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ABSTRACT 
In previous studies, we showed that apples, strawberries, and tomatoes grown with organic nitrogen 
sources had higher phytochemical contents than those fertilized with readily available sources of 
nitrogen. While soil-based carbon/nitrogen may be the principal contributor to these differences, it is 
possible that increased pest herbivory in organic crops stimulates gene expression patterns that 
promote the synthesis of defense-related phytochemicals. In this study we are testing the relative 
contribution of soil fertility management and aphid herbivory on phytonutrients in tomatoes and gene 
expression differences among these treatments. We found that overall yield and average fruit size were 
larger in conventionally (CON) grown plants, but fruit from organically (ORG) grown had greater dry 
matter and soluble solids concentration. ORG grown plants also had 4-fold lower aphid population 
densities than CON grown plants. Herbivory increased the hydrophilic antioxidant capacity in both 
immature and ripe ORG fruit, but not in CON fruit. However, herbivory decreased the antioxidant 
capacity in leaves regardless of fertility treatment. Ripe ORG fruit also had higher concentrations of 
phenolic compounds, lycopene, and vitamin C than CON fruits, all of which contribute to pest- and 
stress-related defense responses. Leaf N, as well as P, was higher in CON grown plants, which could have 
contributed to the greater aphid densities on CON plants. Leaf Ca, Mg and S were higher in ORG plants. 
Leaf C:N ratios were higher in ORG plants, thus favoring the synthesis of C-based compounds, like 
phenolics, ascorbic acid, and carotenoids. Overall gene expression in ripe fruit was ramped up at certain 
loci in ORG grown plants. Our initial investigation of these differences is focusing on three major 
defense-related metabolic pathways (ascorbic acid, carotenoid, and phenylpropanoid). The observed 
trade-off between yield/fruit size and accumulation of dry matter and defense-related phytochemicals 
favors protective mechanisms against arthropod herbivory and results in ensuing improvements in 
nutritional quality for human consumption. Differential responses by specific plant parts at different 
developmental stages indicates that there is a dynamic relationship between rhizosphere microbiology 
and plant roots that result in gene expression patterns that promote allocation of photosynthetically 
derived resources to the synthesis of defense-related phytochemicals. 

PROJECT DESCRIPTION  
In 2010-11 we grew ‘Oregon Spring’, a determinate tomato cultivar, in pots in a greenhouse in either an 
conventional (SUNGRO Sunshine Mix #1, LC1) or organic (LC1:Whitney Farms Organic Planting 
compost:topsoil (75:20:5) soil media and fertilized with either conventional (Peters Professional 20-10-
20 Peat-Lite Special and superphosphate) or organic [Westbridge Biolink Organic All-Purpose 5-5-5, 
Micronutrient (2% Fe, 2% Mn, 3% Zn), and Cal Plus (6% Ca)] liquid fertilizers. Half of each fertility 
treatment was grown in in the presence (+aphid) or absence (–aphid) of introduced green peach aphids, 
which were reared in the Entomology greenhouse. The aphids were contained on each plant by 
exclusion cages made of a fine mesh fabric and sealed to prevent migration of aphids from plant to 
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plant. Thus, there were a total of four treatments (CON/+aphid, CON/–aphid, ORG/+aphid, ORG/–aphid) 
grown in a randomized complete six-block experimental design under 14-hour daylength with 
supplemental lighting (1000 W metal halide) at 21.1-23.2oC day/18.3-20oC night temperatures. 

The greenhouse experiment was continued until each tomato plant had produced at least six, 
completely red ripe fruits, however, most plants produced more than 10 ripe fruits. Each red-ripe fruit 
was harvested sequentially as it reached maturity, and then weighed and its soluble solids measured 
with a refractometer. A sample of pericarp tissue from the equator of each fruit was chopped, frozen in 
liquid nitrogen, and stored in a –80oC freezer. After the minimum number of red-ripe fruits were 
harvested from each plant, the remaining unripe fruits were harvested, their stage of development 
recorded (i.e. immature green, breaker, turning, pink and light red), their individual weights measured, 
and then pericarp tissue was chopped, frozen, and stored as for the ripe fruit. After all fruits were 
removed, the vines were destructively harvested and the fresh and dry weights of leaves, stems, and 
roots from each plant were determined. Total fruit yields and yield efficiency (fruit yield per unit vine 
weight) were calculated. Samples of leaf tissue was frozen in liquid nitrogen and stored for mineral 
analysis, biochemical assays, and genomic analysis. The potting media was collected at the conclusion of 
the experiment for future mineral analysis. Aphid counts of leaf sub-samples from each plant were used 
to estimate the total aphid infestation on each plant. Since some of the caged plants had become 
infested with white flies after the green peach aphids were introduced and pest control could no longer 
be used, sticky traps were placed within each cage in order to estimate the relative amount of white fly 
infestation. White fly counts were used as covariates in the statistical analysis, but they never had a 
significant effect on treatment variables. 

