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ABSTRACT 

CROP DOMESTICATION IMPACTS ON RHIZOSPHERE INTERACTIONS 

AND NITROGEN ACQUISITION 

Synthetic nitrogen (N) fertilizer is an essential pillar of modern industrial agriculture. 

Production and application of synthetic N fertilizer, however, are two of the most expensive, 

energy intensive, and environmentally deleterious processes in agriculture. Therefore, 

alternative means of providing N in an agroecosystem are of great interest in sustainable 

agriculture. While many solutions – from cover cropping to intercropping – have been 

suggested over time it remains unclear if the modern high-yielding crops can thrive in these 

alternative N conditions. Decades of breeding under high synthetic N input as well as the 

inherently annual nature of these modern cereal crops may prevent them from fully taking 

advantage of these alternative N sources. In this dissertation, I explored the impact of 

domestication on crop rhizosphere interactions and N acquisition, in both retrospective 

and prospective terms. 

First, I investigated how modern maize (Zea mays subsp. mays), and its wild relative 

Teosinte (Zea mays subsp. parviglumis) differed in their ability to adapt to, and take up, 

cover crop residue N and synthetic N inputs. We designed a 13C (carbon)/15N dual isotope 

labeling experiment in which we compared the C allocation patterns of modern maize and 

teosinte in response to synthetic (urea) and organic (cover crop residue) forms of N. 

Teosinte responded to organic N by increasing its biomass root-to-shoot (R:S) ratio by 50% 

compared to synthetic N, while modern maize maintained the same biomass R:S ratios in 
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both N treatments. Recent photosynthate R:S ratio (measured using 13C-CO2, 7 weeks after 

establishment) was greater in organic N than in synthetic N treatments for both modern 

maize and teosinte (91% and 37%; respectively). Label-derived dissolved organic C (DOC), 

representing recent rhizodeposits, was 2.5 times greater in the organic N treatments for 

both genotypes. Modern maize took up a similar amount of organic N as teosinte using 

different C allocation strategies. Our findings suggest that intensive breeding under high N 

input conditions has not affected this modern maize hybrid’s access to organic N sources 

while improving its ability to take up synthetic N. 

Next, I shifted my focus to the novel perennial grains Kernza and perennial wheat. Kernza® 

is a domesticated intermediate wheatgrass (IWG, Thinopyrum intermedium). Perennial 

wheat is a hybrid between Kernza/IWG and modern annual durum wheat (Triticum 

turgidum subsp. durum). Kernza, in addition to being a perennial, may still possess 

beneficial belowground traits that may have been lost in modern cereals through millennia 

of aboveground-focused plant breeding. If so, such traits may be passed down to perennial 

wheat. 

To characterize root architecture, exudate profiles, and microbial communities of Kernza 

and perennial wheat in relation to annual wheat, I conducted a greenhouse experiment. We 

grew three genotypes/species (Kernza, perennial wheat, annual wheat) and collected their 

root exudates after 8 weeks of growth. The exudates were analyzed via LC-MS/MS for their 

chemical composition. We extracted DNA from rhizosphere soils and sequenced them for 

16S and ITS profiles. Lastly, we scanned the roots to analyze root distribution across 

different diameter classes. We found that perennial wheat invested more heavily into very 
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fine (< 250 µm) roots compared to annual wheat and Kernza. Perennial wheat also exuded 

at a greater rate of exudates per amount of root biomass. We suspect that the greater 

proportion of very fine roots in perennial wheat led to greater surface area and greater 

specific exudation rate, and that this may be related to hybrid vigor. We did not find 

evidence of a genotype effect on root exudate or microbial community composition. 

However, root exudates (overall metabolite profiles) significantly correlated with root 

architecture (distribution of root volume over different diameter classes) and the microbial 

community composition. These interactions represent a potential pathway through which 

plants can exert influence over the rhizosphere microbial community. Overall, these results 

emphasize the importance of root architecture in mediating belowground interactions. 

Understanding rhizosphere dynamics and the response to domestication and hybridization 

can guide further development of robust perennial cereal crops. 

