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Abstract: There is much we do not know about the soil microbiome and little has been done to explore 
soil microbe x plant genotype x environment interactions. Classical wheat breeding strategies focus on 
yield and aboveground metrics, but recent work has identified soil and rhizosphere (area of the soil 
influenced by roots) characteristics that can be altered by wheat genotype recruitment of beneficial soil 
microorganisms.  Beneficial soil microorganisms are a renewable, non-polluting resource that have been 
largely ignored until recent tools became available to handle big data and high throughput screening 
techniques for soil microbial diversity. Siderophores are iron-chelating chemical compounds produced by 
bacteria and some plants that can facilitate the transport of iron across cell membranes. Studies have 
shown increased nutrient cycling and bioavailability, as well as increased microbial biodiversity and 
enhanced disease suppression associated with certain wheat genotypes, but the resources and knowledge 
of the WSU wheat variety testing program has not previously been leveraged. Our proposed work will do 
just that, examining differences in soil health, microbial taxonomic and functional diversity, as well as how 
those factors are associated with yield and grain micronutrient density in 18 cultivars of winter wheat 
across multiple environments in Washington state.  This will allow us to address both WSU grand 
challenges of sustaining resources and sustaining health. Specific objectives for this study include 1) 
Documenting the diversity of microbial populations among commonly grown wheat genotypes and 
environments 2) Identifying possible associations among specific microbes and plant performance for 
parameters such as yield and grain micronutrient density. Ultimately, this information will provide useful 
insights for wheat breeders to select for more efficient, nutritious, and higher yielding wheat cultivars and 
lead to better soil and human health, benefiting growers and society at large. 
 
Project Description: 
 
OUTPUTS 
 
OVERVIEW OF WORK COMPLETED:  
 
Due to space limitations in cooperator fields, six of the seven locations were planted in fall 2019 and 
harvested in summer 2020. These included Bickleton, Colton, Dayton, Fairfield, Moses Lake and Walla 
Walla. All nine soft winter wheat varieties were planted at all sites, while the nine hard winter wheat 
varieties were planted at Bickleton, Dayton, Moses Lake, and Walla Walla only. For the 2021 harvest 
season, Ritzville was added as the seventh location and all entries were planted at each location. 
Rhizosphere soil samples were collected in May each year and kept in cold storage at 3oC until they could 
be processed. All siderophore CAS assays were completed in six replicates for all plots to measure 
siderophore production in the rhizosphere. All DNA extractions were prepped and sent off for sequencing 
to the Microbiome Core at the University of Michigan. Due to delays from equipment upgrades and 
calibration complications in Dr. Murphy’s lab, all grain samples were redirected to Dr. Lee Kalcsits lab at 



the WSU Tree Fruit Research and Extension Center in fall of 2021 in order to run samples through an MP-
AES machine to ascertain whole grain micronutrient concentrations. We only received the final 
micronutrient data on May 25, 2022 and statistical analysis is still pending. Soil fertility samples were 
collected at the time of rhizosphere sampling and were sent to the SoilTest Lab in Moses Lake, WA for a 
full suite of soil nutrient levels to pair with grain micronutrient data. Lastly, soil enzyme analyses (β-
glucosidase (BG), N-acetyl-β-glucosaminidase (NAG), and acid phosphatase (ACP) activities) were 
conducted at the Soil Carbon Ecology Lab at Texas A&M University as another metric to measure microbial 
soil health among varieties and environments.   
 
METHODS: 

 

 
 
Trial locations and site information is provided in Figures 1 and 2 and Tables 1 and 2. Winter wheat 
varieties evaluated are provided in Table 3. Plots were planted in a two replicate, randomized complete 
block design with a 1.5 m wide small plot drill and a plot length of 4.3 and 5.4 m for conventional and no-
till fields, respectively. Rhizosphere samples were collected in late May from each location using an 
ethanol-sterilized spade when wheat plants were between heading (Feekes 10.1) and flowering (Feekes 
10.5) stages.  