Ripe pericarp tissue from individual fruits of different weights was analyzed for total phenolics, 
lycopene, and total, hydrophilic and lipophilic Trolox Equivalent Antioxidant Capacity (TEAC). Leaf tissue 
was pooled across pairs of greenhouse blocks and sent to the University for Idaho Analytical Sciences 
Laboratory for mineral analysis. 

Ripe pericarp and leaf tissues were pooled across pairs of greenhouse blocks for isolation of total RNA. 
Pooled samples were pulverized using a freezer mill.  Total RNA was isolated using custom modifications 
of the Qiagen RNEasy plant RNA isolation kit. Quality control analysis was performed on each RNA 
sample followed by RNAseq performed at Michigan State Genomics Core facility. RNAseq data was 
processed using custom analysis workflow. Reads were aligned to tomato chromosomes to understand 
the differential genomic responses under various experimental conditions.    

OUTPUTS 
Work Completed 
As previously reported, total yields were higher for the conventional (CON) fertility treatment than 
the organic (ORG) treatment, but this difference was due to yields of immature green fruits that 
remained at the end of the greenhouse experiment and not to red-ripe fruits harvested during the 
experiment. There were no differences in fruit yields due to aphid treatment. The average weight of 
red-ripe fruit was significantly greater (P<0.001) for the CON treatment (121 g) than the ORG 
treatment (99 g), with no effect of the aphid treatments. There were no interactions between soil 
fertility and aphid treatments for fruit or vine growth measurements. Commercially important were 
differences in fruit dry matter and soluble solids, with ripe ORG fruit having 7.3% and 19.4% greater 
dry matter and soluble solids, respectively, than CON fruit. 

 2 



One of the most striking findings was that the ORG/+aphid 
treatment had a more than four-fold lower aphid population 
density than the CON/+aphid treatment, although these 
differences were only notably significant at P=0.054 (Fig. 1). The 
measured population density of the CON/+aphid treatment would 
exceed the IPM action threshold for commercial greenhouse 
tomato production and would necessitate use of control 
measures (e.g. pesticides) to reduce aphid populations, whereas 
the ORG/+aphid treatment would not require such measures. 

Figure 1. Green peach aphid population density on tomato leaves 
with conventional (CON) or organic (ORG) soil fertility and infested 
with aphids (i.e. +aphids). 

This difference in aphid populations may be due to increased 
phytochemical defenses (e.g. phenolics) in the organically fertilized plants. Indeed, total phenolics 
were higher in the ripe ORG fruit than in the CON fruit (Table 1), however, leaf phenolics, where 
most aphid feeding occurs, was not different between the fertility treatments. Vitamin C and 
lycopene concentrations in ripe fruit were also greater in the ORG fertility treatment (Table 1), but 
there were no differences between aphid treatments. Although there were no differences in leaf 
antioxidant capacity between fertility treatments, leaves of +aphid plants had lower Trolox 
Equivalent Antioxidant Capacity (TEAC) than plants without aphids (4.93 vs. 4.17 mmol Trolox/g FW, 
P=0.014), indicating that they were under greater biotic stress. Organically fertilized plants with 
aphids present (ORG/+aphids) had higher TEAC (especially for the hydrophilic fraction) in both 
immature-green and red-ripe fruit than CON/+aphid fruit (Fig. 2), indicating that fruit in ORG fertility 
treatment were better protected against oxidative stress than were the CON fruit.  

Table 1. Total phenolics, vitamin C, and lycopene concentrations of red-ripe tomato fruit under 
conventional (CON) or organic (ORG) soil fertility. There were no significant effects of aphid 
treatment or interactions between fertility and aphid treatments. 

Phytochemicals (per g FW) CON ORG P value 
Total phenolics (mg gallic acid equiv.) 0.24 0.28 0.0002 
Vitamin C (µg ascorbic acid) 14.3 16.3 0.004 
Lycopene ((µg lycopene) 3.78 4.22 0.002 
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 Immature green fruit Red ripe fruit 

Figure 2. Hydrophilic and lipophilic Trolox Equivalent Antioxidant Capacity (TEAC) of immature-green 
and red-ripe tomato fruit under conventional (CON) or organic (ORG) soil fertility and infested with 
green peach aphids (+aphids) or without aphids (-aphids). 

