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Abstract

Plants deploy a variety of chemical and physical defenses to protect themselves against herbivores 

and pathogens. Organic farming seeks to enhance these responses by improving soil quality, 

ultimately altering bottom up regulation of plant defenses. While laboratory studies suggest this 

approach is effective, it remains unclear whether organic agriculture encourages more-active plant 

defenses under real-world conditions. Working on the farms of cooperating growers, we examined 

gene expression in the leaves of two potato (Solanum tuberosum) varieties, grown on organic vs. 

conventional farms. For one variety, Norkotah, we found significantly heightened initiation of 

genes associated with plant-defense pathways in plants grown in organic vs. conventional fields. 

Organic Norkotah fields exhibited lower levels of nitrate in soil and of nitrogen in plant foliage, 

alongside differences in communities of soil bacteria, suggesting possible links between soil 
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management and observed differences in plant defenses. Additionally, numbers of predatory and 

phloem-feeding insects were higher in organic than conventional fields. A second potato variety, 

Alturas, which is generally grown using fewer inputs and in poorer-quality soils, exhibited lower 

overall herbivore and predator numbers, few differences in soil ecology, and no differences in 

gene-activity in organic and conventional farming systems. Altogether, our results suggest that 

organic farming has the potential to increase plants’ resistance to herbivores, possibly facilitating 

reduced need for insecticide applications. These benefits appear to be mediated by plant variety 

and/or farming context.

Keywords

plant defensive pathways; soil bacteria; plant stress; herbivores; farming systems; potato

INTRODUCTION

Conventional farming methods often largely rely on chemical insecticides for the control of 

herbivorous insects (e.g., Soffe, 2002; Stockdale et al., 2002; Klonsky, 2012). This approach 

can inadvertently disrupt biological control and worsen pest outbreaks when broad-acting 

chemicals kill natural enemies (Penman and Chapman, 1988; Prischmann et al., 2005; 

Woods et al., 2012). Perhaps less appreciated, however, are the ways that conventional 

farming methods might disrupt “bottom-up” suppression of herbivores by plants. Plants 

utilize a broad range of chemical and physical defenses against their herbivores (Feeny, 

1976; Price, 1991; Howe and Jander, 2008; Mithöfer and Boland, 2012), and induction of 

these defenses might be impacted by farming practices (e.g., Davis et al., 2001; Bonanomi et 

al., 2010). For example, synthetic chemical fertilizers provide sudden nutrient pulses that 

can be physiologically stressful for plants, including disruption of pathways related to plant 

defense against herbivores (Altieri and Nicholls, 2003; Bhardwaj et al., 2014). Likewise, 

several insecticides are known to alter plant physiology to the unintended benefit of plant-

feeding insects (Karthikeyan et al., 2009; Ford et al., 2010; Szczepaniec et al., 2013). For 

example, neonicotinoid insecticides can suppress expression of important plant defense 

genes, alter levels of phytohormones involved in plant defense, and decrease plant resistance 

to herbivores such as spider mites (e.g., James and Price, 2002; Szczepaniec et al., 2013). 

The role of herbivores and their significance in causing large-scale changes in gene 

expression has been widely studied (Cheong et al., 2002; Delessert et al., 2004; Reymond et 

al., 2004; Smith et al., 2004; Voelckel and Baldwin, 2004; Zhu-Salzman et al., 2004; De Vos 

et al., 2005; Schmidt et al., 2005; Ralph et al., 2006; Thompson and Goggin, 2006; 

Broekgaarden et al., 2007). Therefore, conventional modern agriculture can impact both top-

down herbivore suppression, by harming natural enemies, and bottom-up herbivore 

suppression, by disrupting plant defenses.

As an alternative approach, organic farming seeks to replace synthetic chemical insecticides 

with natural pest controls (Rigby and Cáceres, 2001; Pimentel et al., 2005). Indeed, reduced 

insecticide sprays in these systems likely contribute to more abundant and biodiverse 

communities of predatory insects (Crowder et al., 2010), spiders (Letourneau and Goldstein, 

2001), and songbirds (Beecher et al., 2002; Bengtsson et al., 2005; Hole et al., 2005; 
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Bouvier et al., 2011) on organic compared to conventional farms, which improves biological 

control of pest insects (Bengtsson et al., 2005; Birkhofer et al., 2008; Crowder et al., 2010). 

It is also possible that organic farming could improve bottom-up pest regulation (Altieri and 

Nicholls, 2003). For example, by eliminating synthetic chemical insecticides, organic 

methods would be expected to avoid any negative effects these chemicals have on plant 

defenses (discussed above). Beyond this, organic farming replaces synthetic chemical 

fertilizers with composted animal manures, cover crops, and other biological sources of 

fertility (Stockdale et al., 2002; Watson et al., 2002; Pimentel et al., 2005). These inputs tend 

to release nitrogen and other nutrients relatively slowly compared to synthetic fertilizers 

(Eigenbrode and Pimentel, 1988; Phelan et al., 1995, 1996; Hsu et al., 2009), and steady 

nutrient release likely exerts widespread impacts on plant physiology including defense 

(McGuiness, 1993; Phelan et al., 1995). These fertility-management approaches also 

increase organic matter in the soil, an explicit goal of organic farming (e.g., Jenny, 1980; 

Reganold et al., 1987; McGuiness, 1993; Altieri and Nicholls, 2003), which can increase 

biomass and biodiversity of soil-dwelling organisms (e.g., Gunapala and Scow, 1998; 

Swezey et al., 1998; Altieri, 1999; Mäder et al., 2002). Soil microbes are known to induce or 

prime plant defenses that provide indirect protection against herbivorous insects (Davis et 

al., 2001; Bonanomi et al., 2010). While studies in controlled settings have indeed suggested 

enhanced defenses for plants grown using organic vs. conventional soil amendments (e.g., 

Bloemberg and Lugtenberg, 2001; Lugtenberg et al., 2002; Bais et al., 2004; Morrissey et 

al., 2004; Goh et al., 2013), it remains unclear whether this would also be seen in the more-

complex setting of real farms varying in a wide diversity of farming practices.

