected to be more thoroughly mixed and distributed throughout the soil profile.  

Aphanomyces SIVs dropped within a few months after spent lime was applied compared to the non-limed control at both locations.  The SIVs remained low in limed plots in 2005 - except in the sugarbeet plots where they returned to pre-limed levels.  It is unknown why growing sugarbeet in the field negated earlier suppression of Aphanomyces SIVs.  Perhaps lime suppresses germination of oospores (survival spores that produce infective zoospores) of A. cochlioides and this inhibition is overcome when sugarbeet roots release exudates into soil.  This theory, however, does not explain why planting sugarbeet in limed soil returned SIVs to pre-limed levels, yet resulted in significant decreases in Aphanomyces root rot in field plots at Breckenridge.  

The pH of lime-amended plots increased compared to non-limed controls at both locations (12, also see Sims et al. in this Sugarbeet Research and Extension Report).  Severity of Aphanomyces root rot, however, is not directly affected by soil pH (6) and the pathogen occurs naturally in fields over a wide range of pH values (5 to 8) in Minnesota and North Dakota.  Constituents within spent lime may affect A. cochlioides.   In preliminary studies, we evaluated soil extracts from field plots treated with 20 tons of spent lime per acre for direct effects on structures of A. cochlioides.  Soil extracts diluted 10-, 100-, and 1000-fold prevented production of sporangia (structures originating from oospores or hypha that produce infective zoospores).  Water controls, adjusted to pH values corresponding to diluted spent lime extracts, resulted in production of zoosporangia, which released motile zoospore inoculum (unpublished).  

Our assays of soil collected from limed and non-limed field trials in 2004 and 2005 showed some statistical increases in populations of cultureable bacteria in plots amended with increasing amounts of spent lime compared to non-limed soil at both locations, but results were inconsistent between sampling times.  Streptomyces species were dramatically increased by increasing rates of spent lime in the Breckenridge plots in 2004 but populations dropped dramatically in 2005, and were the same in limed and non-limed plots.  It is unknown why populations of these microorganisms fluctuated so widely, but they may be affected by sampling time.  Soil samples assayed in 2004 were collected in the fall after crops were harvested while samples assayed in 2005 where collected during the growing season.  In 2006, we will sample sugarbeet rhizosphere soil, which has a higher microbe population than bulk soil, and may more readily reveal affects of soil amendment with spent lime.   

Total numbers of microorganisms does not indicate the proportion that may be inhibitory to A. cochlioides.  Thus, we will be determining the percent of isolates within populations of bacteria and Streptomyces species that are antagonistic to A. cochlioides.  Species of bacteria, including Streptomyces, are known for antagonistic activity against soilborne plant pathogens (4, 10, 11).  It may be too early to expect significant changes in populations of microorganisms.  As soil samples are assayed over a longer period of time, it will be apparent if microbe populations and activities are affected by spent lime. Also, assays conducted by Dr. John Weiland (USDA-ARS, Crops Research Laboratory, Fargo) for microbial DNA in soil samples collected at Hillsboro and Breckenridge will supplement our direct quantification assays and detect microorganisms that do not grow on standard media (5, 7).  

Although early results are promising, but it is too early to recommend a specific rate of spent lime for optimal sugarbeet yield and/or reduction of Aphanomyces root rot.  Also, it is undetermined how long a single application of spent lime affects sugarbeet.  Continuing field and laboratory trials will answer these questions.  Also, research will continue to gain an understanding of the underlying mechanisms in suppression of Aphanomyces root rot.   
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