There were also higher levels of leaf Ca, Mg and S in the ORG fertility treatment, but lower levels of 
C, N and P than in leaves of the CON fertility treatment (Table 2). The leaf C:N ratio was higher under 
ORG fertility management than CON fertility, likely providing more carbon backbones for the 
synthesis of defense- and stress-related phytochemicals, such as, phenolics and antioxidants. There 
were no differences in leaf minerals due to aphid treatment. 

Table 2. Tomato leaf mineral concentrations under conventional (CON) or organic (ORG) soil fertility. 
Leaf mineral elements (units) CON ORG P value 
Carbon (% DW) 38.3 34.8 <0.0001 
Nitrogen (% DW) 5.17 4.15 0.0003 
Carbon:nitrogen ratio 7.44 8.41 0.005 
Phosphorus (mg/g DW) 14,167 11,833 0.03 
Potassium (µg/g DW) 58,500 64,500 0.08 
Calcium (µg/g DW) 39,500 47,000 0.001 
Magnesium (µg/g DW) 8,467 9,750 0.02 
Sulfur (µg/g DW) 16,167 36,000 <0.0001 

 
Gene expression: Comparative gene expression patterns (combined red-ripe fruit and mature leaf 
samples) between conventional inorganic and organic fertilizer treatments were revealed when reads 
were mapped against chromosomes 1 through 12 (Table 1 and Fig. 1 A – L). Due to well documented 
experimental variance in read numbers between sequenced samples, read quantities for samples were 
normalized using the RPKM method (Mortazavi et al., 2008).The log10 ratios between the organic RPKM 
value and the conventional RPKM values were then visualized for mapped segments on each of the 
chromosomes (Fig. 1 A – L). Log10 ratio values mapped across 8 of the 12 chromosomes were more 
often found in the conventional treated samples than the organic treatment (Table 1). Chromosomes 1, 
2, 5 and 6 mapped more highly in the organic treatment. Overall expression values for the conventional 
treatment were more intense on average across 66% of the chromosomes when conventional and 
organic treatments were compared. While the expression values were higher on average across the 
chromosomes for the conventional treatment, multiple segments of all the chromosomes mapped from 
the organic treatment were comparatively much higher than the highest expressed segments in the 
conventional treatment. Expression analysis of the expressed segments of S. lycopersicum chromosomes 
indicated that the conventional inorganic treatment transcriptional energy and regulation is less 
discriminant than that of the organic treatment. Organically treated plants were transcriptionally less 
diverse than the conventional treatment but exhibited a more selective targeting of gene expression 
resulting in higher RPKM expression values. Selective genomic activity leads us to hypothesize that the 
plant utilizes its genome more dynamically under organic conditions versus conventional conditions 
where agricultural practices reduce various external stimuli.   
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Table 3. Number of reads per treatment per chromosome. 
Mapped Number of Reads 

    Total organic 96,660,196 
     conventional 43,451,777 
Treatment chr1 chr2 chr3 chr4 chr5 chr6 
organic 14,905,500 8,053,411 10,131,693 3,519,821 4,564,772 9,184,825 
conventional 5,309,250 3,764,947 4,079,174 6,362,507 1,915,351 3,538,368 
 chr7 chr8 chr9 chr10 chr11 chr12 
organic 11,469,072 6,913,446 7,097,640 9,745,963 6,384,449 4,689,604 
conventional 3,906,204 2,664,514 2,265,201 5,094,697 2,659,892 1,891,672 
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Figure 3. Expression profile of treatment read mapping per individual chromosomes. Chromosomes 1 
through 12 were individually mapped with transcriptome reads from fruit and leaf samples grown under 
conventional inorganic and organic fertilizing treatments. Mapped reads were normalized with the 
RPKM method from Mortazavi et al., 2008 and the organic to conventional (organic/conventional) log10 
ratios were plotted. Trendlines and trendline equations are shown to indicate overall slope and x-axis 
intercept for a visual clue as to the weight and disbursement of comparative treatment mapping.  
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Publications, Handouts, Other Text & Web Products 
A handout was distributed during the poster session at CSANR’s Sustainable Food, Agriculture and 
Natural Resources Symposium on Dec. 6, 2012. 

Outreach & Education Activities 
1. L. Gustafson (M.S. student) presented his proposal seminar for this project on Feb. 24, 2011 in 

Hort 510 (Horticulture Seminar). 
2. P. Andrews was an invited speaker at the International Fruit Tree Association’s annual 

conference in Pasco, WA on March 2, 2011, where he presented “Linking Fruit and Soil Quality 
(Health).” 