To examine the numerous physiological mechanisms by which organic farming may 

improve pest resistance, we used RNA sequencing (RNA-seq) and compared expression of 

defense genes in the foliage of commercially grown potato (Solanum tuberosum) crops 

collected from five organic and seven conventional fields. These farms were located across 

the potato-growing region of central and southern Washington (Supplementary Table 1), and 

we considered the two most common potato varieties grown in the region, Norkotah and 

Alturas. Our samples were timed to be at mid-growing season when plants in all fields were 

flowering and when pest damage, and thus risks to crop production, are greatest (O. 

Johnson, commercial potato grower, personal communication). To assess ecological factors 

beyond farming system that could contribute to defense-gene expression, we also intensively 

sampled arthropod communities and collected soils to document soil chemical and 

biological properties (including assessing soil microbial diversity using 16s rRNA 

sequencing), as we collected potato foliage. Our goal was not just to look for consistent 

defense-gene expression differences between the two farming systems, but also to initiate a 

search for specific factors differing between the two farming systems that could ultimately 

underlie correlative differences in gene expression patterns.

MATERIALS AND METHODS

Sample Collection and Preparation

From fields of Norkotah and Alturas potato varieties of cooperating growers throughout 

central Washington (5 organic and 7 conventional, Supplementary Table 1), we collected 
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damaged and undamaged potato foliage for RNA-seq analysis; intensively sampled 

communities of predatory and herbivorous arthropods; and sampled soils for chemical and 

microbial characterization. Below, we provide detailed methodologies for each of these 

components.

In Washington State, conventional potato fields typically manage pest insects using 

applications of broad-spectrum neonicotinoid and pyrethroid insecticides, while plant 

pathogens are controlled using pre-plant soil fumigation followed by seed treatment 

fungicides, late blight preventatives such as mancozeb, and various products aimed at 

pathogens that emerge in the crop during the growing season (Murray et al., 2019). In 

contrast, pest insects in organic potato fields are typically treated with neem extract and 

Bacillus thuringiensis, while plant pathogens are controlled using copper applications 

(Murray et al., 2019). Additional differences include herbicides for weed suppression and 

synthetic chemical fertilizers to enhance fertility in conventional fields, vs. frequent tillage 

and applications of manures and mulches in the organic system (Koss et al., 2005; Murray et 

al., 2019).

All potato plants, for both varieties and under each of the two farming systems, were 

sampled when plants were flowering, which occurs for several weeks during the mid-

growing season. This sampling time coincides with particularly rapid foliar growth and tuber 

initiation, when pest damage can be particularly harmful to later yields (Stark et al., 2020). 

Within a 400-m2 area of each farm, we randomly chose 10 insect-damaged (with visible 

chewing or piercing sucking damage) leaves and 10 undamaged leaves from 20 individual 

plants that were located at mid-plant level (top leaves are newer and prone to excess defense; 

Zangerl and Bazzaz, 1992; Hartley and Jones, 1997). While wearing nitrile gloves, we used 

a sterile razor blade to quickly cut each leaf at the stem, inserting each leaf into a 50-ml 

conical Falcon tube and immediately placing it into a container of liquid nitrogen. Although 

all plants had some damage, the undamaged leaves chosen were visibly free of damage. The 

tubes were then stored in coolers with dry ice during transport back to the laboratory where 

they were immediately stored at −80°C.

RNA Extraction From Plant Foliage

Total RNA from each leaf collected as described above was extracted using the RNeasy 

Plant Mini kit (Qiagen Inc., Germany). RNA was then pooled with equal amounts of RNA 

concentration for a total of 5 unique samples per treatment combination (management and 

damage type) within a variety (see Supplementary Figure 1). RNase-free DNase I digestion 

was performed post extraction using the TURBO DNA-free Kit (Invitrogen Thermo 

Scientific, Lithuania). Initial integrity and quality of the total RNA was checked using a 

NanoDrop 1000 spectrophotometer and formaldehyde-agarose gel electrophoresis. Final 

RNA samples were assessed using a Fragment Analyzer (Advanced Analytical 

Technologies, Ankeny, IA) with the High Sensitivity RNA Analysis Kit and only RQNs 

ranging from 6 to 10 were used for RNA library preparation following standard protocols 

(TruSeq v2 Stranded mRNA Library Prep Kit; Illumina, San Diego, CA). The 

concentrations of RNA libraries were measured by StepOnePlus Real-Time PCR System 

(ThermoFisher Scientific, San Jose, CA) with the KAPA Library Quantification Kit 
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(Kapabiosystems, Wilmington, MA). The libraries were diluted to 2 nM with RSB (10 mM 

Tris-HCl, pH 8.5) and denatured with 0.1 M NaOH. Eighteen pM libraries were clustered in 

a high-output flow cell using HiSeq Cluster Kit v4 on a cBot (Illumina) and sequenced using 

paired ends (100 bp) on a HiSeq 2500 using HiSeq SBS kit v4 (Illumina). The raw bcl files 

were converted to fastq files using software program bcl2fastq2.17.1.14.

The RNA-seq reads were adaptor trimmed and then aligned to the S. tuberosum genome 

using the aligner Tophat and Bowtie (Langmead et al., 2009; Trapnell et al., 2009; Bolger et 

al., 2014; Version12x; Phytozome Version 9, Joint Genome Institute) under default 

parameters, which allow up to two mismatches and report up to 40 alignments for reads 

mapping at multiple positions. Counts of gene abundance were made using Python Package 

HTSeq (Anders et al., 2015). Raw sequence data have been deposited in the Sequence Read 

Archive (http://www.ncbi.nlm.nih.gov/sra) under the BioProject numbers PRJNA417905 

and PRJNA417851.

