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Abstract 
This paper describes decades of research develop-

ing a new type of corn (maize) cultivar that utilizes 

partnerships with seed-borne, bacterial endophytes 

to create environmentally friendly, nutritious corn 

that is better adapted to organic farming. Over 

time the project engaged and formed multiple, 

evolving networks of corn breeders and other 

scientists, organic farmers, nongovernmental 

organizations (NGOs), private companies, the U.S. 

Department of Agriculture Agricultural Research 

Service (USDA-ARS), and state agricultural univer-

sities in several states. It addressed and partly 

resolved the need for developing (a) yield-competi-

tive hybrids with greater nutrient density (methio-

nine and minerals), (b) better adapted inbreds for 

organic production conditions, and (c) reduced 

pollution from nitrogen fertilizers. 

The partnership approach taken also differs 

from usual top-down mechanistic breeding 

approaches in that the methods of breeding 

entailed holistic attention, learning, and respect for 

what turned out to be corn plants evolving in 

symbiogenesis with beneficial microbial partners. 

Initial studies indicate that the resulting corn from 

the program is competitive in yield but has better 
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nutritional value. It obtains more of its nitrogen 

from microbial biomass and organic matter and 

nitrogen fixation than does conventional corn. Its 

performance partially depends on seed-borne 

plant/microbial partnerships. This corn continues 

to be developed at the Mandaamin Institute but is 

also being commercially introduced for testing by 

farmers. 

Keywords 
corn, maize, methionine, symbiogenesis, organic 

corn breeding, rhizophagy, nutrient density, 

nitrogen fixation, collaborative research 

Introduction 
Corn is the most produced cereal in the world. In 

the U.S., the Corn Belt Dent corn was developed 

from native southern dent and northern flint vari-

eties. Its productivity was enhanced by the breed-

ing and use of hybrids. Because of its inherent 

productivity, corn has come to assume a predomi-

nant role in US agriculture and in the production 

of feed and fuel. Crop rotations in the Eastern 

third of the country are rich in corn and this has 

been possible due to the use of synthetic fertilizers 

and pesticides. Corn is also the most widely grown 

organic row crop in the U.S. (USDA National 

Agricultural Statistics Service [USDA NASS], 

2022), as well as a key ingredient for supporting 

organic animal production. The domestic organic 

corn supply is generally inadequate (Alonzo, 2016; 

Kowalski, 2017; McBride & Greene, 2015), with 

the deficit in supply met by imports of grain, 

sometimes with fraudulent consequences (Ross, 

2018). 

 The corn breeds used today by breeding 

companies are largely derived from corn bred by 

public-sector breeders from state universities and 

from USDA ARS in the last century. These sci-

entists were responsible for many of the innova-

tions in plant breeding that have led to diverse and 

productive hybrids. The consolidation of seed 

companies by a few seed industry multinationals 

has led to greater investments becoming available 

for research and development. Considering indus-

try’s investment, and believing in the potential of 

genomic approaches, the USDA and universities 

phased out positions and funding sources for field-

based public corn breeding while focusing funding 

on molecular analysis and technologies. Public and 

private breeders retired and took with them the 

culture of practical field-based corn breeding. Corn 

breeding became owned by industry and increas-

ingly genomics and laboratory driven. As consol-

idation limits competition and farmer choice 

(Davies, 2022), there have been negative effects on 

farmers and society (Hacket, 2021). Since the turn 

of the millennium, the cost of corn seed has been 

increasing, and pollution from pollen drift inten-

sified as the percentage of GM corn grown 

increased to over 90% (Center for Food Safety, 

2023). 

 Today, the corn hybrids used by most organic 

farmers are bred by large private companies to per-

form under conventional conditions, in high-

density planting with high levels of synthetic nitro-

gen (N) fertilizers and pesticide applications 

(Mastrodomenico et al., 2018). However, this status 

quo is not a sustainable one for the planet. 

Dependence on N fertilizers means continued pol-

lution of ground and surface waters with nitrate 

and continued high emissions of nitrous oxide, a 

potent greenhouse gas. Furthermore, although 

conventional hybrids are high yielding and readily 

available, they provide only a partially good fit for 

the needs of organic agriculture. Gains in grain 

yields are due to the industry investing in intensive 

breeding and testing programs that develop plants 

that produce high yields wherever they are planted, 

including under stressful conditions. However, the 

parental inbreds developed in such programs when 

grown for hybrid production under organic condi-

tions often lack vigor, tending to be nutrient defi-

cient and to compete poorly against weeds 

(Goldstein et al, 2012). Furthermore, organic 

inbred, hybrid, and grain production all have prob-

lems with genetically engineered (GM) contamina-

tion, soil nutrient limitations on organic farms 

(especially N), climatic instability, and weeds. The 

hybrids available to organic farmers depend on 

nitrate and ammonium producing fertilizers. 

Organic farmers often use chicken manure as a fer-

tilizer to address N needs of corn, but it is expen-

sive, potentially polluting, and often derived from 

non-organic confinement operations. 

 Furthermore, modern corn hybrids have 
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increased yield potential but inadvertently have led 

to inadequate nutritional value; grain protein con-

tent decreased from 10.3% in 1940 to a projected 

7.4% in 2010 (Duvick et al., 2010). Organic poultry 

farmers need to have corn varieties with a high 

content of the essential amino acid methionine in 

their protein, to enable the production of animals 

without depending on feeding them synthetic 

methionine. 

 New cultivars targeted to thrive under organic 

conditions are needed. This paper describes the 

evolution of a partnership breeding approach with 

corn that has been directed toward making up 

some of the deficiencies associated with conven-

tional corn. Begun in 1988/1989, the program has 

survived and evolved only by participating in multi-

ple networks of different kinds. Admittedly, the 

crucial central partnership is a newly evoked breed-

ing relationship with the emergent, creative biology 

of corn and its symbiotic endophytic microbes. But 

other key partnerships involve other organic corn 

breeders, farmers, scientists, NGOs, seed compa-

nies, universities, the USDA, and various private 

and public funders. The partnership has depended 

on informal networks that have been active on dif-

ferent scales and at different times for different 

ends. Those networks have shifted in accordance 

with the maturity and needs of the program and 

the interests of farmers and others, as will be 

described. 

 The paper falls naturally into four parts. The 

early phase describes the inception of the program 

and how it evolved into cooperative breeding and 

testing networks, as well as opportunities that 

emerged with the Seeds and Breeds Movement. 

The second part describes initial efforts to improve 

nutritional quality and nitrogen efficiency, two 

traits desired by organic farmers, while maintaining 

adequate grain yields. The third part describes the 

results from multiple research partnerships that 

deepened our capacities to improve corn as well as 

our understanding of how to work with corn to 

improve its quality and environmental friendliness. 

Finally, we reflect on the potential value for society 

of what has been achieved, on barriers to further 

corn development, and the need for even broader 

partnerships to enable the full potential of organic 

corn. 

Part 1. The Program’s Inception, 
Including its Early Efforts, Philosophy, 
Partners, and Funding 
I began my employment as research director at 

Michael Fields Agricultural Institute (MFAI) in the 

fall of 1986 after finishing my doctorate in agron-

omy at Washington State University. My entry into 

corn breeding started with a field day on Dave 

Christenson’s organic farm in Jefferson County, 

Wisconsin, in 1988, where I was surrounded by a 

group of seven organic-friendly farmers who 

requested that I begin to breed open-pollinated 

corn for them. Their experience was that open-

pollinated corn had better nutritional value—more 

minerals and protein, and better taste. The better 

quality was confirmed by their experiences with 

animal preference by horses and cattle. However, 

the open-pollinated corn they had grown did not 

stand well in the field at modern planting densities; 

they suggested that I could remedy that. 