 
From each experimental plot, five randomly chosen wheat plants were fully removed from the ground to 
maintain as much of the rooting system as possible (approximately 45 cm depth). The rhizosphere soil 
was combined from all five plants to create a composite sample per plot. Rhizosphere soil was obtained 
by vigorously shaking all non-root adhering soil off of samples and then brushing the remaining soil off of 
the roots over a 2 mm sieve. The rhizosphere soil was then collected in sterile tubes and stored at -80 C 
until DNA extraction was performed to determine microbial community composition.  

 
At the conclusion of the growing season, three subsamples of wheat aboveground biomass were randomly 
collected from 30 cm sections of row and composited per plot. Subsamples were then dried for three days 
at 50 C and weighed for total biomass weight and then the number of productive tillers (stems with heads) 
were counted. Once recorded, grain was then threshed and used to determine test weight, seed weight, 
seed per head, grain protein, and grain micronutrient content. Non-grain biomass will be calculated by 
subtracting total grain weight from initial sample weight. 

 
A subset of 18 grain samples will be run through the Microwave Plasma Atomic Emission Spectroscopy 
(MP-AES) machine and values used to improve the micronutrient concentration calibration for the Energy 

Figure 1. Map of trial locations in Washington. 



Dispersive X-Ray Fluorescence (EDXRF) spectrometer. Then, all whole grain wheat samples will be 
analyzed for grain micronutrient concentration on the EDXRF. 
 

Table 1. Trial location information for the 2020 season. 
 

Table 2. Trial location information for the 2021 season. 

Location Soil Type 
Planting/ 

Harvest Date Tillage Previous Crop Applied Fertilizer 

In Season 
Precipitation 

(mm) 
Bickleton 
(46.026600, -
120.274383) 

Broadax Silt 
Loam 

10/25/2019; 
08/27/2020 

No-Till Triticale (×Triticosecale) 90N, 16P, 16S 95 

Moses Lake  
(47.235067, -
118.989983) 

Shano Silt 
Loam 

10/23/2019; 
07/20/2020 

Conventional Potatoes  
(Solanum tuberosum) 

39N, 6S 297 (with 
irrigation) 

Walla Walla  
(46.107917, -
118.197850) 

Athena Silt 
Loam 

10/16/2019; 
07/28/2020 

Conventional Garbanzo  
(Cicer arietinum) 

140N,10P,10K, 15S 363 

Dayton  
(46.387333, -
118.055550) 

Athena Silt 
Loam 

10/17/2019; 
07/24/2020 

Conventional Dry peas  
(Pisum sativum L.) 

180N, 13P, 16K, 
13Cl 

389 

Fairfield  
(47.412100, -
117.042033) 

Caldwell-Cald 
Complex 

10/15/2019; 
08/25/2020 

Conventional Canola  
(Brassica napus L.) 

90N, 16P, 16S 300 

Colton  
(46.556550, -
117.132000) 

Palouse Silt 
Loam 

10/18/2019; 
08/19/2020 

No-Till Lentils  
(Lens culinaris L.) 

90N, 16P, 16S 371 

 Location Soil Type 
Planting/ 

Harvest Date Tillage Previous Crop Applied Fertilizer 

In Season 
Precipitation 

(mm) 
Bickleton 
(46.027155,  
-120.274829) 

Bickleton 
Silt Loam 

11/03/2020; 
08/16/2021 

No-Till Triticale (×Triticosecale) 50N, 10S 92 

Moses Lake 
(46.982193,  
-119.012540) 

Sagehill 
Very Fine 

Sandy Loam 

10/15/2020; 
07/26/2021 

Conventional Alfalfa  
(Medicago sativa) 

160N, 21P, 19K 477 (with 
irrigation) 

Walla Walla 
(46.107917,  
-118.197850) 

Walla Walla 
Silt Loam 

10/15/2020; 
07/14/2021 

Conventional Garbanzo  
(Cicer arietinum) 

160N, 10P, 10K, 
15S 

291 

Dayton 
(46.397002,  
-118.074359) 

Athena Silt 
Loam 

10/16/2020; 
08/13/2021 

Conventional Winter Wheat (Triticum 
aestivum) 

120N, 10P, 15S, 
15K, 12Cl 

249 

Fairfield 
(47.405645,  
-117.067541) 

Naff Silt 
Loam 

10/08/2020; 
07/31/2021 

Conventional Canola  
(Brassica napus L.) 