Arthropod Sampling

Our next objective was to estimate densities of predators and herbivores in each of the potato 

fields where foliage samples were collected. All predators were collected within the same 

area leaf tissue was collected, using a D-vac suction-sampling device and previously 

described methods (e.g., Koss et al., 2005). Briefly, we haphazardly identified 10 potato 

plants per field for sampling, walking in a zigzag pattern from the field edge toward the 

center of the field. We held the collecting cone over each plant, gently shaking the foliage 

for 20 s, and changed collecting bags between each group of 10 plants (Koss et al., 2005). 

We also visually examined an additional set of 10 plants, haphazardly chosen where we 

counted any arthropods present for 30 s. Arthropods in D-vac bags were immediately placed 

in a cooler on dry ice and transported back to the laboratory for further identification to the 

family level using the dichotomous keys in (Triplehorn et al., 2005).

Soil Tests and DNA Extraction

At each farm site, five soil subsamples were collected randomly from each corner and 

middle within the same 400-m2 area in the field as noted above. Each of the five samples 

consisted of 20-cm deep soil that was taken with a soil corer. The soil replicates within each 

field were mixed and packed in sterile whirlpak bags, and each bag was sealed and 

transported to the laboratory at 4°C. A 100-g fraction of the mixed sample was stored at 

−20°C for molecular analysis, while ~200 g of the soil was immediately sent to SoilTest labs 

(Moses Lake, WA). There, soil samples were passed through a 2-mm sieve and analyzed for 

the following properties according to recommended soil testing methods by Gavlak et al. 

(2003): particle-size (% sand, silt, and clay); nitrate-nitrogen (N) and ammonium-N; 

extractable phosphorus, potassium, calcium, magnesium, sodium, sulfur, boron, zinc, 

manganese, copper, and iron; cation exchange capacity; total bases; % base saturation; 

exchangeable sodium percentage (ESP); pH; electrical conductivity; N mineralization; and 

percent organic matter (see Supplementary Table 2). Additionally, microbial biomass was 

estimated using a Solvita test (Haney et al., 2008) (Supplementary Table 2).
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DNA was extracted from a 0.25 g sample using the PowerSoil DNA isolation Kit (MOBIO 

Laboratories, Inc., Carlsbad, CA, USA). Soil DNA extractions were sent to Oregon State 

University’s Center for Genome Research and Biocomputing for 16S sequencing. This 

facility follows the Illumina 16S metagenomic sequencing library preparation protocol for 

MiSeq sequencing. The gene-specific sequences used in this protocol target the V3 and V4 

region of bacterial 16S rRNA gene. The bacterial primer pairs and sequence analyses were 

done using previously described methods in Krey et al. (2019). Microbial sequencing data 

are available on GenBank under project number PRJNA553015.

Foliar Metabolites and Nutrient Analysis

Primary metabolite derivatization and gas chromatography were carried out using a slight 

modification of an established procedure (Lee and Fiehn, 2008). A defined amount of 

powdered freeze-dried potato leaves (ca. 20 mg) was suspended in 500 μL of extraction 

solvent containing methanol, 2-propanol, and water at a 5:2:2 ratio. After adding 1.5 μg of 

the internal standard ribitol, the material was extracted by shaking at room temperature for 

10 min (Vortex) and sonication at room temperature for 10 min (Branson 5510 sonication 

bath). The extracts were then centrifuged for 10 min at 21,000 g, and the supernatants 

transferred into new vial. The extracts were dried in vacuum. Dry residues were suspended 

in 500 μL of 50% aqueous acetonitrile and re-extracted as above by sequential vortexing and 

sonication. The debris was again removed by centrifugation, and the supernatants were dried 

in vacuum. The dry residues were suspended in 10 μL O-methoxylamine hydrochloride (30 

mg mL-1 in pyridine, both from Sigma) and incubated for 90 min at 30°C and 1000 rpm 

(Eppendorf Thermomixer).

Subsequently, samples were derivatized with 90 μL of MSTFA with 1% TMCS (Thermo-

Pierce cat.-no.TS-48915) for 30 min at 37°C and 1000 rpm (Eppendorf Thermomixer). Gas 

chromatography-mass spectroscopy analysis was performed using a Pegasus 4D time-of-

flight mass spectrometer (LECO) equipped with a Gerstel MPS2 autosampler and an Agilent 

7890A oven. The derivatization products were separated on a 30 m, 0.25 mm i.d., 0.25 μm 

df Rxi-5Sil® column (Restek) with an IntegraGuard® pre-column using ultrapure He at a 

constant flow of 1 mL min-1 as carrier gas. The linear thermal gradient started with a 1-min 

hold at 50°C, followed by a ramp to 330°C at 20°C min-1. The final temperature was held 

for 5 min prior to returning to initial conditions. Mass spectra were collected at 17 spectra 

s-1. The injection port was held at 250°C, and 1 μL of the sample were injected at an 

appropriate split ratio.

Percent foliar nitrogen and carbon were quantified in leaf tissue using an Elemental 

Analyzer (ECS4010, Costech Analytical, Valencia, California, USA), following methods 

described by Krey et al. (2019).

Statistical Analysis

We evaluated differences in plant gene expression, soil microbes, and insects across 

production systems (organic and conventional) and potato varieties (Norkotah and Alturas). 

Statistics were conducted in R (version 3.2.1; R Core Team, 2015) unless otherwise noted.
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Differential Expression

The EdgeR (Robinson et al., 2010) and limma (Ritchie et al., 2015) packages were used in R 

studio (v.0.99.903) to calculate differential gene expression on genes with > 2 read counts. 