 Subsequently, I visited the late Albert A. Arens 

(1904–1988) at Green Acres Seed Company in 

Hartington, Nebraska. Arens bred and sold corn. 

He was renowned in certain organic farming circles 

for selecting plants that performed well without 

any fertilizers, and he also had a specific program 

devoted to breeding corn that produced multiple 

ears on each stalk. This resonated for organic farm-

ers, as they also produced corn without synthetic 

fertilizers and some of them tended to produce 

corn under conditions in which the multi-ear trait 

would be useful. At the time of the visit with Arens 

in 1988, he was terminally ill with cancer and was 

concluding his last year growing corn. He showed 

me his breeding families and discussed corn breed-

ing. At the end of the visit, he announced, “You 

are pregnant with an idea; you are going to become 

a corn breeder!” 

 I was challenged by these experiences and rec-

ognized the valid need for corn with better nutri-

tional value. Despite there being no obvious long-

term funding sources, I decided to try to grow dif-

ferent kinds of corn and develop open-pollinated 

corn with improved nutritional value and better 

standing ability. In 1989 I contacted several experi-

enced corn breeders: Dr. Arnel Hallauer of Iowa 

State University, H. Z. Cross of North Dakota 

State University, and James Coors of the University 
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of Wisconsin-Madison, and obtained seed stocks 

from them. I also received seed posthumously 

from Arens’ prolific work from his nephew, and 

from Mark Millard at the USDA ARS Plant Intro-

duction system (Mark Millard). Other significant 

contributors included a gift of corn seed from sev-

eral Hopi farmers. Altogether, those stocks 

included both native corn varieties and Corn Belt 

dent (field corn with substantial soft starch 

content) varieties and populations. 

 From the beginning of the project, an attitude 

that emphasized partnership has played an impor-

tant role in its success (Goldstein et al., 2019). I 

have not pursued the sort of mechanistic, reduc-

tive, top-down approach to produce uniform prod-

ucts as quickly as possible, which is common in the 

breeding world. Rather, I regard the maize plant as 

a biologically creative partner in dialogue with the 

breeder as in a kind of slow, multiyear dance. In 

this conceptualization, the proper human role is to 

establish useful conditions for evolution and selec-

tion, pay diligent attention to the evolving bodies 

of the plants as they grow in the field, make 

insightful observations, collect relevant data, and 

make selections that favor both plants and humans 

as the corn plants continue to evolve. The human 

role involves thinking, progressive learning, and 

gradually developing informed and accurate per-

ception and judgment. This approach involves evo-

lution of both the plant and the breeder. It brings 

into the breeding process the perspective of an I-

Thou kind of relationship to supplement the usual 

I-It relationship, the latter defining plants simply as 

objects to be used (Buber, 2023). The I-Thou atti-

tude is comparable to that of the Native people 

who were the original stewards of corn (Kimmerer, 

2013). 

 Starting in 1989, for 14 years I carried out a 

small part-time selection and breeding program in 

the MFAI test plot fields and on my own farm, to 

provide seed for farmers who wanted to keep their 

own seed. I made crosses and developed new 

open-pollinated corn with improved yields, 

enhanced quality, and good standing ability. The 

program served an informal network of approxi-

mately 20 farmers who wanted to keep their own 

seed stocks. Participants mainly came from Michi-

gan, Wisconsin, Iowa, Indiana, Missouri, and Ohio, 

with a few from several other states. The farmers 

obtained seed by just paying for the shipping 

charge, under the agreement that they would give 

the program feedback on their results. 

 The effort often entailed educating farmers 

how to grow, select, harvest, and maintain the corn 

populations. Instruction occurred mostly on a one-

to-one basis over the telephone or at field days in 

Wisconsin organized by MFAI and in Iowa orga-

nized by Practical Farmers of Iowa (PFI) to include 

on-farm selection. Of the farmers, Don Adams 

from Madrid, Iowa, and Dan Specht from 

MacGregor, Iowa, took the most active interest in 

breeding, selecting, and feeding the corn. One of 

the most significant populations that came out of 

working with them was Nokomis Gold. Nokomis 

was developed from a mixture of Southwest native 

corns from the Hopi, Zuni, and Navajo tribes and 

included some of Arens’ corn; it played an impor-

tant role in further development of the corn breed-

ing program. Dan Specht continued his own 

breeding work, and by the time of his untimely 

death in 2013 he had selected a polenta population 

from Nokomis Gold and other seed stocks 

provided by the project. 

Around 2000, I was involved in joint research with 

Kendall Lamkey of the USDA ARS in Ames, Iowa, 

and Zeno Wicks III of South Dakota State Univer-

sity. We were testing different open-pollinated vari-

eties with a grant from the USDA Sustainable 

Agriculture Research and Education (SARE) pro-

gram. I was also taking part in educational events at 

PFI dealing with corn quality and relationships 

between corn, soil, and nitrogen. In 2001, at a field 

day on the Adams farm sponsored jointly with PFI 

and USDA ARS, seed of Nokomis Gold was made 

available to farmers in larger quantities. A winter 

field day was also held at a Northeastern Iowa State 

University research station. Dr. Lamkey showed 

results from the University breeding program, and 

I showed results from the Michael Fields Agricul-

tural Institute trials based mainly in Wisconsin. 

Cornbread was baked using flour from several dif-

ferent corn varieties and hybrids and offered in a 

blind taste test. The variety Nokomis Gold was the 

preferred source of corn. However, the yield of 
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corn from the Michael Fields corn program still 

lagged considerably behind that of hybrid corn. 

 In 1999 I was advised by the MFAI admin-

istration to stop breeding the open-pollinated corn 

because there was no sustaining source of funding 

for it. In response. I requested assistance from Sen-

ator Herb Kohl of Wisconsin and from Senator 

Tom Harkin of Iowa. Senator Harkin was ap-

proached with assistance from Robert Karp, then 

executive director of PFI. With the help of the 

senators, it proved possible to obtain an appro-

priation in 2003 that allowed MFAI to continue 

research on corn together with USDA ARS and 

PFI at Ames, Iowa. 

The time around 2000 was tumultuous for many 

organic corn farmers because there were problems 

with contamination from the pollen of genetically 

engineered hybrids onto organic corn, which could 

negatively affect the sales of organic grain and 

organic seed. As it seemed very important to ask 

farmers which direction the corn breeding research 

should take, in 2003 the I organized an open ses-

sion at the Upper Midwest Organic Farming Con-

ference (now known as the Marbleseed Organic 

Farming Conference), one at the Minnesota 

Organic Farmers Conference, and one at the 

annual PFI conference. The objective was to dis-

cuss what kind of corn these organic farmers 

wanted, not just what they did not want. The 

sessions were well attended, with about 40 to 70 

farmers at each event. 

 The results were consistent across meetings. 

While the farmers clearly did not want genetically 

engineered corn contamination, in addition they 

wanted corn that did well under their systems, 

which often had less available nutrients, especially 

nitrogen. They wanted corn that competed well 

with weeds. They also wanted nutritional quality, 

especially those farmers who fed their own live-

stock. Only a few farmers wanted open-pollinated 

varieties from which they could keep their own 

seed. Most of them wanted hybrids, because the 

open-pollinated varieties did not yield enough. The 

overall principle for them was that the corn they 

used should have better quality, but it should also 

produce at least 90% of the yields attained by con-

ventional hybrids. 