In a third experiment, I studied how Kernza, perennial wheat, and annual responded to 

cereal-legume intercropping (biculture) in the field. To do so, we planted each of the three 

genotypes in monoculture or in biculture with alfalfa (Medicago sativa). We sampled their 

rhizosphere over two growing seasons and extracted soil DNA to construct rhizosphere 16S 

and ITS profiles. We hypothesized that 1) rhizosphere microbial community composition of 

annual wheat and Kernza will be most dissimilar from each other with perennial wheat 

intermediate, and 2) microbial community composition will shift in biculture, with the 

greatest change in Kernza and the smallest in annual wheat. We found that the rhizosphere 

16S profiles differed significantly from the other two genotypes but the 16S profile of 

perennial wheat did not differ from that of annual wheat. Perennial wheat seemingly 
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inherited microbial recruitment traits of its annual parent more so than its perennial 

parent’s. Interestingly, inclusion of legumes led to the convergence, rather than divergence, 

of 16S profiles among genotypes. We postulate that the competitive pressure of alfalfa may 

have led to this convergence of 16S profiles across genotypes. The fungal community did 

not show evidence of genotype effect. However, the fungal community composition 

changed over two years in monoculture but not in biculture. This result implies that fungal 

community may become distinct over time if it is influenced by only one genotype (i.e., 

monoculture) rather than two (i.e., biculture). In conclusion, we found evidence of 

genotype-driven microbial community assembly that changed with legume’s competitive 

pressure. The inheritability of microbial assembly was present but skewed towards the 

annual parent. Our study demonstrates the importance of including rhizosphere 

interactions in our evaluation of novel cereal crops in and out of cereal-legume biculture. 

In a final study, I investigated how rhizosphere microbial ecology of these three genotypes 

(Kernza, annual wheat, and perennial wheat) could be linked to their ability to acquire N 

from neighboring alfalfa plants. We designed a greenhouse study in which we planted all 

three cereals in monoculture or in biculture with alfalfa and used 15N leaf feeding technique 

to track the movement of N from alfalfa to cereals. In addition, we also extracted DNA from 

the soil and sequenced it for 16S rRNA profiles. Arbuscular mycorrhizal fungi (AMF) 

infection rate was also measured on all cereals and legumes. We hypothesized that: 1) 

annual wheat would produce the greatest biomass but Kernza would have highest 

proportion of legume derived N in its biomass, 2) all microbial communities will shift in 

biculture, with the greatest change in Kernza and the smallest in annual wheat, and 3) 
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Kernza would have the highest rate of infection from AMF, especially in biculture. 

Surprisingly, we found no evidence of genotype or cropping system (monoculture or 

biculture) effect on either proportion or absolute amount of N derived from legume. We did 

find, however, that DOC concentration was higher in cereal rhizosphere grown in biculture 

than in monoculture, suggesting greater belowground investment in exudates when the 

grasses are grown with a legume. Despite this trend, annual wheat had much lower 

microbial biomass carbon (MBC) level in its rhizosphere compared to the perennials, in 

biculture. We contended that this may be due to substrate suitability of annual wheat’s 

rhizodeposit. We also found that AMF infection rate was in fact the lowest in Kernza. Lastly, 

we found that 16S profiles of all three cereals shifted towards that of alfalfa in biculture.  

This trend might suggest microbial spillover, wherein rhizosphere microbial community of 

one genotype colonizes that of a neighboring plant, from alfalfa rhizosphere. Overall, we 

demonstrated that quantifying the N transfer in the rhizosphere can provide important 

insight into how these genotypes may be inducing changes in soil biogeochemistry in 

response to neighboring legumes. 

In summation, this dissertation provides links between crop genotype, root exudate 

chemistry and rate, microbial community assembly, and their biogeochemical 

consequences, in alternative N environments. Deepened understanding of how complex 

rhizosphere interactions may affect internal N cycling could be leveraged to further 

optimize these unique systems such as perennial cereal-legume biculture. In doing so, we 

will be one step closer to a more sustainable future, that is less reliant on synthetic N 

fertilizers.  
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CHAPTER 1: INTRODUCTION 

1.1. The nitrogen problem 

Decades of technological leaps following the Green Revolution have birthed a behemoth 

that is modern industrial agriculture. Synthetic N fertilizer is an integral part of this 

machinery and has contributed greatly to its development. The Haber-Bosch process has 

allowed humanity to artificially fix N from the atmosphere and manufacture synthetic N 

fertilizer at industrial scale, which in turn contributed to a sharp increase in food 

production (Smil, 2001). As Smil (2001) famously put, 40% of humanity now owe their 

existence to the Haber-Bosch process. 

However, this awe-inspiring development comes with some heavy costs. These costs all 

originate from the energy-intensive nature of artificial N fixation. Production of synthetic 

fertilizer is an energetically demanding process that make up around 30% of all annual 

agriculture related energy expenditure in the US (based on 2014 data; Hitaj and Suttles, 

2016). This high energetic cost often translates to high financial costs. In 2023, fertilizers 

and other soil amendments amounted to about 12% of all on-farm operating costs in the 

United States (USDA National Agricultural Statistics Service, 2024). 