In our study, we examined which genes are expressed at different levels when comparing 

leaves collected from plants grown under two management systems (organic vs. 

conventional), and when leaves had physical damage or appeared to be undamaged. To make 

these comparisons, we established a design matrix with management and insect as 

“treatment” (where field is the unit of replication) and made contrasts for pairwise 

comparisons separately for each cultivar (see Supplementary Table 3). We added field as a 

random effect using the duplicate Correlation function because leaf samples came from 

within a field, thus were not independent relative to the unit of replication. Counts with 

associated weighting were transformed to logCPM values using the voom function prior to 

tests of differential expression following standard practices (Chen et al., 2014; Smyth et al., 

2020). Significance was defined using an FDR adjusted p-value cutoff at 10% (adj P < 0.1).

Differential Gene Annotation

Using Blast2GO (v.4.1.3, Conesa et al., 2005) with Blast database set at “nr” and E-value at 

1.0E-3, and the MapMan visualization tool kit (Thimm et al., 2004), we were able to assign 

gene ontology classes to our differentially expressed genes with BLAST matches to known 

sequences. Blast2GO also assigns biological functions based on BLAST sequence 

homologies and GO annotations (with respect to biological processes, molecular functions, 

and cellular components); each contrast that had differentially expressed genes (DEG) was 

assigned a biological function and categorized accordingly (Conesa et al., 2005). GO 

enrichment analysis was used to compute enrichment of GO terms found in MapMan in 

each of the contrast groups. The p-values were adjusted using the Benjamini and Hochberg 

FDR with a cutoff of < 0.1. Enrichment analysis was done using Fisher’s Exact Test found 

in the R “stats” package.

Insect Pest Abundance and Soil Nutrients

Model assumptions were checked using histograms, Shapiro-Wilk tests, and residual plots, 

as necessary. To examine differences in insect densities across production regimes, we 

performed six generalized linear models assuming Poisson distributions: one for phloem 

feeders, thrips, and natural enemies within each of the two potato varieties examined. We 

considered the two potato varieties separately because of considerable differences in 

environments in which they are grown. To examine differences in the physical and 

nutritional profiles of soil between cropping systems and potato varieties, we used non-

metric multi-dimensional scaling (NMDS) to collapse multi-dimensional soil data 

(Supplementary Table 2) onto two axes. We used the metaMDS function in the vegan 

package of R to create a dissimilarity matrix using Bray-Curtis distances, and used ordihull 

and ordiellipse functions to visualize distances between sites (Oksanen et al., 2007). Stress 

values were <0.2 (0.14), indicating that the ordination was an adequate representation of the 

data in reduced dimensions. To test for differences in soil management between production 

regimes and potato varieties, we performed analysis of similarity (anosim function in vegan), 

comparing ranked distances for each group to null distributions using 2000 permutations. 
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Additionally, soil nutrient concentrations were compared using linear model, lm function in 

lmer4, with production regime (conventional and organic), variety (Norkotah and Alturas), 

and their interaction term as predictor variables.

Soil Microbial Communities

Soil bacteria sequences were processed using previously described methods in Krey et al. 

(2019). Phyloseq v1.18.1 (McMurdie and Holmes, 2013) was used to visualize data. The 

differential abundance of bacteria between organic and conventional soils was assessed 

using Deseq2 (Love et al., 2014) within the phyloseq package (test = “Wald,” fitType = 

“local”) with FDR value < 0.1 and log2FoldChange> 4. Compositional diversity was 

assessed by applying the Shannon diversity index considering the number and abundance of 

species using the estimate_richness function in the “phyloseq” package. From each field, we 

calculated bacterial community evenness at the family level using Shannon (H)/ln(richness). 

Diversity and evenness indices were compared with ANOVA with production regime 

(conventional and organic) and variety (Norkotah and Alturas) as the predictor variables. 

Abundances of the top 10 bacteria families were ln(x+1) transformed and compared using 

ANOVA, with production regime (conventional and organic), variety (Norkotah and 

Alturas), and their interaction term as predictor variables.

Primary Metabolites

Peak identification of foliar metabolites was conducted using Fiehn primary metabolite 

library (Kind et al., 2009). For identification, identity score cutoff of 700 was used. Peak 

alignment and spectrum comparisons were carried out using the Statistical Compare feature 

of the ChromaTOF® software (LECO). The internal standard ribitol and the initial tissue 

weight were used for normalization. Statistical analyses with selected metabolites were 

carried out using Metaboanalyst 3.0 (Xia and Wishart, 2016). Normalized data were 

uploaded and autoscaled for further uni- and multivariate analyses. Specific metabolites (see 

Supplementary Table 4) related to plant defense and health were selected and their 

concentrations were compared using a permutation multivariate analysis of variance using 

distance matrices (permutations = 999) using the adonis functions in the vegan package of 

R, with production regime (conventional and organic) and variety (Norkotah and Alturas) as 

predictor variables.

Foliar Nutrients

Percentages of carbon, nitrogen, and C:N ratio were measured in foliar tissue from 120 

samples of herbivore-damaged and undamaged leaves from each sample site. Herbivore 

damage did not alter foliar nutrition (see Supplementary Table 5) and this enabled us to 

combine replicates (damaged and undamaged leaves) to increase our power to detect soil-

mediated differences in plant quality across sites. We compared C, N, and C:N ratios with 3 

separate linear mixed-effects models using the lme function in the nlme package of R, with 

production regime (conventional and organic), variety (Norkotah and Alturas), and their 

interaction term as predictor variables and field as a random effect.
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RESULTS

Plant Transcriptomics and Differentially Expressed Genes

Norkotah and Alturas varieties differed drastically in the number of differentially expressed 

genes in all treatments (DEG) (Supplementary Table 3). Examination of the transcriptome 

revealed 6,985 differentially expressed (DE) genes in Norkotah in damaged tissue 

(combining organic and conventional) relative to undamaged leaf tissue, while Alturas had 