 The experience of the MFAI breeding and 

testing program to that point had been that com-

petitive yield levels could only be obtained by uti-

lizing hybrid vigor. I then decided to focus most of 

my effort on breeding for hybrid production, while 

continuing some, but less, work on open-pollinated 

populations. Soon afterwards, in 2003, Linda 

Pollack from USDA ARS took over the USDA 

breeding program from Dr. Lamkey as he moved 

into the ISU breeder position. Dr. Pollak had 

helped found and direct the USDA Latin American 

Maize Project and the Germplasm Enhancement 

of Maize Project, which were both concerned with 

utilizing the potential of exotic corn landraces 

(Pollak, 2003), so she possessed experience breed-

ing populations into commercial grade inbreds. I 

obtained additional counseling on the procedures 

needed for breeding inbreds and producing hybrids 

from Dr. Kevin Montgomery, who had decades of 

experience developing hybrids at three large com-

mercial companies and subsequently advised the 

MFAI project. 

 The USDA ARS–Pollak program worked on 

both breeding for organic farming and improving 

grain inherent quality. In conjunction with the pro-

gram, the MFAI staff attempted a holistic, cooper-

ative, farmer-engaged, variety-development and 

seed-production model. An immediate question 

was what kind of hybrids should be bred. Produc-

ing hybrid corn by crossing inbreds is difficult for 

farmers to do for themselves because the inbreds 

are short, lack vigor, and demand special care. 

However, making hybrids by crossing vigorous 

populations was feasible for farmers and offered 

them the financially attractive possibility of easily 

producing their own hybrid seed. The USDA and 

ISU programs had experience with producing vari-

etal hybrids that produced competitive yields under 

organic conditions, even if such hybrids lacked 

superior nutritional value. Therefore, the MFAI 

and USDA programs jointly engaged in breeding 

new, vigorous, genetically narrow populations and 

testing them in combination with other vigorous, 

narrow populations (varietal hybrids) or with 

inbreds (top crosses). 

 An example of the cooperation was the devel-
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opment of a significant breeding family. The 

Nokomis Gold variety developed by the MFAI 

program was grown for many years on the Adams 

farm and was selected by Adams and me using 

stratified mass selection. John Golden, a technician 

from the Ames, Iowa, USDA ARS breeding pro-

gram, also made selections from it that showed 

good combining ability in hybrid trials. These selec-

tions were subsequently further bred in Wisconsin 

to produce LMPNG28 breeding lines, which 

showed good per se productivity and combining 

ability in hybrids. Inbreds from the NG10 branch 

of that family are still in use in Mandaamin Insti-

tute’s breeding, testing, and commercialization 

program. 

 Testing and farmer field days took place on 

several organic farms in Wisconsin: Mark and 

Randy Hoffman’s farm in Whitewater, WI, 

Nokomis Farm in East Troy, WI, the Zinniker 

farm in Elkhorn, WI, Skip Kaufman and Jessie 

Niggerman’s farm near Eau Claire, WI, and the 

MFAI farm in Troy Center, WI. In Iowa, test plots 

from both programs were grown on three to five 

organic or low-input sites each year. Outreach, 

field day, annual event, and organizational support 

was provided by PFI. A detailed account of the 

farmers involved in the MFAI portion of this part-

nership, the fields and practices used, selection and 

breeding methods, breeding philosophy, and the 

targeted trials and outcomes for yields, agronomic 

traits, and quality is available (Goldstein et al., 

2019). The pedigree breeding program, which is 

mainly used to produce inbreds, entails sequential 

inbreeding and selection for plant performance and 

grain quality on N-limited farm sites, coupled with 

early testing of hybrid combinations on multiple 

sites. 

 Although several varietal or top-cross hybrid 

combinations seemed to have promising yield per-

formance, there were two problems. First, they had 

somewhat higher grain moisture contents at har-

vest. Second, organic seed companies expressed 

disinterest in them because they were not as uni-

form as single cross hybrids made by crossing 

clone-like inbreds. Due to the second issue, over 

time both programs moved in the direction of sin-

gle cross hybrids with good combining ability. It 

became increasingly clear, however, that it might be 

important to select the inbreds for performance 

under organic conditions. A substantiating obser-

vation made by both breeding programs was that 

many inbreds raised conventionally did poorly 

when grown under organic conditions. They 

appeared to lack vigor and were nitrogen deficient. 

However, when grown repeatedly under organic 

conditions, some appeared to adapt and improve 

both vigor and nitrogen uptake, a phenomenon I 

later studied and confirmed (Goldstein et al., 2019). 

It was attributed to genetic and epigenetic shifts 

and to shifts in the populations or the activity of 

endophytic microbes. 

Parallel to these developments was the emergence 

of a movement fostering awareness of the impact 

of seed industry consolidation, restrictive patents 

on seed available to farmers, and the general 

decline in publicly sponsored breeding and seed 

diversity. Michael Sligh from the Rural Advance-

ment Foundation International-USA, working with 

an organizing committee composed of concerned 

public breeders, including Professors Kendall 

Lamkey (ISU), Bill Tracy (University of Wiscon-

sin), Charlie Brummer (University of Georgia), and 

myself, organized several conferences on these 

themes in Washington, DC, and at Iowa State Uni-

versity. Efforts were made to interact with USDA 

competitive grant authorities to open the door to 

funding public breeding activities. Initially, it 

appeared to be an uphill battle to create an avenue 

beyond genomic research that would enhance seed 

availability and public breeding. Eventually, the 

work of the political arm of the sustainable agricul-

ture movement led to important changes, most sig-

nificantly an emphasis on breeding in the new 

USDA competitive grant organic agriculture fund-

ing program. This made it possible to maintain my 

corn program and many other worthwhile public 

breeding efforts. 

Part 2. Improving Quality, N Efficiency, 
and Microbial Partnerships 

In order to diversify and find better sources for 

breeding, MFAI also began a partnership with the 



Journal of Agriculture, Food Systems, and Community Development 

ISSN: 2152-0801 online 

https://foodsystemsjournal.org 

Volume 13, Issue 1 / Fall 2023 77 

USDA Germplasm Enhancement of Maize (GEM) 

project. The GEM project aimed at developing 

useful diversity by crossing with exotic corns pos-

sessing attributes not present in Corn Belt corn. 

The GEM team initially was primarily concerned 

with improving protein quality. In addition, Paul 

Scott of the USDA ARS unit in Ames was also 

actively breeding for improvement of protein 

quality. 

 The need for improving the quality of corn 

was explored at MFAI in different ways. A great 

deal of research by the international community of 

corn scientists had been devoted to improving pro-

tein quality, with special focus on the lysine content 

in grain. The international corn breeding center in 

Mexico, CIMMYT, had devoted much effort to 

using the opaque-2 gene for that purpose. Early 

experiments we did in Wisconsin testing opaque-2 

in crosses confirmed that it was not well suited for 

commercial production because of its effects on 

yields, the fragility of kernels, and that it was a 

recessive factor that could easily be deactivated by 

contaminating pollination. The more pressing con-

cern of the organic community was the amino acid 

methionine, which is a component of protein 

(Fanatico & Ellis, 2016). Methionine is the most 

seriously deficient amino acid in poultry feed. 