The energy-intensive nature of fertilizer production also means it contributes greatly to 

greenhouse gas (GHG) emissions. In 2018, production of N fertilizer emitted around 440 Mt 

CO2e globally, which is nearly 5% of all GHG emission attributed to agriculture for that year 

(Food and Agriculture Organization, 2018; Menegat et al., 2022). 
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Even though we invest vast amount of energy and money into manufacturing N fertilizers, 

around half of this N is lost before being taken up by crops (Coskun et al., 2017). Not only 

does this loss of N represent an enormous waste of energy, but it also leads to further 

environmental harm. Fertilizer N lost via leaching (often in the form of nitrate (NO3
-), can 

cause eutrophication downstream and cause health issues if found in drinking water in 

high concentration (Vitousek et al., 1997; Townsend et al., 2003; Coskun et al., 2017). 

Fertilizer N can also be lost in the form of N2O, a powerful GHG, further adding to the overall 

GHG emission attributed to fertilizer use (Coskun et al., 2017). In 2018, such gaseous loss 

was estimated to be around 450 Mt CO2-eq globally, and amounted to yet another 5% of all 

agriculture related GHG emissions that year (Food and Agriculture Organization, 2018; 

Menegat et al., 2022). 

Given its reliance on energy-intensive manufacturing process, detrimental environmental 

impacts, and lingering efficiency issues, alternative sources of N have been a focal point of 

efforts to achieve more sustainable agricultural systems through the years. 

1.2. Legumes as an N source 

Some of the solutions rely on the increased use of legumes (Crews and Peoples, 2004). 

Legumes recruit and foster microbes that can fix N from the atmosphere (biological N 

fixation; BNF), but without reliance on fossil fuels (Crews and Peoples, 2004). Humanity 

has been leveraging BNF for soil fertility for a very long time, and some of those practices 

are still common today. 
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One such example is cover cropping. Cover cropping involves growing non-crop plant 

species between periods of main crop cultivation (Parr et al., 2011). Cover crops often 

include legume species to provide N for subsequent crops in the rotation. Though amount 

of legume-derived N available to the following cash crop can vary widely, one study 

estimates that up to 170 kg N ha-1 was biologically fixed by hairy vetch cover crop (Parr et 

al., 2011), indicating that N-fixing cover crops can provide most if not all the N required by 

the subsequent cash crop. 

Another solution involving legumes is intercropping. If cover cropping incorporates 

legumes in time, intercropping incorporates legumes in space. In intercropped plots, one 

crop is planted next to another crop, often in alternating rows. When one of the planted 

crops is a legume, it can act as a N source for the neighboring cereal, with one study 

reporting that up to 30% of legume N ended up in neighboring grass 60 days later 

(Rasmussen et al., 2019a). 

1.3. Domestication and breeding problem 

One aspect of modern industrial agriculture may complicate the implementation of these 

solutions. Recent breeding efforts for many modern crops have occurred in high-input 

(including synthetic N) systems and thus newer varieties may be optimized for those 

systems. As a result, modern crops boast higher yield compared to their progenitors but 

they may have also lost traits that would allow better access to alternative forms of N (e.g., 

from cover crops or manure) that likely dominated before the green revolution (Isaac et al., 

2021). 
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For example, taking up cover crop residue N requires depolymerization and mineralization 

of these larger organic molecules into smaller monomers or inorganic forms of N (Daly et 

al., 2021). These processes are performed by soil microbes, whom plants can recruit and 

assemble by modulating root exudate rate or chemistry (Zhalnina et al., 2018; Daly et al., 

2021). Some have questioned to what extent modern crop varieties can still recruit 

beneficial microbes able to mineralize cover crop residue into plant available N (Pérez-

Jaramillo et al., 2016). Furthermore, rhizodeposits by plants have been shown to increase 

microbial degradation of soil organic matter (SOM) leading to greater N availability (de 

Graaff et al., 2009). Since modern breeding has focused its attention on maximizing 

aboveground biomass/yield, it is possible that we inadvertently selected against 

belowground resource allocation that would increase soil N availability (Isaac et al., 2021). 

Acquiring N from an intercropped legume is yet another matter. There exists a myriad of 

different pathways that N could take from legumes into neighboring cereals (Høgh-Jensen, 

2006). One indirect pathway is through depolymerization, mineralization, and uptake of N 

from legume above and belowground residues (Høgh-Jensen, 2006). Other pathways are a 

bit more direct, such as direct root-to-root transfer, wherein small, N-rich compounds are 

exuded by legume roots and quickly taken up by nearby cereal roots (Høgh-Jensen, 2006). 