110N, 20S, 10Cl 284 

Colton 
(46.558506,  
-117.124840) 

Palouse Silt 
Loam 

10/05/2020; 
08/11/2021 

No-Till Garbanzo 139N, 34P, 29K, 
25S, 0.2B, 2.5Ca, 

.4Mg 

280 

Ritzville  
(47.143685,  
-118.47333) 

Ritzville Silt 
Loam 

09/16/2020; 
07/07/2021 

Mulch-Tillage Fallow 60N, 10S 93 



 
 
 
 
 
 
 
 
 
 
 

Table 3. Winter wheat varieties evaluated for siderophore production, microbial community composition, 
and grain micronutrient concentration. 
 
RESULTS:   
 
Weather and Location 
 
Environmental conditions were quite diverse across locations and years for this study (Figure 2). Soil pH 
ranged from a low of 4.68 in Fairfield in 2021 to as high as 5.90 in Dayton and Moses Lake in 2020 (Tables 
4 and 5). Soil organic matter also ranged widely from 1.60g kg-1 in Moses Lake 2020 to 7.08 g kg-1 in Colton 
2021. Similarly, there were significant differences in macro and micronutrient levels across environments. 
Furthermore, 2020 produced one of the highest wheat crops on record for Washington state with ample 
spring moisture contrasted against 2021, which was one of the driest years and hottest Junes on record. 
 

 
Figure 2: Weather data for 2020 (top) and 2021 (bottom) locations. 
 

Winter Wheat Variety Class  Winter Wheat Variety Class 
ARS-Selbu Soft White  Farnum Hard Red 
ARS Castella Club  Keldin Hard Red 
Bruehl Club  LCS Aymeric Hard Red 
Cara Club  LCS Evina Hard Red 
Jasper Soft White  LCS Jet Hard Red 
Mela Soft White  Millie Hard White 
Otto Soft White  Scorpio Hard Red 
Purl Soft White  Sequoia Hard Red 
Xerpha Soft White  UI Bronze Jade Hard White 



 
Table 4: Soil fertility data for each trial location in 2020 taken to a depth of approximately 20 cm. 
 

Table 5: Soil fertility data for each trial location in 2021 taken to a depth of approximately 20cm. 
 
Microbiome Measurements 
 
Using sequenced microbial DNA, four microbial diversity metrics were analyzed across locations, years, 
and varieties. A significant (p < 0.001) year x location interaction existed for each of the four metrics while 
a location x variety interaction was significant (p < 0.001) for the bacterial community composition using 
Faith’s Phylogenetic Diversity. Upon further inspection of this metric, the rhizosphere microbiome of 
wheat varieties did not differ within any location for the Faith’s Phylogenetic Diversity and so the main 
effect of variety averaged across locations and years (p < 0.01) are discussed instead (Figure 3). Tukey’s 

Locations Soil 
pH 

O
M 

NO3
-  

NH4-
N 

Olse
n  
P 

 
K 

 
S 

Ca  Mg  Na  Zn  Cu  Fe  Mn  
B 

  %  mg 
kg -1 

   meq 
100g-1 

    mg 
kg -1 

  

Bickleton 5.40 2.3
2 

34 24 32 390 15 6 3.0 0.1 1.2 1.5 57 39 0.3 

Colton 5.25 5.4
0 

36 8 88 962 28 10 2.3 0.1 2.3 2.3 153 72 0.8 

Dayton 5.90 2.8
0 

8 5 29 629 18 9 2.2 0.1 4.5 1.8 90 37 0.9 

Fairfield 5.15 5.0
5 

50 6 30 526 28 9 2.0 0.1 2.4 1.6 175 45 0.9 

Moses 
Lake 

5.90 1.6
0 

47 8 40 642 29 6 1.5 1.0 4.7 1.6 49 39 0.5 

Walla 
Walla 

5.32 2.9
5 

13 5 28 659 22 7 1.7 0.1 0.8 1.7 130 46 0.7 
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  %  mg 
kg -1 

   meq 
100g-1 

    mg 
kg -1 

  