Because the organic poultry industry is restricted in 

its use of synthetic methionine, the organic 

community has needed to find methionine in other 

feedstuffs, as the USDA may phase out the use of 

synthetic methionine (McEvoy, 2015). Corn with a 

high methionine content could substantially help 

organic poultry farmers. Therefore, the project 

focused initial efforts on testing the floury-2 gene 

because it increased the methionine content of 

grain considerably. 

 We pursued three lines of research (Goldstein 

et al., 2008). One was the introgression of the 

floury-2 gene into several open-pollinated popula-

tions with good combining ability. The second was 

testing a set of high methionine breeding lines 

identified through cooperative work with the GEM 

program. The third was developing a rapid nonde-

structive test for methionine in corn so that we 

could breed for the trait. 

 The task of developing high methionine corn 

entailed discussions and cooperation with the 

Methionine Task Force, a consortium of up to 15 

large organic poultry companies. We worked with 

Dr. Charles Hurburgh and his colleagues at the 

Iowa State University Grain Quality Lab to 

develop a near infrared spectroscopic calibration 

that would allow us to rapidly detect methionine, 

lysine, and cysteine (Goldstein et al., 2019; Hardy 

et al., 2009; Jaradat & Goldstein, 2013). The cali-

bration broke the inherent correlative relationship 

between protein and amino acids (proteins are 

composed of amino acids) which had previously 

prevented effective calibrations. This was only pos-

sible because we used a calibration set of samples 

that possessed protein with different percentages 

of methionine, lysine, and cysteine in their protein, 

so results did not depend exclusively on the level 

of protein in the grain. 

 Corn varieties selected simply for high levels of 

protein generally increased α-zein storage proteins, 

which have lower concentrations of the essential 

amino acids (Darrigues et al., 2006; Frey, 1951; Tsai 

et al., 1992; Wu & Messing, 2012). Feeding such 

protein to poultry can be expected to lower feed 

efficiency and increase ammonia emissions in poul-

try litter (Burley et al., 2016). The high methionine 

varieties received from the GEM program were 

high protein, hard-kernelled corns (Goldstein et al., 

2008). Higher levels of methionine content in the 

grain were due to a high protein content; so the 

overall quantity of methionine in the grain 

depended on achieving a high protein content in 

the grain. Trials with farmers showed that to sus-

tain the methionine content from farm to farm 

with these varieties because the protein content of 

the grain varied from site to site. In addition, we 

were informed by industry and by Dr. Mark Cook 

at the Poultry Science Department of the Univer-

sity of Wisconsin-Madison that high protein con-

tent in corn was not desirable due to problems 

with ammonia emissions from manure. What was 

needed was a high percentage of methionine in 

protein and a moderate level of protein. 

 The soft-kernelled, floury-2 corn had a consid-

erably higher percentage of methionine in its pro-

tein. It could produce high percentages of 

methionine in protein when the protein content of 

the grain was low. This provided greater stability in 

methionine amounts across farms. Feeding trials 
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took place with our floury-2 corn hybrids. The first 

set of trials with broilers was done by Organic 

Valley Coop (Levendoski & Goldstein, 2006). A 

second set of trials, funded by Organic Valley 

Coop at the University of Minnesota, involved 

feeding up a layer flock and validating one cycle of 

their egg production (Goldstein et al, 2012; Jacob 

et al., 2008). In both cases the high methionine 

corn produced the same amount of poultry prod-

uct as was achieved by feeding normal organic corn 

plus synthetic methionine. 

 Unfortunately, our floury-2 varieties were too 

low-yielding for commercial use. Homozygous 

floury-2 caused approximately 11% lower weight per 

seed. This reduction conditioned a corresponding 

reduction in grain yields. Even without floury-2, the 

yields of our cultivars were insufficient; there 

seemed to be no hope for farmer acceptance in the 

future with an additional 11% yield drag. 

 A third path emerged spontaneously in our 

breeding families with the unexpected occurrence 

of soft kernels in anomalous amounts (Goldstein et 

al., 2019). These mutations became apparent in 

2006 and continued to emerge in multiple varieties. 

They were found in Nokomis Gold, in multiple 

GEM breeding lines (Jaradat & Goldstein, 2013; 

2014; 2018), and in ex-plant variety protection 

inbreds. Their soft kernels were associated with 

reduced contents of the poor quality storage pro-

tein α-zein. But they had enhanced overall levels of 

better quality storage proteins that resulted in both 

higher percentages of methionine and lysine in 

grain and also in protein (Goldstein et al., 2019). In 

most cases, the soft, floury trait did not seem to be 

associated with a reduction in grain size or yield. 

They possessed moderate levels of protein 

(approximately 10% of the total dry weight) but 

compensated when protein was lower by produc-

ing a higher percentage of methionine in the 

protein. 

 These soft kernelled mutations have continued 

to emerge during the breeding program (Goldstein 

et al., 2019). Whenever they did, they were chan-

neled into a path for inbred development that 

included sequential self-pollination, and selection 

for opaque kernels. Plants were grown and selected 

mainly under unfertilized conditions, with low 

quantities of nitrate and ammonium, to help 

encourage plants to find ways to utilize microbial 

sources for nitrogen. 

 We hypothesized that the plant regulatory sys-

tems would shift in response to our breeding and 

selection practices, and that some of those shifts 

would be epigenetically inherited (Goldstein et al., 

2019). Subsequently, the trait may become stabi-

lized by major gene action in a Mendelian fashion. 

Mutable inbreds in the three major heterotic pat-

terns (LH123 in the Lancaster pattern, PHK42 in 

the Iodent pattern, A632 in the B14, stiff stalk 

pattern) all showed the same path of development 

in our program. This path involved: (a) sponta-

neous development of seeds showing opaque or 

piebald (opaque and translucent) seed; (b) occa-

sional occurrence of chimaeras and other phe-

nomena associated with transposon (jumping 

gene) activity in the foliage or grain; and (c) insta-

bility of the trait according to growing conditions. 

In the case of some of the unstable lines devel-

oped from these three inbreds, opaque floury 

kernels were expressed by plants when they were 

grown under N-limited conditions, but translucent 

seed were produced under conditions where corn 

was heavily fertilized with mineral N. In other 

cases, the trait was initially stable, or repeated 

selection led to stabilization of the soft kernel 

trait. In some lines, tests for allelicity showed that 

the trait is identical to the floury-1 allele. This was a 

surprise, because previous research by others 

(Holding, et al., 2007) had not shown that floury-1 

causes higher methionine content in grain, but 

only a rearrangement of storage proteins in the 

protein bodies in the endosperm. In addition, we 

found that segregation ratios in crosses with non-

floury corn were highly irregular and inconsistent. 

On the other hand, the accumulation of the 

methionine-rich δ- and β-zein storage proteins in 

the grain depends on the supply of sulfur-

containing methionine from the plant. All this 

suggests that regulatory systems, a structural gene, 

and causal increases in the supply of methionine 

available to growing seed from the plant are jointly 

involved in the transition to production of the 

opaque phenotype in the grain of our cultivars. 

 The impact of the opaque kernels on nutri-

tional value of the grain was studied with Abdullah 

Jaradat, USDA ARS, of Morris, MN, and professor 
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at the University of Minnesota-Morris. The soft 

kernel trait was also associated with higher density 

of macro- and microelements in the grain (Jaradat 

& Goldstein, 2018), especially, C, N, K, Mg, Mn, 

and P (Jaradat & Goldstein, 2013). Breeding lines 

and inbreds from the breeding program were 

screened for an accumulation of mineral nutrients 

in 2019 alongside a panel of commercial inbreds, 

and similar results were obtained as before, 

although the differences were most positive for the 

Mandaamin lines for K, Cu, Mg, Mn, and Zn 

(Goldstein & Jaradat, unpublished results, 2022). 