1,585 DE genes. For Norkotah, insect herbivory led to higher enrichment of defense-related 

genes in transcripts of plants from organic systems compared to conventional (stress-related 

genes, P = 0.03, secondary metabolite-related gene, P < 0.001; Figure 1, stress perception; 

Table 1; Supplementary Table 6), and had more upregulated genes related to plant stress (P = 

0.01; Figure 1, stress perception; Table 1; Supplementary Table 6). In Norkotah, we saw a 

strong damage-induced response in the ethylene (ET) signaling pathway in organic systems 

(Figure 1, stress perception; Table 1), while Alturas had fewer differentially expressed genes 

overall, and most were downregulated across all treatments (Table 1; Supplementary Table 

3). In Norkotah organic insect damaged leaves, genes associated with light harvesting and 

photosynthetic carbon assimilation strongly decreased (Figure 1, growth and development; 

Table 1; Supplementary Table 6), photosynthetic assimilation (PS) and nutrient transport 

related genes were more enriched in transcripts (PS, P < 0.001; Table 1; Supplementary 

Table 6, transport, P = 0.01; Table 1; Supplementary Table 6) and more PS genes were 

downregulated (P < 0.001; Table 1; Supplementary Table 6).

Expression of genes associated with stress was enriched within the transcriptome for both 

varieties of damaged leaves (Norkotah, P = 0.005; Alturas, P = 0.001), while more stress-

related genes were upregulated in Norkotah (P < 0.001; Table 1) and downregulated (P < 

0.001) in Alturas. In Norkotah damaged leaves, there was an increase in the number of 

upregulated genes in salicylic acid (SA) and ET signaling pathways relative to undamaged 

leaves (Figure 1), while Alturas damaged leaves saw more downregulated genes 

(Supplementary Table 3, contrast 2 and 3). When we pooled samples from organic and 

conventional systems to improve our power to examine herbivore effects, damaged leaves 

led to more downregulated genes related to photosynthetic assimilation (PS) in Norkotah (P 
< 0.001; Table 1), while Alturas did not (P = 0.9445).

Pest Densities in Potato Fields

Organic Norkotah potatoes had higher numbers of phloem feeders compared to conventional 

plants (Coefficient = 0.606, SE = 0.191, Z = 3.16, P = 0.0016, Figure 2A), similar numbers 

of thrips (Coefficient = 0.051, SE = 0.073, Z = 0.694, P = 0.488, Figure 2B), and more 

natural enemies (Coefficient = 1.17, SE = 0.155, Z = 7.511, P = <0.0001, Figure 2C). 

Organic Alturas potatoes had fewer thrips than conventional plants (Coefficient = 0.49, SE = 

0.135, Z = −3.62, P = 0.0002, Figure 2D), similar numbers of phloem feeders (Coefficient = 

−0.265, SE = 0.222, Z = −1.193, P = 0.233, Figure 2E), and similar numbers of natural 

enemies (Coefficient = 0.361, SE = 0.228, Z = 1.583, P = 0.114, Figure 2F).
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Soil Properties

Physical and chemical soil characteristics at organically managed sites where Norkotah 
potatoes were grown were significantly dissimilar from conventional sites and sites where 

Alturas potatoes grew (ANOSIM R = 0.2946, P = 0.049, Figure 3). Nearly 4x as many 

nitrates were available in conventional Norkotah fields compared to organic, whereas in 

Alturas nitrate levels were 4x lower in conventional fields compared to organic 

(management*variety interaction: F1,7 = 15.338, P = 0.005; Figure 4A). Phosphorus 

concentrations approximately doubled in organic and conventional Alturas fields and 

differed marginally between varieties [F(1,7) = 4.162, P = 0.06; Figure 4B]. Microbial 

biomass was higher in Norkotah organic than Alturas [management*variety interaction: 

F(1,7) = 6.458, P = 0.038; Figure 4E].

Soil Microbial Communities

There were no differences in soil bacterial diversity between management systems [F(1,7) = 

0.025, P = 0.879; Supplementary Table 7] or varieties [F(1,7) = −0.05, P = 0.830; 

Supplementary Table 7], and community evenness similarly did not vary according to 

management system [F(1,7) = 0.009, P = 0.926; Supplementary Table 7] or variety [F(1,7) = 

0.005, P = 0.944; Supplementary Table 7]. Ten bacterial taxa were differentially abundant 

within organic management when compared to conventional management (Padj<0.1; 

Supplementary Table 8). Bacteria from the family Bacilliaceae, Chitinophagaceae, and 

Planctomycetaceae were more abundant in organic Norkotah fields compared to 

conventional, but less abundant in organic Alturas fields compared to conventional 

(Bacilliaceae; management*variety interaction: F = 5.768, P = 0.0173, Chitinophagaceae; 

management*variety interaction: F = 3.921, P = 0.0478, Planctomycetaceae; 

management*variety interaction: F = 25.550, P < 0.001), while the other taxa were not 

significantly different by variety.

Foliar Nutrient Analysis and Primary Metabolites

Percent carbon in leaf tissue did not differ among treatments (t = −0.321, P = 0.7491; 

Supplementary Table 5) or varieties (t = 0.436, P = 0.6637; Supplementary Table 5). Percent 

nitrogen was higher in Norkotah vs. Alturas (t = 2.667, P = 0.009), and the carbon:nitrogen 

ratio in conventional systems decreased marginally in the leaf tissue but only in Norkotah 
fields, whereas conventional management increased the carbon:nitrogen ratio in Alturas 
fields (t = 0.1.963, P = 0.052). The suite of primary metabolites (Supplementary Table 4) in 

leaf tissue did not differ based on variety, management, or herbivore damage (R2 = 0.126, df 

= 1, 11, P = 0.22).