Bickleton 5.42 2.4
 

14 18 29 326 7 7 3.3 0.1 0.8 1.7 56 46 0.2 
Colton 5.31 7.0

 
21 22 38 815 18 10 2.1 0.1 1.8 2.0 158 64 0.6 

Dayton 5.49 3.9
 

9 5 64 958 10 7 1.8 0.1 2.2 2.6 132 63 0.6 
Fairfield 4.68 4.5

 
23 19 39 447 33 6 1.5 0.1 0.9 1.7 144 89 0.4 

Moses Lake 5.72 2.1
 

8 7 14 105 8 8 2.3 0.1 1.5 1.5 58 8 0.3 
Ritzville 5.52 2.3

 
22 5 50 808 10 4 1.6 0.1 3.3 2.7 73 32 0.3 

Walla 
 

4.95 3.1
 

17 13 52 929 19 4 1.2 0.1 1.1 1.4 140 44 0.8 



mean separation test identified Purl as having a higher diversity compared to Cara, though none of the 
other varieties were significantly different from these two varieties.  
 
Peilou’s Evenness within the fungal community was significantly lower at Moses Lake compared to all 
other sites in 2020, while Dayton, Moses Lake and Walla Walla were all the lowest in 2021 (Table 6). 
Meanwhile, Fairfield and Colton had the highest Peilou’s Evenness scores in 2021. Also, Bickleton, Colton, 
Dayton, and Walla Walla locations were all numerically lower in 2021 compared to 2020. Shannon’s Index 
ITS showed significant differences in fungal diversity within location and year at Bickleton, Moses Lake, 
and Walla Walla among others. Lastly, Shannon’s Index 16S showed significant differences in bacterial 
diversity at Dayton (p< 0.001), Fairfield (p< 0.01), Moses Lake (p< 0.001), and Walla Walla (p< 0.05). Moses 
Lake was the lowest followed by Bickleton in 2020. In 2021 Fairfield and Walla Walla were lowest close 
behind Bickleton.   
 
Table 6: Mean separation for soil microbial diversity indices across locations and years. Values are 
averaged across soft white winter wheat varieties. Different letters within a column and year indicates 
significant difference at p<0.05. 
 
 
 
 

  Fungal Community 
(ITS)  Bacterial 

Community (16S)  

Year  Location Pielou’s Evenness Shannon’s Index Shannon’s Index Faith’s Index 
2020 Bickleton 0.77 a 6.1 ab 8.5 b 49.5 c 
 Colton  0.79 a 6.4 a 8.8 a 60.9 a 
 Dayton 0.78 a 6.2 ab 8.7 a 55.1 b 
 Fairfield 0.77 a 6.3 a 8.9 a 62.5 a 
 Moses Lake 0.61 b 4.3 c 8.3 c 46.1 c 
 Walla Walla 0.76 a 6.0 b 8.8 a 56.5 b 
2021 Bickleton 0.75 bc 6.1 a 8.3 b 39.5 d 
 Colton 0.77 ab 6.2 a 8.7 a 50.4 b 
 Dayton 0.72 d 5.7 b 8.6 a 46.8 c 
 Fairfield 0.78 a 6.3 a 8.2 c 28.5 e 
 Moses Lake 0.72 d 6.1 a 8.6 a 55.5 a 
 Ritzville 0.75 bc 6.2 a 8.6 a 39.8 d 
 Walla Walla  0.73 cd 5.7 b 8.2 bc 38.0 d 



 
Figure 3: Box plot displaying the differences among soft white winter wheat varieties in soil bacterial 
Faiths’ Phylogenetic Diversity when averaged across locations and years



 

Figure 4: Pearson correlation table showing significant (p-value< 0.05) 
correlations among soil and plant measurements taken across 2021 
(white boxes denote that no significant correlation was observed). 
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Figure 5: Box plot displaying the relationship of differences in 
siderophore activity (Pyoverdine Equivalents) among trial 
locations in 2020 (top) and 2021 (bottom). Different letters 
indicate significant differences among locations within each year 
at p<0.05 