Later research confirmed that the link between 

opacity and mineral content is somewhat variable 

and not fully nutrient specific but seems to have to 

do with a general increase in nutrient availability to 

the developing seed (Goldstein et al., 2019). 

Separate nitrogen budgeting studies were carried 

out by the MFAI team for conventional hybrid 

corn grown on organic farms. The studies showed 

that in some cases there was excess N uptake that 

did not parallel mineral nitrogen and organic mat-

ter turnover rates as were currently conceived 

(Goldstein & Cambardella, 2008). These findings 

led to questioning whether variable interactions 

with N-fixing organisms might explain these dis-

crepancies. Furthermore, our on-farm trials had 

shown that the protein content of grain was unsta-

ble from site to site. Perhaps inoculation with 

nitrogen-fixing bacteria might help stabilize protein 

content. In 2008, inoculation of MFAI cultivars 

with two Azospirillum species provided by the 

TerraMax company of Minneapolis increased grain 

protein content by approximately 1% under unfer-

tilized conditions, but not under fertilized condi-

tions (Goldstein et al., 2019). 

 In 2009, I grew cultivars with Azospirillum 

inoculum but under N-limiting conditions on an 

organically managed field that had been in cereal 

crops and had not been fertilized for at least four 

years (Goldstein et al. 2019). Cultivars tested 

included: (1) 15 ex-commercial inbreds or S1 to S3 

generations of crosses between them, (2) 23 new 

commercial advanced breeding lines/inbreds from 

a cooperating seed company at the S5 to S7 level 

of inbreeding, (3) 26 breeding lines from the 

MFAI organic breeding program (S1 to S3), and 

(4) 13 exotic landraces obtained from the USDA 

ARS Plant Introduction Research and selected 

because of their unusually high methionine and 

lysine content. Groups 1 and 2 had been previ-

ously selected under conventional management. 

Group 3 was in development mainly from popu-

lations grown for multiple years under organic 

management. 

 The chlorophyll content of leaves parallels N 

content to a high degree, so determination of 

chlorophyll content with meters is generally used as 

a quick, practical way to determine whether the N 

uptake by the corn plant is sufficient or deficient. 

Leaf chlorophyll scores averaged 37 for the older 

commercial inbreds or recent breeding lines 

derived by crossing them, 40 for the new commer-

cial breeding lines which were close to being fin-

ished inbreds, 45 for the early MFAI breeding lines 

derived from organically managed populations, and 

54 for the exotic landraces. The percentage of lines 

within each group with scores of 50 or over (show-

ing N sufficiency) were 8% for the conventional 

lines/inbreds, 34% for the MFAI breeding lines, 

and 65% for the exotic landraces. Multiple races 

from Mexico and South America produced dark 

green leaves with levels of chlorophyll scores in the 

high 50s and low 60s, suggesting that they had 

been heavily fertilized. Several of these varieties 

had invested less in root dry matter than adjacent 

conventional lines, so the difference could not eas-

ily be explained by having larger, more extractive 

roots. 

 Grains were tested for isotope composition 

utilizing the natural abundance method (Boddey et 

al., 1991). The decreased δ15N signatures on N 

from grain samples indicated that some of the dark 

leafed landrace cultivars might have fixed up to 

half of their nitrogen from the air (Goldstein et al., 

2019). On the other hand, isotope results also sug-

gest longer-term selection of breeding lines under 

biodynamic/organic conditions increased in δ15N 

isotope ratio in the grain and tops, which indicated 

greater accumulation of N from microbial biomass 

(Craine et al., 2015). Nitrogen fixation in corn has 

been shown occur by others (see review by Gold-

stein, 2016; and recent research on a Mexican 

landrace done by Deynze et al. 2019). 
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Following publication of results in 2019, I was 

contacted by Dr. James White, a plant biologist at 

Rutgers University, New Brunswick, NJ, who 

thought that he could explain many of my results 

with the concept of rhizophagy. Rhizophagy is a 

recently discovered, and not well understood, 

widespread plant/bacterial partnership associated 

with nutrient acquisition by plants (White et al., 

2018). Endophytic bacteria live and multiply by 

budding in the periplasmic space of root cells 

located in root tips (White et al., 2018). The 

bacterial cells are buffeted by reactive oxidative 

substances (ROS) secreted by host cell plasma 

membrane oxidases. As the root cells age, the 

bacteria lose their cell walls and become naked 

protoplasts. Oxidation of the bacteria degrades 

cell walls and bacterial membranes, releasing 

proteins and minerals that are absorbed by the 

host cell. The surviving bacteria in older root cells 

stimulate production of root hairs. They are 

subsequently expelled by cyclosis out of root hair 

tips into the rhizosphere, where they grow cell 

walls again. Rhizophagy strongly stimulates root 

hair production, root branching, the production of 

root tips within which bacteria multiply, and N2 

fixation as measured by 15N gas uptake by seed-

lings (White et al., 2018, 2019a, 2019b; unpub-

lished research). The bacterial species involved in 

rhizophagy originate from the seed itself, but fresh 

soil bacteria are recruited into root cells behind 

the root tip in the zone of maximal root exuda-

tion. ROS induced by this partnership stimulates 

higher levels of plant resistance to stresses 

(Choudhury et al., 2017; Kandel et al., 2017). ROS 

in turn induces microbial production of methio-

nine as a protective mechanism against oxidation 

(Arts et al., 2015; Luo & Levine, 2009), and 

thereby might affect methionine accumulation by 

plants. The increased supply of methionine, and 

hence its accumulation in non-zein and β- and δ-

zeins instead of α-zein proteins, may explain the 

opaque phenotype and why it disappears in some 

opaque lines when the plants are fertilized with 

mineral sources of nitrogen. Hybrids that respond 

to N fertilizer have been found to respond to min-

eral N fertilization by increasing the concentra-

tions of α- and γ-zeins and translucence in their 

kernels (Tsai et al., 1992). 

 Disinfection of the seed-borne bacteria associ-

ated with rhizophagy strongly reduced root branch-

ing and uptake of macro- and micronutrients 

(Irizarry & White, 2018; Verma, Kingsley, Bergen 

et al., 2017, Verma, Kingsley, Irizarry et al., 2017; 

Verma & White, 2018). Disinfection also stopped 

N2 fixation in seedlings of maize (White et al., 

2015; White, unpublished research). 

 The White lab at Rutgers found a high inci-

dence of rhizophagy and enhanced root hair pro-

duction in the roots of Mandaamin seedlings from 

different inbreds that were axenically grown. The 

putative N2-fixing inbred C4-6 stood out among 

Mandaamin inbreds in appearing to have aggre-

gates of bacteria embedded in a biofilm. Conven-

tionally bred inbreds that were grown in the same 

breeding nursery lacked any sign of rhizophagy 

(Goldstein et al., 2020). These results supported 

earlier unpublished work by Dr. White. 