Another is through common mycorrhizal networks (CMNs), wherein the same arbuscular 

mycorrhizal fungi infect both legumes and cereals and facilitate movement of N between 

the two plants (He et al., 2003). Taking advantage of these two direct pathways would be 

predicated by certain rhizosphere traits – different root morphology to better reach legume 

roots for root-to-root transfer or greater arbuscular mycorrhizal fungi symbiosis leading to 
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greater chance of CMN-mediated N acquisition (He et al., 2003; Høgh-Jensen, 2006). 

Again, selective pressure for greater yield under high synthetic N input system could have 

inadvertently selected against the beneficial rhizosphere traits (Pérez-Jaramillo et al., 2016; 

Isaac et al., 2021). 

Indeed, there is evidence to suggest domestication and/or intensive breeding affect root 

architecture (Gioia et al., 2015; Isaac et al., 2021), root exudate chemistry (Iannucci et al., 

2017), and microbial community assembly (Pérez-Jaramillo et al., 2016; Brisson et al., 

2019)., but the overall impact on rhizosphere processes and crop N nutrition remains 

poorly understood. 

1.4. Wild crop relatives and novel perennial crops 

Exploring how domestication and breeding interact with these alternative N sources (i.e., 

cover crop and cereal-legume biculture) is the main objective of the following chapters. In 

chapter 2, I compare modern maize with teosinte, its wild crop relative. Since teosinte has 

survived in the wild for the past 10,000 years, there is reason to believe that it would be 

better adapted to low synthetic N, high organic N environments (Doebley, 2004). In this 

experiment I used both 13C and 15N stable isotopes to track the movement of C (plant 

resource allocation pattern) and N (nutrient acquisition pattern). 

Next, I consider newly developed perennial grain crops and examine to what extent they 

can manipulate their rhizosphere communities to take advantage of intercropped legume 

N. Kernza® and perennial wheat are both novel perennial cereal crops with great 

agroecological promise. The former is domesticated intermediate wheatgrass (IWG, 
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Thinopyrum intermedium) and the latter is a hybrid between IWG and an annual durum 

wheat (Triticum turgidum subsp. durum) (DeHaan et al., 2023). Kernza, only recently 

domesticated, may still possess beneficial root traits that allow for greater N uptake in 

cereal-legume intercrops. Perennial wheat, being a hybrid of IWG and annual wheat, may 

have inherited some of these beneficial traits. It is worth noting that perennial cereal grains 

hold promise for ecological benefits far beyond the realm of N uptake. They have potential 

to regenerate soil health across agricultural landscapes through reduced/eliminated need 

for tillage and extensive root systems that can rebuild SOM (Crews et al., 2016). 

For Chapter 3, I examined Kernza, perennial wheat, and annual durum wheat in 

monoculture. This experiment was performed in a greenhouse under a more controlled 

environment that allowed me to gain a mechanistic understanding of plant-rhizosphere 

interactions. I analyzed root architecture, exudation rate and chemical composition, and 

soil microbial communities to understand how these traits may influence one another.  

Chapter 4 describes results from a field trial in which I planted the three cereals in and out 

of cereal-legume intercrops. I analyzed microbial community composition to evaluate how 

cereal genotype modulates soil microbial communities under more realistic field 

conditions. 

Lastly, in Chapter 5, I report on another greenhouse experiment in which I examine the flow 

of N transferred from a legume (alfalfa) into perennial cereals (Kernza, perennial wheat). I 

measured the rhizosphere microbial community composition to ascertain whether 

microbial community affects amount of N transferred from legume to cereals.  
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CHAPTER 2: A TEOSINTE AND MODERN MAIZE HYBRID USE DIFFERENT CARBON 

ALLOCATION STRATEGIES IN RESPONSE TO COVER CROP RESIDUE NITROGEN1 

2.1. Introduction 

Modern maize (Zea mays subsp. mays) and one of its wild relatives, Balsas teosinte (Zea 

mays subsp. parviglumis; hereinafter referred to as ‘teosinte’), diverged in their 

evolutionary paths approximately 10,000 years ago (Doebley, 1990, 2004). Teosinte 

remained wild, evolving in the similar environments of Mesoamerica that their common 

ancestors lived in (Doebley, 1990, 2004). On the other hand, modern maize has undergone 

dramatic changes through continued selection by farmers and plant breeders, thus 

increasing its yield dramatically (Ranum et al., 2014; USDA National Agricultural Statistics 

Service, 2017). With the onset of the Green Revolution, modern maize development largely 

occurred under a regime of high synthetic fertilizer inputs and frequent mechanical soil 

tillage (York et al., 2015; Schmidt, 2020). Higher yields in modern maize varieties have been 

associated with higher nitrogen (N) requirements (Taylor, 1994; USDA National Agricultural 