 
Nutrient Cycling and Active Soil Measurements 
 
Siderophore production, represented as Pyoverdine Equivalents, was significantly different for the year x 
location interaction (p< 0.001). Strong correlations also existed between siderophore production and 
fungal diversity metrics (r=-0.55) (Figure 4). Correlations also existed in bacterial metrics Faiths (r=-0.32) 
and Shannons Index (r=-0.38) (Figure 4). Since Ritzville only occurred in 2021 and was excluded from the 
overall model, years were analyzed separately with Ritzville included in 2021. In 2020, siderophore 
production was highest at Moses Lake followed by Colton and Bickleton, while Walla Walla, Dayton, and 
Fairfield were statistically identical with the lowest siderophore levels (Figure 5). In 2021, Ritzville 
produced significantly higher siderophore levels than the other locations, Colton and Moses Lake 
statistically had the next highest levels, and the other locations were near zero in terms of siderophore 
production. Average siderophore production at all locations was lower in 2021 compared to 2020. All 
locations received much lower rainfall in 2021 compared to 2020, except for Moses Lake, which received 
more overall water due to higher irrigation levels in 2021.  
 
Soil enzymatic activity was variable across locations and years. Correlations occurred in BGL (r=-0.31) and 
ACP (r=-0.35) with siderophore production (Figure 4). Significant interaction effects existed for BGL and 
NAG, but not ACP. Year x location (p<0.001), year x variety (p<0.001), and location x variety (p<0.01) were 
all significant for BGL while a three-way interaction for year x location x variety was significant (p<0.001) 
for NAG. Meaning, that individual wheat varieties exhibited differing levels of BGL and NAG from 2020 to 
2021, and between sites. When further examined, the differences in BGL occurred among varieties for 
Ritzville in 2021 and Walla Walla in 2020. At Walla Walla, Cara had significantly higher BGL than the other 
varieties while Scorpio and LCS Evina had very low BGL, with the other varieties not significantly different 
from each other (Figure 6). At Ritzville in 2021, Scorpio, Mela CL+, and Jasper generated the highest 
numerical BGL levels while Otto, LCS Evina, Sequoia, and Castella scored on average the lowest (Figure 6). 
At Walla Walla, NAG was significantly different among varieties when combined across years (p< 0.001). 
Cara had significantly higher NAG production compared to and Mela CL+ (Figure 7).  
 
 



 
Figure 6: Box plot displaying the relationship of differences in beta-glucosidase soil enzyme activity among 
different winter wheat varieties at Walla Walla in 2020 (top) and Ritzville in 2021 (bottom). Different 
letters indicate significant differences within location at p<0.05. 
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Figure 7: Box plot displaying differences in N-acetyl-beta-glucosaminidase soil enzyme activity across 
different winter wheat varieties at Walla Walla averaged across 2020 and 2021. Different letters indicate 
significant difference at p<0.05 
 
DISCUSSION: 
 
In general, the results from this study indicate that microbial community composition and activity were 
influenced moreso by environment than by winter wheat variety. This is not surprising given that moisture 
and temperature are two of the major drivers of microbial activity. The various sites across Eastern 
Washington State utilized in this study experienced vast differences in precipitation, temperature, 
altitude, soil type and fertility across both locations and years. Most notably, the Pacific Northwest 
experienced a major drought in 2021 along with elevated temperatures for much of the region. Trials also 
moved to different fields in year two for each site which likely contributed to additional variability 
between years. This was most notable for Moses Lake which moved roughly 24 km while other locations 
generally moved less than 3 km between years. In addition to different soil types, the 2021 Moses Lake 
site received more irrigation with less saline water, which was reflected in significantly elevated Na levels 
at the 2020 Moses Lake site. Soil type was generally similar (silt loams) for most of the locations, as is 
characteristic across the Palouse, except for Moses Lake, which was much sandier, particularly in 2021.  
 
There was little evidence that winter wheat variety had a large impact on microbial diversity. Only Purl 
and Cara differed from each other for the Faiths Phylogenetic Diversity metric and the difference was 
small (5 units). For perspective, locations differed by up to 34 units on the Faiths Phylogenetic Diversity 
scale. There was overall little consistency among site ranking across years for diversity metrics. One finding 
that stood out was that all locations numerically had lower diversity values and lower siderophore 
production during the drought in 2021 compared to 2020, except for Moses Lake which actually received 
more water in 2021 due to additional irrigation. Interestingly, while the variety Cara had the lowest Faiths 
Phylogenetic Diversity score on average, it stood out as having the highest NAG value at one location as 
well as having the highest BGL at two sites. Of all varieties evaluated, Cara would be of most interest to 
continue on with additional research. 
 