Part 3. Research Coalitions and Their 
Achievements 

During the first decade of the millennium, I made 

efforts to work with other small-scale corn breed-

ers in a cooperative way. The efforts included seed 

exchanges with Frank Kutka, who bred early open-

pollinated populations for northern climates in 

Wisconsin and North Dakota, often using exotic 

corn in his crosses, and with Carl Barnes from 

Turpin, OK, who selected native corn for distribu-

tion back to Indigenous people. The most robust 

relationship was with Herman Warren, a retired 

professor of plant pathology, internationally known 

for his work in breeding disease-resistant corn, 

who had worked for USDA ARS at Purdue Uni-

versity and at Virginia Tech University. Dr. Warren 

bred for decades, adapting Mayorbela, an extremely 

disease- and insect-resistant landrace from Puerto 

Rico to cultivation in the Midwest and Southeast. I 

was encouraged by his results: despite generations 

of inbreeding, many of Dr. Warren’s disease-

resistant inbreds maintained substantial vigor and 

still displayed some useful variation. I developed a 
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cooperative crossing and breeding program with 

Dr. Warren and also utilized the inherent instability 

in his lines for selecting opaque kernels and adapt-

ing for shorter-season Wisconsin conditions. Fol-

lowing Dr. Warren’s death in 2015, I continued to 

work with his family to continue the cooperative 

breeding project at the Mandaamin Institute and to 

develop commercial grade inbreds and hybrids. 

 In 2009/2010 a coalition was formed with 

public breeders Linda Pollak (USDA ARS), 

Margaret Smith (Cornell University), and Richard 

Pratt (Ohio State University), and with private 

breeder Kevin Montgomery to seek funding 

together for a cooperative research program from 

the new Organic Agriculture Research and Exten-

sion Initiative (OREI) Organic Research funding 

opportunity, with Dr. Pollak as the principal direc-

tor for the proposal. The grant was obtained, but in 

2008 other USDA funds were reallocated away 

from the portion of the Pollak program that was 

devoted to corn quality research, leading to insuffi-

cient funds to support her program and necessitat-

ing some kind of consolidation. In 2010 Linda 

Pollak retired. Her role was taken over by Dr. Paul 

Scott, a USDA crop geneticist, who also managed a 

more lab-oriented program concerned with 

selecting populations. 

 In 2011 the breeding program under my direc-

tion was transferred to the Mandaamin Institute in 

Elkhorn, WI, which was founded by myself, in 

order to take the work further. The appropriation 

funding stayed with MFAI and USDA. The Man-

daamin Institute was fortunate at this time to be 

receiving continued financial support from the 

NIFA grant, the Ceres Trust, private supporters, 

and local organic farmers. The support of the 

Ceres Trust has been especially critical for ensuring 

the continuation of the project to the present. The 

coalition of breeders continued their breeding and 

testing work together on all sites until 2020. The 

first grant received by the team (USDA NIFA 

OREI 2010-02363), “Strengthening public corn 

breeding to ensure that organic farmers have access 

to elite cultivars,” ran 2010–2014. The main 

accomplishment was building the infrastructure 

required to support a public corn-breeding effort 

for organic production systems. Crucial 

infrastructure items included: 

1. The United States Testing Network 

(USTN), a cooperative testing network 

that carries out agronomic evaluations of 

corn hybrids in both conventional and 

organic environments. This network gave 

public breeders and small private breeders 

access to evaluation resources comparable 

to those of large plant-breeding compa-

nies. This network became self-supporting. 

2. A certified organic winter nursery, estab-

lished with researchers at the University of 

Puerto Rico near Lajas, allowed corn 

breeders to produce two generations of 

corn a year, doubling the rate of gain of 

the programs that used it. An eOrganic 

webinar (Brunner et al., 2014) documented 

our approach to carrying out this winter 

nursery, which served as a critical resource 

for our second award. 

3. A joint catalog of germplasm available to 

public researchers, which was the founda-

tion for the breeding efforts carried out in 

subsequent breeding programs. Other 

products of the proposal included breed-

ing families in various stages of develop-

ment, 16 peer-reviewed scientific publica-

tions and other publications, and two 

graduate students and several undergradu-

ates trained. Results were disseminated in 

field days, a website, and in lectures by the 

PIs. 

 The second grant received by the team (USDA 

NIFA OREI 2014-05340), “Breeding non-

commodity corn for organic production systems,” 

ran 2014–2019. This project took advantage of the 

infrastructure developed in the previous proposal 

to develop a germplasm pipeline for organic 

producers. 

 The focus of our breeding efforts was on 

traits of value to organic producers, including 

nutritional quality, native insect and disease 

resistance, N efficiency, ability to exclude GM 

pollen, and specialty varieties for food and feed. 

The cornerstone product of this project was a 

breeding study in which the best inbreds from 

each program were combined to form inter-

institutional hybrids, which were evaluated by all 
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cooperators (Huffman et al., 2017). This study 

informed decisions about how best to use the 

germplasm resources of the group in cooperative 

breeding efforts targeting the specific traits of 

interest. Major products of the grant included 

inbreds at various stages of release that combine 

high methionine and cross-incompatibility traits 

needed by organic farmers, two germplasm 

releases, release and farmer use of three high-

methionine, open-pollinated varieties and several 

high-methionine hybrids in larger-scale strip trials 

and production by farmers and one organic seed 

company, 14 peer-reviewed scientific publications, 

seven other publications, and a webinar on corn 

breeding. Two graduate students and many under-

graduate interns received training. Results were 

disseminated through field days, our website,1 
webinars, and lectures and meetings featuring the 

principal investigators (PIs). 

 Another important accomplishment was eluci-

dation of the molecular mechanism of the pollen 

exclusion trait by the Scott lab (Lu et al., 2020). 

Contamination by pollen from GM plants is a seri-

ous threat to organic seed producers, farmers, and 

consumer perception that organic feed and food is 

non-GM. One option for reducing risk is using the 

genes Ga1 and Tcb1, found in teosinte (wild corn), 

in landraces of sweet and field corn, and in pop-

corn from Central America (De la Cruz Larios et 

al., 2008; Padilla Garcia et al., 2012), which convey 

gametophytic incompatibility or cross incompati-

bility. They minimize the chance of pollination by 

pollen that does not possess the same alleles. Corn 

can avoid GM contamination if it has these genes 

in a homozygous or, more rarely, in a heterozygous 

condition. Therefore, an area of common interest 

for three members of the team was developing 

commercial-grade varieties that had the cross-

incompatibility trait. In particular, Paul Scott 

attempted to develop a genetic marker system for 

the cross-incompatibility genes. Cornell University, 

the Mandaamin Institute, and USDA ARS also 

developed cross-incompatible breeding lines. Our 

program was substantially assisted in its efforts to 

develop cross-incompatible corn through coopera-

tion with Dr. Major Goodman of North Carolina 

 
1 http://eorganic.info/cornbreeding 

State University, who had transferred a combina-

tion of Tcb1 and Ga1 from Mexican sweetcorn to 

Corn Belt corn (Jones, 2018) and helped us to 

transfer it from there to our corn. 

 Team members presented results from the 

project both in academic papers (Goldstein et al., 

2019) and at academic and organic farmer 

conferences. Margaret Smith presented results at a 

NY Certified Organic Conference in 2020 and at 

an organic field day in 2019. In 2019, I presented 

results to farmers at organic conferences in Spring-

field and Champaign, IL, and in Shakopee, MN. All 

sessions included feedback from farmers. In 2019 

findings of the Mandaamin research on breeding 

with microbes were presented at the Crop Science 

Society of America meetings, and Richard Pratt 

presented on landrace corn at the Rocky Mountain 

Seed Alliance Grain School. 