DISCUSSION

Our central goal was to compare plant gene expression patterns in conventional vs. organic 

farming systems. To do this, we assessed herbivore-defense gene expression in plant tissue 

collected from open fields on working farms and quantified several potentially associated 

environmental variables (e.g., soil nutrients, microbial communities, herbivore pressure, 

etc.). The most punctuated effect of organic farming we observed was a strong increase in 

activity of several herbivore defense-associated genes in insect-damaged leaf tissue, whereas 
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these genes were not differentially expressed in plants experiencing herbivory in 

conventional fields. Importantly, these responses were variety-specific: we saw this pattern 

of increased defense gene expression in Norkotah, which is typically marketed as a fresh 

product and is more susceptible to stress, but not in Alturas, which is primarily processed for 

dehydrated products and bred to be more tolerant to stresses (Novy et al., 2003; Stark et al., 

2020).

Differences Between Plant Gene Expression Across Undamaged Conventional and 
Organic Potato Leaves

Boorse (1977) defines unhealthy or disease states as occurring when normal function is 

impaired or limited. Thus, health is the absence of impairments or limitations. Given that 

normal function depends on a myriad of parameters, our definition of plant health for this 

paper uses a baseline of gene expression in conventionally managed potatoes. Any change in 

transcript abundance that represents an enhancement or limitation in processes related to 

metabolic homeostasis or perception of environmental stressors (abiotic or biotic) is 

considered a change in plant health. Given the number of interactions and pairwise 

comparisons that could be made, a logical baseline is an assessment of variation between 

undamaged conventionally grown plants and undamaged organically grown plants, hereafter 

referred to as conventional and organic plants, respectively. At this baseline, organic plants 

have higher abundance of growth transcripts and pathogen stress-related transcripts, and 

lower abundance of abiotic stress-related transcripts compared to conventional plants (Figure 

1). More specifically, organic plants show greater expression in photosynthesis genes and 

cell wall metabolism (P < 0.01), and trends for higher development-related expression and 

reduced stress-related expression (P < 0.1). In contrast, Pacifico et al. (2017) found more 

stress related transcripts, with an emphasis on phenylpropanoid metabolism, in 1 year and 

enrichment in secondary metabolism (flavonoids) in a second year on potato crops. Energy 

metabolism, cell wall metabolism, signaling, and RNA regulation were consistently 

differentially expressed over both years compared to conventional plants, although the 

magnitudes and directions of the genes were variable (Pacifico et al., 2017). Furthermore, 

van Dijk et al. (2012) found organic fertilizer treatments in potato crops increased 

lipoxygenase-mediated defense gene expression but organic crop protection suppressed this 

type of gene expression. This directional expression would interact under field conditions 

where both fertilizer and crop protection strategies are applied simultaneously, and may 

explain why only two lox-related defense transcripts were found to be upregulated in organic 

plants compared to conventional plants in our data (Figure 1; Supplementary Table 6).

Some specific processes that showed enhanced transcript abundance included those involved 

in light harvesting, a reduced starch degradation gene (B-amlyase), and increasing 

mobilization of sugars for cell wall formation (Supplementary Table 6). Of interest is the 

upregulation of several genes related to pectin methyl esterases (PMEs), key enzymes that 

de-esterify pectins in support of reinforcing cell walls. PMEs also increase during pathogen 

recognition and depend on JA signaling mitigated by ethylene response factors (ERF) when 

necrotrophs attack, and both ERF and MYC signaling when biotrophs attack (Bethke et al., 

2014). Constitutive JA activity in wildtype potato increases PME to reduce pectin methyl 
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esterification and alter the pectin matrix in favor of increased resistance to some pathogens 

(Taurino et al., 2014).

GO analysis indicated stress responses trended toward enrichment (P < 0.1; Table 1), but 

several individual transcripts accumulated more in organic plants. Specifically, defense-

related secondary metabolism (terpenoid, alkaloid) and hormone signaling (JA synthesis, ET 

synthesis/signaling) transcripts were greater, and abiotic stress response to temperature and 

wounding were reduced compared to conventional plants. Lox1 and HPL show greater 

expression in organic plants, indicating fatty acid biosynthesis (C-6 aldehydes and w-keto 

FA) or upstream defense metabolites may be elevated. This would suggest an active defense 

system if attacked or a higher constitutive defense level because of greater plant health, 

priming by soil microbes, or both. Biotic stress genes related to pathogen response showed 

elevated expression, as did miscellaneous p450s and UGTs, genes involved in altering the 

solubility of metabolites for secondary metabolism and detoxification. It should also be 

emphasized that, while up regulation of a suite of genes involved in defense response 

indicates a strong response, it does not necessarily indicate an effective response. We note 

that further studies are required to demonstrate that any differences in gene expression 

between farming systems are meaningfully increasing a plant’s ability to suppress pest 

damage.

Overall, undamaged organic plants showed greater health as defined by transcript 

accumulation in favor of growth, development, and defense signaling. Given growth and 

defense tradeoffs are largely mediated by hormone interactions including antagonisms, a 

positive growth response alongside defense signaling likely means plants show a higher 

constitutive or primed state of health, rather than a defensive state caused by pest induction. 

Priming is most beneficial when attack is looming, which makes a mid-season organic 

potato field an optimal candidate to invest against late season attack where tuber filling is 

greatest. Thus, a future hypothesis to test is on the temporal nature of priming: does organic 

management always induce higher constitutive growth and defense processes, or is priming 

phenologically or temporally specific?

Differences in Plant Gene Expression Induced by Chewing Herbivores

When damaged and undamaged plants (pooling across production systems), 6985 genes 

were differentially expressed. Of these, 1402 only appear significant when conventional and 

organic samples are combined, indicating an interaction between management strategy and 

damage. Indeed, the MDS plot illustrates the same interaction (Supplementary Figure 1). 