Statistics Service, 2017). High synthetic N inputs to meet this demand have contributed to 

multiple negative environmental outcomes, such as groundwater pollution and climate 

change (Galloway et al., 2008; Bobbink et al., 2010). In response to these threats, 

alternative nutrient management strategies have been promoted, including the use of 

organic N sources such as cover crops (Dabney et al., 2001). Leguminous cover crops can 

 
1 Published as: Hwang, S., Machmuller, M.B., Gaudin, A.C.M., Fonte, S.J., 2024. A teosinte and modern maize 
hybrid use different carbon allocation strategies in response to cover crop residue nitrogen. Plant and Soil. 
doi:10.1007/s11104-024-06494-0 

 

https://doi.org/10.1007/s11104-024-06494-0
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provide large quantities of N and contribute to a suite of other ecosystem services (Blanco‐
Canqui et al., 2015; Abdalla et al., 2019). However, N uptake from organic sources, such as 

cover crops residue is more complex, and further study is needed to optimize plant N 

uptake and supply from these sources (Grandy et al., 2022). 

Modern maize and teosinte evolved in distinct environments that are synthetic- and 

organic-N dominated, respectively (Doebley, 1990; Gaudin et al., 2011). Thus, the two 

genotypes may differ in their abilities to utilize synthetic and organic sources of N. This may 

be mediated by differences in belowground carbon (C) allocation in biomass and 

rhizodeposits to support organic N cycling for uptake. Additionally, plants’ ability to take up 

organic monomers such as amino acids could impact organic N uptake (Näsholm et al., 

2009). 

Organic N (e.g., from compost, manure, decomposing plant residues) requires 

depolymerization to organic monomers and/or further mineralization to inorganic N forms 

to be plant-available (Daly et al., 2021). This process is carried out by soil microbial 

communities and the exoenzymes they produce (Weintraub et al., 2007). Because 

synthesizing exoenzymes comes with metabolic costs, microbial communities receiving a 

greater amount of labile C from nearby plant roots may be able to synthesize more N-

cycling enzymes(Weintraub et al., 2007; Meier et al., 2017). This, in turn, would lead to a 

greater rate of N mineralization (Weintraub et al., 2007; Meier et al., 2017; Kelly et al., 

2022b) and plant N supply. Given its continued evolution in natural environments, wherein 

N supply is scarce, teosinte may have better-retained traits that facilitate microbial N 

cycling from organic N sources, possibly through a greater investment of its photosynthate 
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C belowground (Gaudin et al., 2011; York et al., 2015). At the same time, high levels of 

synthetic N input (e.g. urea fertilizer) may have selected against this N acquisition strategy 

in modern maize, in favor of greater C allocation aboveground (York et al., 2015; Schmidt, 

2020). 

Even though modern maize and teosinte differ vastly in physiology, little is known about 

how these traits affect organic N uptake. Modern maize and teosinte can modify their root 

structure in response to different levels of synthetic N inputs (Gaudin et al., 2011). It has 

also been shown that the two genotypes support distinct rhizosphere microbial 

communities (Brisson et al., 2019) and microbial enzyme activities involved with N-cycling  

(Schmidt et al., 2020). An et al. (2015) found that modern maize increases its belowground 

C allocation (in both root biomass and rhizosphere soil) in response to increasing organic N 

addition (manure). Still, there remains a need to concretely link the C allocation plasticity 

of each genotype to N uptake patterns for both synthetic and organic forms of N. 

We examined the response of a modern maize hybrid and a teosinte (subsp. parviglumis) to 

both synthetic and organic N amendments. We used 15N isotopic enrichment of N sources 

to evaluate the uptake of synthetic (urea) vs organic N (cover crop residue). We also utilized 

13C-CO2 pulse labeling to track short-term C allocation in modern maize vs teosinte in 

response to distinct N environments. We hypothesized that compared to modern maize, 

teosinte will (1) allocate a greater proportion of its photosynthate C belowground when 

provided with organic N, resulting in (2) greater recent C assimilation into the microbial 

pools, and subsequently, (3) greater uptake of organic (cover crop-derived) N. 

Understanding how modern maize and its wild relative differ in their access to cover crop N 
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is important for developing new maize varieties adapted to more sustainable systems, 

especially in the context of evolving agroecosystem paradigms that aim to rely on organic N 

sources for meeting crop nutrient demands. 