 Cooperating farmers participated in on-farm 

trials in MN, NM, NY, ND, SD, WI; in annual 

summer field days and winter open-house events in 

MN, NY, ND, WI, and in seasonal grower and 

university site visits in NM. WI events were 

attended by 40 to 90 people, mainly farmers. They 

included presentations from multiple OREI team 

members (Montgomery, Scott, Goldstein) followed 

by 1–2-hour discussion sessions to obtain feed-

back. In 2020, I presented information on the pro-

ject to Northern Plains Sustainable Agriculture 

Society (NPSAS) farmers. Trials were run on five 

organic sites in MN, ND, and SD with early-

maturing hybrids from the Mandaamin program in 

conjunction with NPSAS farmers and North 

Dakota State University. Members of the NPSAS 

Farmer Breeding Club and the NPSAS board 

attended field events and met in a special retreat 

with me. 

 Through field days and my talks, farmers have 

articulated a keen interest in obtaining seed and 

seeing our programs evolve to meet their needs. A 

few farmers in WI who have been testing the high 

methionine corn have reported that they want cul-

tivars that combine competitive yields, high methi-

onine and carotenoid content, N efficiency, and 

cross incompatibility to pollen from GM plants. 

GM contamination of corn can cause milk proces-

http://eorganic.info/cornbreeding
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sors to drop farms or shipped grain to be rejected, 

and restrictions have been tightened. Two organic 

farmers—Mark Zinniker, Elkhorn, WI, and Moses 

Beiler, Rewey, WI—are growing the high-

methionine corn and have fed it, without synthetic 

methionine, to small flocks of layers. Beiler (per-

sonal communication, 2019) reported that egg pro-

duction went up in comparison to feeding with a 

balanced commercial organic diet that included 

commercial hybrid corn grain plus synthetic 

methionine inputs.   

 Interaction has occurred with large and small 

companies, including those engaged in organic 

seed, feed, poultry production, and grain market-

ing. Long-term dialogue has occurred with a con-

sortium of organic poultry companies, the 

Methionine Task Force, about the need for high-

methionine corn hybrids that can yield competi-

tively with commercial hybrids. Feedback from 

several large feed producers and consumers indi-

cates that many large organic poultry companies 

seem afraid to use the high-methionine corn, prob-

ably because if they do the USDA will ban the use 

of synthetic methionine. 

The Mandaamin Institute has been testing its N-

efficient/putative N2-fixing corn with organic and 

conventional farmers, UW-Extension, NRCS per-

sonnel, and a citizen-based water quality group in 

Pepin County, WI, led by Dr. Micheal Travis. 

There is interest in reducing nitrate contamination 

of well water. Farmers have been encouraged by 

yield results with Mandaamin hybrids, when 

fertilizer inputs were reduced. 

During the period of the two grants and beyond, 

the Foundation Direct Seed Company (FDS) in 

Onalaska, WI, has helped the Mandaamin Institute 

to multiply seed of high-methionine, N-efficient 

inbreds and has produced hybrid seed in winter 

nurseries. In 2020, FDS and the Mandaamin Insti-

tute grew approximately 50 acres (20 hectares) of 

inbred or hybrid production seed corn for farmer 

trials near Onalaska and East Troy, WI. Since 2020, 

 
2 https://cornsoilhealth.web.illinois.edu/wp/ 

FDS has been marketing four of the Institute’s 

high-methionine hybrids. The Mandaamin Institute 

is also allowing its inbreds to be used for breeding 

purposes by several European companies. 

The Mandaamin Institute participated in a USDA 

NIFA OREI–funded grant managed by the Uni-

versity of Illinois (2017-02413), “Participatory 

breeding and testing The networks: A maize based 

case study for organic systems,” that ran 2017–

2022. Also called the Corn and Soil Health (CASH) 

project, the integrated multiregion project con-

ducted advanced on-farm research to identify bio-

physical and social and legal factors influencing the 

performance of organic maize cultivars and their 

dependent businesses.2 It was a participatory pro-

cess that incorporated end users into research and 

Extension activities done in concert with eOrganic. 

The objectives were to strengthen the organic seed 

supply and develop client-oriented breeding net-

works and business structures that deliver high-

yielding, nutritious, N-use efficient, and weed-

competitive genotypes adapted to organic systems. 

 The CASH project built a participatory testing 

and breeding program, conducted a maize-based 

case study to explore on-farm factors influencing 

crop fitness and grain quality, and identified how 

closing the loophole on allowing organic producers 

to purchase conventionally grown hybrids might 

promote client-oriented breeding programs to 

improve organic seed supply. Important inputs 

included promising cultivars, experienced advisors, 

and significant farmer insights. On-farm research 

was carried out on corn hybrids and synthetics, 

while structured experiments were carried out to 

assess the effects of soil health and plant-soil 

interactions on crop fitness and grain quality. 

 In 2018 and 2019, the Mandaamin Institute 

hybrids were tested in IL, IN, and WI for yield and 

quality in strip trials on 32 sites. The high-methio-

nine and carotenoid corn hybrid differed clearly 

from commercial hybrid checks by delivering sig-

nificantly more methionine, carotenoids, and trace 

minerals at comparable yield levels. Methionine 

levels in the Mandaamin corn averaged 43% to 

https://cornsoilhealth.web.illinois.edu/wp/
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57% higher than for the conventional corn. Dietary 

studies showed that use of the high-methionine 

corn in poultry diets would reduce the need for 

organic soybean meal and synthetic methionine 

and would enable a premium for grain that would 

displace some potential yield losses (University of 

Illinois, 2020; Goldstein et al, 2023). The value of 

extra carotenoids and minerals for poultry was not 

calculated. 

From 2017 to 2022, the Mandaamin Institute also 

carried out a project funded by USDA NIFA 

SARE, “Testing N efficient, high methionine corn 

hybrids with organic farmers,” which utilized strip 

trials in tandem with the OREI:2017-02413 grant 

to do additional research on relationships between 

Mandaamin hybrids and nitrogen and mineral 

uptake dynamics. Results have been published in 

the form of a SARE report (Goldstein, 2022). The 

hybrids were studied in the context of different 

farming systems and soil fertility conditions. Stud-

ies with microscopy, field trials on different farms, 

and mineral and natural isotope analyses produced 

five key findings: (1) the plants exercised rhizoph-

agy cycles with seed associated bacteria, leading to 

N-efficiency in field trials, high levels of δ15N in 

tissues, and grain with higher protein and especially 

higher mineral contents; (2) these partnerships 

result in yields comparable to manured commercial 

hybrids, but no manure is added to the Mandaamin 

hybrids; (3) Hybrids with the Mandaamin inbred 

C4-6 as a parent particularly express these traits 

and also appear to fix N2; (4) The C4-6-based Man-

daamin hybrids also respond negatively to fresh 

manure (from various animals) but positively to 

high soil organic N and to high soil protein levels 

resulting from cattle manure applications in pre-

ceding years; (5) The negative effect of fresh 

manure applications on the C4-6-based hybrids 

extended to yield and mineral uptake, a problem 

exacerbated on soils with low organic matter 

content. 

 The work was made possible with the help of 

many organic and biodynamic farmers. USDA ARS 

at Morris, MN (A. A. Jaradat, Chris Wente, and 

Jane Johnson) did tissue analysis of corn for miner-

als and helped prepare samples for isotope analysis. 

Foundation Direct Seed Company (S. Mohr) con-

tributed seed and advice. Rutgers University (J. 