See Supplemental Table 4 for individual gene data (baseline O vs. C undam). Under 

damaged conditions, organic plants show more differentially expressed genes than 

conventional plants (3604 vs. 1644) but share 1,314 genes expressed in the same direction 

under damage (Supplementary Figures 2, 3). 30 genes were found to be expressed in 

opposite directions in management and the remaining genes were either up or downregulated 

in one production system but not significantly expressed in the other. The number of genes 

differentially expressed between conventional and organic production across all samples is 

low (2) because undamaged plants have gene expression patterns in opposite directions 

(Supplementary Figure 2). More genes are upregulated than downregulated in undamaged 
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organic plants compared to conventional undamaged plants (Supplementary Figure 2). 

However, these differences in gene expression disappear when plants are attacked by 

chewing herbivores. Regardless of management strategy, growth-related transcripts were 

fewer and defense transcripts more abundant in Norkotah damaged plants. For example, 

genes related to photosynthesis, carbon mobilization, cell cycle, growth, and development 

showed more down than upregulated (Figure 1). Genes related to amino acid metabolism, 

secondary metabolism, redox regulation, and xenobiotic degradation had more up than 

downregulated (Figure 1). These patterns would suggest defense metabolism is active to 

defend against biotic stress caused during defoliation or other pest attack on damaged leaves 

while growth is suppressed.

When compared separately, 1960 more transcripts are differentially expressed in organic 

than in conventional plants experiencing biotic attack. Gene ontologies that are 

overrepresented include PS, lipid metabolism, cell wall metabolism, secondary metabolism, 

stress, and development, whereas conventional plants showed overrepresentation in 

photosynthesis, protein metabolism, and signaling genes (P < 0.05). The difference in 

response is intriguing because the gene expression enrichment profiles suggest organic 

plants are responding with a greater growth-defense tradeoff, which could be ascribed as a 

typical or healthy response. Conventional plants show enrichment in fewer pathways that 

include the expected suppression in photosynthesis under damage but show differential 

expression in signaling and protein turnover. Thus, the growth-defense tradeoff is active 

upon attack, but secondary metabolism and hormone mediated defense pathways are not 

enriched even if individual genes support this tradeoff.

Differences in defense gene expression between the two potato varieties in organic and 

conventional farming suggest that Alturas is generally less responsive to herbivore damage 

than Norkotah. This could be because Alturas is grown mostly for the dehydration industry 

(where tuber shape is not managed), and was bred for tolerance of low nitrogen rates, 

resistance to Verticillium dahliae (the cause of early dying), and other stresses (Novy et al., 

2003). These traits may trade-off with herbivore resistance (e.g., Fineblum and Rausher, 

1995; Rudgers et al., 2004). Also, due to their tolerance of suboptimal soil conditions, 

Alturas potatoes can be successfully grown in less desirable circumstances (e.g., fields with 

low soil fertility, marginal lands of rocks, tight potato rotations without green manures) than 

some other cultivars (Novy et al., 2003). For this reason, Alturas plants may be poorer 

quality hosts for herbivores, and therefore suffer less herbivory (e.g., Awmack and Leather, 

2002). On the other hand, Norkotah plants are generally produced for fresh marketing in the 

Pacific Northwest and are relatively susceptible to herbivory, but production practices will 

vary substantially depending on whether the harvested crop will be stored vs. marketed 

direct from the field (Zvomuya et al., 2002; Stark et al., 2020). While Norkotah is resistant 

to common scab and tolerant of some viruses, a study showed green peach aphids had 

slower growth rates on Norkotah compared to Alturas plants (Draper et al., 2002; Davis et 

al., 2007; Stark et al., 2020). This could also partly explain why Norkotah had a higher 

defense response to herbivore attack than Alturas (Davis et al., 2007). Typically, better fields 

and higher inputs will be used to maintain the Norkotah plants as long as possible later in the 

season and may receive fewer inputs than other varieties (Zvomuya et al., 2002; Stark et al., 

2020). Indeed, percent N in leaf tissue was significantly higher for Norkotah than Alturas, 
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making it a higher quality food source for herbivores (Mattson, 1980; Awmack and Leather, 

2002). Thus, chemical defense induction may be more important for Norkotah due to plant 

traits and relatively greater herbivore pressure (e.g., Wink, 1988).

We measured several environmental factors to identify those that might explain stronger 

upregulation of plant defense genes in organic systems compared to conventional. First, we 

quantified soil nutrients and sequenced soil microbial communities at each site where we 

sampled plants. In conventional fields, we saw a greater concentration of nitrates where 

Norkotah was grown compared to Alturas (Figure 4). Nitrate fertilization can improve host 

plant quality for herbivores and has been associated with increases in phloem-feeding insects 

(Strauss, 1987; Lou and Baldwin, 2004; Staley et al., 2010). Nitrogen augmentation can 

cause plants to reduce investments in chemical defenses (Glynn et al., 2003; Donaldson et 

al., 2006), particularly the quick-release N subsidies applied on conventional fields (Staley et 

al., 2010). Therefore, excess N availability in conventional fields where Norkotah grew 

(Figure 4) may have reduced defense gene expression as seen in the other treatments.