2.2. Methods 

2.2.1. Experimental Design 

This research was conducted in a greenhouse at the Plant Growth Facility at Colorado State 

University, in Fort Collins, Colorado, USA. We used soil mesocosms and dual stable 

isotope (13C and 15N) labeling to understand how distinct Zea mays genotypes respond to 

different sources of added N. A modern variety (Zea mays subsp. mays, DKC64-69, DeKalb 

Genetics Corporation, IL) and teosinte (Zea mays subsp. parviglumis, PI 566691, North 

Central Regional Plant Introduction Station, IA) were chosen among many other Zea mays 

subspecies to represent distinct ends of the domestication spectrum for this proof-of-

concept study. We established four treatments, using two Zea mays genotypes and two N 

sources - synthetic (S) vs. organic (O) N, in a full factorial, randomized complete block 

design with five replicate blocks. Each block was planted one week apart, to facilitate a 

detailed time-consuming 13C labeling procedure at the end of the experimental growing 

period. Additionally, we included natural abundance controls, with five replicates of both 

genotypes that did not receive any isotopic enrichment of C or N, for a total of 30 

mesocosms.  

Mesocosms consisted of a 30 cm section of PVC pipe (15 cm diameter), with wire mesh 

installed on the bottom to hold the soil in place and allow for drainage. Mesocosm size was 

chosen to allow adequate root growth and facilitate transport for 13C labelling. The soil 
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used in the experiment was collected from a depth of 15 cm in a dryland wheat field at 

USDA-ARS Central Great Plains Research Station near Akron, CO (40°09’22”N 

103°08’26”W). The site is located at an elevation of 1,384 m and the soil is classified as a 

Weld silt loam (fine, smectitic, mesic Aridic Argiustoll). Despite a relatively neutral pH of 

7.2 the soil was confirmed to be carbonate-free to avoid potential issues with 13C 

calculations (Kelly et al., 2022b). The soil was air-dried, sieved to 2 mm, homogenized, and 

mixed with sand (1:1, soil:sand ratio by volume), and roughly 4.5 kg (dry weight) of the soil-

sand mixture was added to each mesocosm. Seeds of both genotypes were germinated for 

three days on a damp piece of paper towel before being transplanted into the mesocosms 

at a depth of 1 cm. 

Nitrogen was provided as 15N labeled urea solution (synthetic N treatment; 10 atom% 15N) 

or as 15N labeled cover crop residue. The cover crop residue was a mixture of triticale 

(×Triticosecale Wittmack) and hairy vetch (Vicia villosa) that was grown with isotopically 

enriched 15N Hoagland solution. The final N concentration and isotopic enrichment of the 

residue mixture were 18.0 mg N g-1 and 7.5 atom% 15N, respectively. The cover crop residue 

was oven-dried at 60 °C, cut into pieces (3-5 mm long), and mixed in with the soil prior to 

planting at a rate of 18.4 g of dry cover crop residue per mesocosm. Early N mineralization 

was prevented by keeping the mesocosms dry until the day of transplanting, five days later. 

For the synthetic N treatment, 15N-labeled urea solution was added to the soil surface 4 

weeks after transplanting. Both N treatments received a similar total amount of N (330 mg 

N per mesocosm, ~181 kg N ha-1). Immediately after transplanting, all plants were also 



 

12 

 

fertilized with triple super phosphate at a rate of 36 mg P per mesocosm (equivalent to 19.7 

kg P ha-1). 

The temperature inside the Plant Growth Facility averaged 19.4 °C night/23.9 °C day. 

Supplementary light was provided to achieve a standard day length of 16 hr. Throughout the 

experiment, the plants were manually watered to approximately 80% field capacity to avoid 

leaching. The amount of water added to each mesocosm was determined by weight 

difference, disregarding plant biomass. Seven weeks after transplanting, plants were pulse 

labeled with 13C-CO2 and destructively harvested. We processed one plant per day due to 

the time-consuming nature of the pulse labeling procedure (described below). All 

treatments in each block were processed within the same week, and the order of 

processing was randomized each week. Thus, plants grew for 44 days  2 days after 

transplanting.  

2.2.2. 13C Labeling 

To assess differences in plant C allocation between genotypes and in response to the N 

environment, we used a 13C-CO2 pulse-labeling method adapted from Cheng et al (1993) 

and Hafner et al. (2012). The labeling chamber was constructed of transparent 

polycarbonate and acrylic sheets (Fig. 2.1). The chamber floor was designed to cap over 

the PVC soil column, with the rest of the chamber designed to fit on top of the chamber 

floor, separating the soil from the plant shoots (Figs. 2.1b, c). The chamber itself was 30 cm 

x 30 cm x 66 cm (56 L; Fig. 2.1) and included four ports through which we added 13C-CO2 

and monitored δ13C-CO2 isotopic composition and CO2 concentration using a cavity ring-

down spectrometer (CRDS; G2101-I, Picarro, Inc. Santa Clara, CA). A small fan within the 
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chamber was run during the labeling operation to circulate the air. Soil CO2 flux was 

measured from the headspace of the bottom cap, a PVC cap with two ports (gas inlet and 

outlet) attached to the bottom of the soil column (Fig. 2.1). 