White, A. Lotfi, K. Kingsley, and others) contrib-

uted rhizophagy research on maize seedlings, 

advice on interpreting our results, and continuous 

inspiration based on their research findings. Uni-

versity of Wisconsin Extension (Mike Travis) and 

Pepin County Conservation (Chase Cummings) 

helped organize farmer events and meetings 

around the issue of N2-fixing corn and helped carry 

out on-farm research in NW Wisconsin. Wood 

Ends Soil Testing Lab and Cornell University 

assisted with extra soil quality tests. The Ceres 

Trust helped fund the project. 

 For some time, it remained a mystery why 

changes in the texture of grain should be associated 

with higher contents of nutrients, including miner-

als. Our results parallel findings at Rutgers that 

plants obtain extra N and minerals from microbial 

biomass in their roots (rhizophagy) while fixing N 

in their foliar tissues (Chang et al., 2021; Micci et 

al., 2022; Chang et al., 2023). Endophytes in foliar 

tissues and plant hairs are also bathed in oxidative 

substances, and nitrate is released around these 

bacteria. This dialogue of plants and microbes 

could explain both nitrogen fixation and the accu-

mulation of methionine in grain, as both nitric 

oxide and methionine are potent antioxidants that 

can foster bacterial survival in an oxidative envi-

ronment. We hypothesize that methionine produc-

tion by the bacteria makes more of it available to 

the plant and increases the supply available for 

storage in grain proteins (Wu & Messing, 2012). 

A new OREI-funded grant, “Partnership breeding 

of corn for organic production systems,” is ena-

bling research from 2022 to 2024 together with 

Rutgers University and others. Recent research at 

the White lab at Rutgers has outlined the potential 

biochemical interaction between plants and endo-

phytes living in epidermal trichomes and in epider-

mal cells and that this generates incorporation of 

nitrogen from the air (Chang et al., 2021; Micci et 

al., 2022). Initial research efforts show that within 

growing Mandaamin inbreds, nitrate-secreting bac-

teria are living in vascular tissues, in the profuse 

hairs in our cultivars, and in epidermal cells in 
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leaves and husks. The convoluted epidermal cells 

in the cultivars can harbor large colonies of bacte-

ria that stain for nitrate production. In some cases, 

the bacteria in these cells have also been found to 

be bathed in ROS as in root cells. The bacterial 

consortium responsible for the trait has been trans-

ferred to conventional corn that does not have 

these bacteria. We do not yet know whether trans-

ference of this microbiota will carry over to the 

next generation of plants. 

 A new organically managed winter nursery has 

been established in Chile. Recent inspection in 

Chile of the Mandaamin inbreds bred for N effi-

ciency suggest that the effects of evolution and 

selection are causing a convergent development of 

phenotypes in breeding families from widely differ-

ent genetic backgrounds. Seedlings tend to possess 

profuse, even bottlebrush-like root hairs, while 

mature plants have healthy, profusely branched 

rooting systems in the topsoil. As selection and 

adaptation progress, plants are appearing that tend 

to produce hairy to pilose leaves and leaf sheaths, 

and thick, often folded and buckled leaves with 

high chlorophyll contents. 

Part 4. The Value of the Effort 
and the Findings 
The research results we have shown, and especially 

the return to utilization of endophytes (Chang et 

al., 2023) has substantial implications that could 

help US corn production to become more 

sustainable. 

This paper has documented the progression of a 

program that has produced nutrient-dense corn 

that obtains its nitrogen from microbial sources. 

The survival and development of the program has 

depended on numerous temporary partnerships 

between dedicated people and institutions, with 

relatively low investments in research funding and 

professional commitment by the publicly funded 

agricultural system. 

 To understand the significance of the findings, 

we should consider corn in the context of the pre-

sent world situation. To live more sustainably and 

to mitigate climate change, humanity needs to find 

alternatives to the massive use of energetically and 

monetarily expensive and nonrenewable nitrogen 

fertilizer. Its breakdown product, nitrate, pollutes 

our groundwater and rivers and lakes, creates 

hypoxic dead zones in the oceans, and releases the 

potent greenhouse gas nitrous oxide into the 

atmosphere. Our political-economic system is cur-

rently locked in a paradigm that causes this system-

atic pollution. Conventional thought leads to no 

practical solution or major regulation that can 

reverse the trend. Corn, both the most productive 

cereal and the primary consumer of N fertilizer, 

has been selected for a century to depend on 

nitrate fertilizers. Corn is also the major field crop 

for organic farmers who use inputs such as chicken 

manure to provide the nitrate and ammonium that 

corn needs to produce high yields. 

 The Mandaamin Institute has bred corn that 

seems to grow well with neither direct applications 

of manure nor nitrogen fertilizer inputs. The part-

nership approach differs from the usual top-down 

mechanistic approaches in that it involved holistic 

attention and respect for what has turned out to be 

corn plants evolving in symbiogenesis with micro-

bial partners (Goldstein, 2022; Chang et al., 2023). 

Initial studies indicate the resulting corn is compet-

itive in yield, has better nutritional value, and 

obtains more of its nitrogen from microbial bio-

mass and organic matter than does conventional 

corn. Its performance depends on plant/microbial 

partnerships that are seed-borne. These results are 

significant for breeders of other crops, who could 

utilize the philosophy and methods to improve 

quality and reduce needs for fertilizer and pesticide 

inputs. 

 There are multiple barriers to overcome. Yields 

of the better hybrids lag 10–15% behind conven-

tional hybrids under fertilized conditions, although 

yields for the Mandaamin hybrids may be better 

under unfertilized conditions. This yield drag can 

possibly be overcome by more effort to improve 

the heterotic potential of the Mandaamin breeding 

lines through breeding that improves the combin-

ing ability of inbreds, measured by yield-oriented 

selection and greater emphasis on yield trials. The 

higher nutritional value of the corn results in sav-

ings for the poultry farmer in feed costs, with 

reductions in need for soybean meal and synthetic 

methionine. Results from the CASH trials showed 
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that the extra nutritional value in cost of feed could 

be transferred to the grain producer, enabling a 

sufficient markup in price of grain to offset the 

lower yield. 

 Another barrier is that some larger-scale 

organic poultry producers may be afraid that use of 

the Mandaamin corn will replace the need for syn-

thetic methionine. Synthetic methionine is a rela-

tively cheap input for farmers. Indeed, Mandaamin 

corn has the potential of reducing or eliminating 

the need for synthetic methionine. If the use of the 

high-methionine corn becomes widespread, as a 

consequence the USDA may then further restrict 

the use of synthetic methionine for feeding organic 

poultry. This would make organic poultry farmers 

dependent on high methionine corn, which might 

be more expensive, but would enable cost efficient 

feed due to a reduction in the need for organic soy-

bean meal (Goldstein et al., 2023). Progress on this 

front depends on the proactive work by organic 

poultry industry and by USDA. 

 A third major barrier is the regulatory loophole 

in organic regulations that allows organic farmers 

to purchase conventionally-grown, non-treated 

hybrid seed. This loophole needs to be closed as it 

results in reduced investments in organic seed pro-

duction as farmers purchase cheaper conventional 

seed from companies that do not have a demon-

strated interest in breeding corn for organic 

agriculture. 

 Despite its obvious potential, efforts to further 

improve and implement the use of such corn as we 

have developed have received minor support. They 

deserve even stronger partnerships and investment 

in order to reduce problems with N fertilizer 

overuse. Organic poultry farmers need high-

methionine, high-carotenoid corn grain, while 

organic corn producers need high-yielding, high-

methionine corn hybrids that yield competitively. 

Therefore, it is important that more significant 

players in the agricultural industry begin to support 

the testing and introduction of the new kind of 

corn in the farming world, to take it to the next 

step.   
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