The use of organic soil amendments could also be associated with desirable soil properties, 

such as increased densities of beneficial soil microorganisms (Drinkwater et al., 1995; 

Doran, 2002). We saw an increase in soil microbial biomass in Norkotah organic compared 

to Alturas (Figure 4E). Several studies have shown that beneficial below-ground 

microorganisms may enhance plant stress tolerance and nutrient uptake (Bloemberg and 

Lugtenberg, 2001; Lugtenberg et al., 2002; Bais et al., 2004; Morrissey et al., 2004; Goh et 

al., 2013; Blundell et al., 2020). Many studies find increased microbial biomass (Gunapala 

and Scow, 1998; Swezey et al., 1998; Altieri, 1999; Mäder et al., 2002; Reganold et al., 

2010) and diversity (Ge et al., 2008; Reilly et al., 2013; Lupatini et al., 2017) in response to 

organic soil management, but this is not consistent across every system (Liu et al., 2007) and 

can be site specific (Blundell et al., 2020). Alturas potatoes, which persist under nutrient 

poor conditions, may demonstrate another exception. It is important to also acknowledge 

that our fields were not paired side-by-side with matched soil-forming factors that have been 

shown to influence organic vs. conventional differences (Reganold et al., 1993, 2010; 

Reganold, 2013). When we compared the broad communities of bacteria in the soil, overall, 

we found few differences between organic and conventional fields (Supplementary Table 7).

Norkotah overall experienced higher herbivore pressure than Alturas and had a 

correspondingly stronger response in defense gene activity (Figures 1, 2). This pattern of 

herbivore pressure is one potential reason why induction of defense genes was variety-

specific. Prior herbivore damage can prime induced defenses for stronger expression later in 

the season (Conrath et al., 2006; Frost et al., 2008) and may also be responsible for varying 

patterns of induction in our system. Insecticide use is another potential mechanism 

explaining differences in defense activity that we observed. In conventional potato crops, 

neonicotinoids are commonly applied, but are barred from use in organic fields (Koss et al., 

2005). Previous work shows that neonicotinoids can attenuate defensive activity in plants 

(e.g., James and Price, 2002; Szczepaniec et al., 2013) and may have suppressed defense 

gene expression in our conventionally managed fields. Additionally, our study is rare in that 

it evaluates defense gene regulation in real-world farming systems characterized by 

numerous interacting environmental factors. It is important to acknowledge that this 
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approach prohibited us from completely excluding herbivores on our “undamaged” plants, 

particularly phloem feeders, whose damage is often not visually detectable. Therefore, we 

cannot unequivocally distinguish changes in plant stress gene expression due to herbivory 

and soil characteristics. Still, bottom-up forces in organic production must be examined 

under field conditions if we are to understand their true importance in conferring herbivore 

resistance.

RNA sequencing is a powerful tool for transcriptional profiling to identify genes associated 

with plants, revealing networks of genes that function in a coordinated fashion to drive 

metabolic pathways or cellular processes. For example, farming systems have been shown to 

have an effect on gene expression, where organic management affected biological processes 

and pathways related to plant quality (Lu et al., 2005; Pacifico and Paris, 2016; Pacifico et 

al., 2017). However, almost all studies examining gene expression and farming systems are 

performed in controlled conditions and may be limited in understanding plant responses to 

multiple simultaneous stresses, as seen in real world conditions. When stresses occur in 

sequence or together, certain genes are activated that may not be induced independently 

(Rizhsky et al., 2002, 2004; Mittler, 2006). Future studies should take into account all the 

factors plants on commercial farms experience in the environment. Our study allowed us to 

show that specific patterns of gene expression may have useful applications in defining the 

differences between organically and conventionally grown plants. Linking gene expression 

to particular plant defensive traits is a key first step to exploiting these defenses to improve 

the control of herbivorous agricultural pests (Mitchell et al., 2016). For crop plants, this 

approach can suggest ways to use farming systems to enhance plant defenses and thus 

natural pest control.
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FIGURE 1 |. 
This graphical representation of the transcriptome for processes related to plant health and 

defense compares Norkotah potato plants grown under organic (orange and green arrows) 

and conventional (red and blue arrows) farming methods between insect undamaged and 

damaged leaves. Genes up or down are in reference to how plants respond to damage under 

different management regimes. Numbers indicate how many genes are up or down regulated. 

Text containing boxes are colored coded for metabolites specifically involved in hormone 

signaling/perception: pink; and non-hormonal processes mediating stress response/

perception: yellow. Arrows link flow from primary to secondary metabolism (Top) and 

synergistic or antagonistic signaling during stress perception (Bottom).
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FIGURE 2 |. 
Mean counts of phloem feeding herbivores (A,D), thrips (B,E), and natural enemies (C,F), 

collected in vacuum samples from Norkotah (A-C) and Alturas (D-F) potato fields in 2015. 

*indicates P < 0.01.
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FIGURE 3 |. 
Physical and chemical profiles of soil displayed on two non-metric multidimensional scaled 

axes. Ellipses indicate clustering of our four treatment groups which consisted of two 

cropping system treatments (conventional and organic) and two potato varieties (Norkotah 
and Alturas). Red labels indicate the locations of soil characteristics that distinguish clusters.
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FIGURE 4 |. 
Concentrations of nutrients in soil collected from organic and conventional potato fields at 

mid-season. (A) Nitrate, (B) phosphorus, (C) potassium, (D) sulfate, (E) microbial biomass, 

and (F) organic matter. Gray bars indicate conventional soil and white bars organic.
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TABLE 1 |

Number of differentially expressed genes (DEG) in Norkotah with threshold of adjusted P-value < 0.1, 

categorized by Gene Ontology (GO) and compared via contrasts (see Supplemental Table 3).

GO category DEG up (down) [not regulated] Contrast Enriched

Stress 113 (109) [771] Org Dmg-Org Undmg Yes

Stress 55 (78) [771] Conv Dmg—Conv Undmg No

Secondary Metabolites 42 (52) [268] Org Dmg-Org Undmg Yes

Secondary Metabolites 21 (20) [268] Conv Dmg—Conv Undmg No

PS 17 (47) [177] Org Dmg-Org Undmg Yes

PS 3 (8) [177] Conv Dmg-Conv Undmg No

Transport 71 (131) [683] Org Dmg-Org Undmg Yes

Transport 33 (76) [109] Conv Dmg—Conv Undmg Yes

There was no enrichment for Alturas in the stress or secondary metabolites GO category.
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