Labeling took place on the seventh week after transplanting (modern maize growth stage 

V8-9 for synthetic N treatment and V6 for organic N treatment), based on when the N 

uptake would likely be the highest. Before harvest, individual mesocosms were transferred 

to a constant temperature room (25 °C) with one grow light (Sun Blaze® T5HO-44, Sunlight 

Supply®, Inc. Vancouver WA) as the sole light source to minimize environmental variation 

throughout the process. At the start of the labeling procedure the mesocosm soil was 

adjusted to 80% of field capacity if needed. 

The labeling procedure consisted of four distinct phases (Fig. S2.1). In the first phase (Fig. 

S2.1a), the chamber floor was affixed to the soil column (Fig. 2.1c). The aboveground 

portion of each plant was then isolated from the soil by wrapping parafilm as well as a 

rubber sheet with a slit around the stalk and extending to the edges of the chamber floor to 

create an airtight seal between the chamber and soil column. Next, the chamber was 

attached to the top of the chamber floor. Immediately after a seal was created, we 

measured plant C uptake via the drawdown of CO2 inside the chamber until CO2 

concentrations dropped below 50 ppm.  
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Figure. 2.1 Pulse labeling chamber and the related set up. (a) Picture of the chamber set up 
with a plant inside. (b) Cross-section diagram showing what is inside the chamber and the 
soil column. (c) The component parts. (d) The pulse labeling apparatus set up with the 
CRDS and CO2 generation loop (not shown: stir plate under the container of HCl, vacuum 
pump that facilitates circulation to and from the CRDS, the small fan inside the shoot 
chamber used for circulation). 

In the second phase (Fig. S2.1b), a natural abundance CO2 pulse was generated by 

injecting sodium carbonate solution (100 mg mL-1, 2.24 mmol) into an airtight container 

containing 1 M HCl. The carbonate solution was constantly stirred on a stir plate and the 
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CO2 generated was injected into the chamber via a vacuum pump (Fig. 2.1d). Following the 

initial CO2 pulse, we monitored CO2 concentration within the chamber until the majority of 

CO2 was utilized by the plant (i.e., [CO2] < 50 ppm) which took 97 minutes on average. The 

amount of time required for each plant to utilize all the injected CO2 varied between 37 and 

163 min, likely due to the differences in aboveground biomass, and thus the total plant 

photosynthetic capacity. The assimilation time observed in this phase was used to time the 

enriched CO2 labeling in the next phase. 

In the third phase (Fig. S2.1c), the CRDS was disconnected from the chamber and attached 

to the bottom cap of the soil column to measure soil CO2 efflux (root and soil microbial 

respiration). We then injected 98 atom% 13C-CO2 into the chamber following the same 

protocol as described in the second phase (except using 13C-enriched sodium carbonate) 

(100 mg mL-1, 2.24 mmol). Since the instrument did not allow for accurate CO2 

concentration measurements with high 13C enrichment, we could not directly measure the 

CO2 concentration of the chamber portion after introducing the labeled CO2 in the system. 

We instead used the time elapsed for the previous natural abundance pulse (second 

phase) to estimate when the plant would have taken up all the 13C enriched CO2. 

In the last phase (Fig. S2.1d), the soil column CO2 level was continuously monitored, and 

the soil column was flushed with ambient air intermittently, when the CO2 level reached 

4,000 ppm. Once the predetermined time had elapsed, based on the earlier natural 

abundance pulse, we removed the chamber from the chamber floor and allowed the plant 

to continue photosynthesizing with the ambient air. When enriched CO2 was first detected 

in the soil column, it was flushed again with ambient air. We then monitored the change in 
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CO2 concentration and δ13C-CO2 in the soil column until we observed a consistent, linear 

increase in both. On average, we observed these constant δ13C and CO2 fluxes 160 min 

after we added the 13C enriched carbonate. The data obtained during this period was used 

to calculate the δ13C signature of soil CO2 efflux using Keeling plots (see “Isotope 

Calculations” section below). 