3. P. Andrews was a guest lecturer in SoilS 101 (Organic Gardening and Farming) on March 24, 
2011, where he presented “The nutritional benefits of organic food. Is it healthier?” 

4. L. Gustafson (presenting author), P. Andrews, and A. Dhingra presented a poster, Phytonutrients 
and Genomics of Organic Tomatoes: Soil Fertility and/or Plant Defense, on this project at the 
Tilth Producers of Washington annual conference in Yakima, WA on Nov. 11-13, 2011. 

5. L. Gustafson (presenting author), P. Andrews, and A. Dhingra presented a poster, Phytonutrients 
and Genomics of Organic Tomatoes: Soil Fertility and/or Plant Defense, on this project at the 
WSU Showcase 2012. 

6. P. Andrews presented results from this project as part of an invited presentation, Linking Soil 
Quality to the Nutritional Quality of Fruit, in the symposium, Quantifying the Linkages Among 
Soil Health, Organic Farming, and Food, at the ASA/CSSA/SSSA annual meeting on Oct. 22, 2012 
in Cincinnati, OH. 

7. L. Gustafson, P. Andrews (presenting author), A. Dhingra, R. Sharpe, A. Harper and D. Jiwan 
presented a poster, Phytonutrients and Genomics of Organic Tomatoes: Soil Fertility and/or 
Plant Defense, on this project at CSANR’s Sustainable Food, Agriculture and Natural Resources 
Symposium on Dec. 6, 2012. 

8. R. Sharpe, A. Harper, D. Jiwan, L. Gustafson, P. Andrews and A. Dhingra (presenting author) 
Transcriptomic analysis of the observed phytonutrient composition differences in plants grown 
under organic vs. conventional soil management. Plant and Animal Genome XXI Conference. 
January 11-16, 2013 San Diego, CA. 

IMPACTS 
Short-Term: The tomato greenhouse experiment and all growth, yield, mineral, phytochemical, and 
gene sequencing analyses are completed. Statistical and genomic mapping analysis of data is 
complete. Additional analysis of the genomic data is expected to reveal the actual pathways and 
genes that are impacted by the two soil management regimes. We are seeking additional funding to 
complete the work. Following this we will prepare and submit a manuscript for publication, which 
should lead to a federal grant application. 
Intermediate-Term: We expect that the knowledge gained from this and subsequent projects on the 
phytochemical and genomic patterns of horticultural crops grown under organic or conventional 
fertility management will permit us to determine the genetic basis for plant defense mechanisms 
and improved nutritional quality for human consumption. It will also inform the development of 
more effective farming methods in order to produce more phytonutrient dense crops. 
Long-Term: Gaining the stated intermediate-term knowledge will allow us develop more effective 
farming methods and targeted genes for crop breeding in order to enhance agricultural 
sustainability and improve nutritional quality of horticultural food crops for public health. 

ADDITIONAL FUNDING APPLIED FOR / SECURED 
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No additional funding has been applied for yet. Several USDA competitive grant programs would be 
applicable for future funding of this research, including the National Institute of Food and Agriculture’s 
(NIFA) Organic Research and Extension Initiative (OREI), Specialty Crop Research Initiative (SCRI), or the 
Agriculture and Food Research Initiative (AFRI) Foundational Grant Program. It may be helpful to initially 
apply for a planning grant in order to facilitate effective project planning and development.  

GRADUATE STUDENTS FUNDED: Luke Gustafson, M.S. (graduated Spring 2012) 

RECOMMENDATIONS FOR FUTURE RESEARCH 
A multi-crop, field-based, interdisciplinary study that includes horticultural science, plant physiology, 
genomics, and soil ecology and microbiology is necessary and justified. Several different crop types 
could be studied, including a fleshy-fruited annual (tomato as control), a woody perennial (e.g. grape), a 
root crop (e.g. carrot), and a leafy green crop (e.g. spinach). Among crop types, several cultivars could be 
studied, because of the clear cultivar differences for the traits of interest. These studies should be 
conducted in field-based environments, ideally humid and semi-arid, in order to determine their 
relevance to commercial field conditions. Nevertheless, the focus of subsequent research will require 
compromises among the array of crops, cultivars, and field environments that can feasibly be studied. 
The genomic data is first of its kind in establishing a genome scale difference in a plant’s response to 
organic vs. conventional soil management. It would be desirable to expand this to additional tomato 
genotypes that may be more suited to an organic soil management regime.  
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