Siderophore production assists plants in Fe chelation and uptake and Fe should be less accessible to plants 
with low soil Fe test results and higher pH since high soil pH binds iron more tightly to soil particles. 
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Compared to other locations, Moses Lake generally had low soil Fe and higher soil pH. It too had higher 
siderophore production, which seems logical; however, the correlation was relatively weak among 
siderophores and these other factors (soil pH r=0.30; soil Fe r=-0.37) when looking across all locations in 
the dataset. 
 
In the end, the microbial diversity metrics were positively correlated with grain yield, particularly Faiths 
Phylogenetic Diversity 16S (r=0.47). However, grain yield was better correlated with precipitation (r=0.64) 
and precipitation was likely driving microbial diversity as well. None of the soil enzymes or soil pH were 
correlated with grain yield. 
 
Publications, Handouts, Other Text & Web Products:  
 
Graduate student Nick Frisbee completed his Masters degree in May 2022 and his thesis was titled “Soil 
Microbial Community and Winter Wheat Performance Across Eastern Washington State.” A manuscript is 
currently in preparation to be submitted to Soil Biology & Biochemistry. Dr. Neely will develop an 
extension publication following the journal manuscript submission. 
 
Outreach & Education Activities:  
 
Results have been presented at three science/outreach meetings as listed below: 
 

1) Frisbee, N., C. Neely, T. Sullivan, K. Murphy, and K. Garland-Campbell. 2020. Microbial 
siderophore production varies by wheat variety and location. In proc. ASA-CSSA-SSSA 
International Annual Meeting. November 11, 2020. Virtual. 

2) Frisbee, N. Impact of Wheat Variety and Environment on Microbial Siderophore Production in 
Washington. In proc. SoilCon: Washington Soil Health Week. February 9, 2021. Virtual. 

3) Frisbee, N. Shifting the Washington Wheat Breeding Paradigm to Encompass the Soil Microbiome. 
In proc. ASA-CSSA-SSSA International Annual Meeting. November 10, 2021. Salt Lake City, UT. 

 
Once an extension publication is developed, it will be shared with wheat growers at wheat variety field 
days and grower meetings. 

 
Impacts  

• Short-Term: This project will add to the growing body of literature regarding the soil microbiome 
in agricultural systems as it relates to crop production.  

• Intermediate-Term: Of the winter wheat varieties studied, data indicated that variety had limited 
impact on the microbial community and other soil health indicators. Thus, growers can and should 
continue to select varieties based on yield and other desirable agronomic traits best suited for 
their farms.  

• Long-Term: Growers are likely to be more successful improving soil health by adjusting other 
management practices such as improving soil pH, reduced tillage, residue management, and crop 
rotation. More research is needed to identify which of these factors have the greatest impact and 
how. 

 
Additional funding applied for/secured: Once the manuscript from this project is submitted later this 
summer, a proposal will be submitted to the NIFA Sustainable Agroecosystems call for proposals, which 
is due in September 2022. A multi-state, multi-disciplinary team has already been assembled to evaluate 



alternative crop rotation options on winter wheat yield performance, economic sustainability, and soil 
microbial community in the inland Pacific Northwest. 

 
Graduate students funded: Nick Frisbee was a M.S. student working on the project. His tuition funding 
was provided by the Crop and Soil Sciences Department. Nick began in May of 2020 and finished in May 
2022. 

 
Recommendations for future research: While this study did not find consistent or profound differences 
among winter wheat varieties, further screening of additional winter wheat varieties or evaluating spring 
wheat varieties could still reveal varietal differences. However, studying the factors that led to differences 
in microbial communities and siderophore production across environments may help identify 
management practices that have a greater impact on soil health. If a wheat variety is identified with a 
unique rhizosphere microbiome, a fully genotyped population derived from that parent would likely be 
needed before any markers could be developed to correlate with the soil health indicator of interest. 
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