2.2.3. Sampling Process 

Immediately after pulse labeling, the aboveground biomass was cut at the base of the stem 

and oven-dried at 60 °C until constant weight. Following this, roots were extracted from the 

soil by first gently massaging the roots to separate them from clumps of soil. Afterwards, 

the root system was shaken to remove soil further, thoroughly washed, then oven-dried at 

60 °C. When dried, all plant components were weighed and finely ground for elemental and 

isotopic analysis (see below). 

A representative subsample of moist soil (~1 kg subsample from ~6 kg total) was collected 

from each mesocosm and passed through a 2 mm sieved to remove any large plant debris 

and homogenize the soil. Based on the root system size, we assumed that all soil was 

influenced by the plant rhizosphere, if not in direct contact with the roots. Therefore, we did 

not distinguish rhizosphere from bulk soil. All soil samples were kept frozen at -20 °C until 

further analysis. 

A subsample of the sieved soil was weighed before and after drying at 60 °C to calculate its 

gravimetric water content. The dried soil was then ground for analysis of total C and N 

content as well as the δ13C and δ15N isotopic signatures. 
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2.2.4. Microbial Biomass 

Soil microbial biomass was extracted using the method described by Rinkes et al. (2011). 

Briefly, the frozen soil was thawed, and two subsamples (10 g, moist weight) were collected 

from each sample. Chloroform (4 ml) was added to one of the samples to lyse the 

microbial cells (‘fumigated’), while no chloroform was added to the other subsamples 

(‘non-fumigated’). Both subsamples were then incubated for 24 hours. Three negative 

control (no soil) samples were run with each batch of samples to detect and account for 

any C and N contamination that could be introduced during the extraction process. After 

incubation, all subsamples received 50 mL of 0.05 M K2SO4 solution, were shaken for one 

hour, then filtered using Whatman® Grade 1 cellulose filter paper (pore size = 0.11 um; 

Cytiva, Marlborough, MA). The resulting solution was divided into two aliquots. One aliquot 

was kept refrigerated until it was analyzed on a TOC-L TNM-L (Shimadzu Corp, Kyoto, 

Japan) to measure C and N concentrations. The C and N concentration of non-fumigated 

subsamples was used to determine dissolved organic C (DOC) and total dissolved N (TDN). 

These values were then subtracted from the C and N concentration of the fumigated 

subsamples (including both dissolved CN and lysed microbial cell contents) to calculate 

microbial biomass C and N (MBC, MBN). The remaining aliquots were freeze-dried and 

analyzed for δ13C and δ15N (see below).  

2.2.5. Isotope Analyses and Calculations 

Total C and N content as well as δ13C and δ15N in plant biomass, soil samples, MBC, MBN, 

DOC, and TDN were measured using an EA-IRMS (elemental analyzer coupled with Delta V 
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Advantage isotope ratio mass spectrometer; Costech Analytical Technologies, Inc., 

Valencia, CA and Thermo Fisher Scientific Inc., Waltham, MA, respectively). 

The labeled plant CO2 efflux and corresponding δ13C were calculated as described by 

Lynch et al. (2018). We extracted a section of the data with concurrent, linear increase in 

both CO2 concentration and 13C. We ensured that these sections included a minimum 

increase of 100 ppm CO2 and 100 per mil δ13C. The Keeling plots (Keeling, 1960) were then 

used to calculate the δ13C isotopic signature of the CO2 efflux from the soil column using 

the y-intercept of the linear regression between the δ13C signature and the inverse of [CO2] 

(R2 > 0.97). For the control samples, the δ13C values were allowed to plateau for ~1 hr 

before the values were recorded.  

We used a two-source isotope mixing model (Post 2002) to calculate the fL values 

representing the proportion of C and N derived from the 13C-CO2 pulse and 15N source for 

all soil, plant, and microbial pools. 

𝑓𝐿 = 𝐴𝑃 𝐻 𝑆 − 𝐴𝑃 𝐻 𝐶𝐴𝑃 𝐻 𝐿 − 𝐴𝑃 𝐻 𝐶  

Wherein fL is the fraction of C or N in the enriched pool derived from label (pulse of 

enriched CO2 or enriched N amendments), HAPs is the atom% C or N of the enriched 

sample, HAPC is the enrichment level of the corresponding control (natural abundance) 

fraction (in atom%), and HAPL is the enrichment level of the amendment (98 atom% 13C-

CO2) or 15N (10 atom % urea, 7.5 atom % cover crop).  

The fL values were then applied to the total pool sizes to estimate the total amount of label-

derived C and N in each pool as follows:  
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𝑚𝐿 = 𝑚𝑆 × 𝑓𝐿  

Wherein mL is the mass of C or N in the pool that is derived from the label and mS is the 

mass of C or N in the sample. 

2.2.5. Statistical Analysis 

Each response variable was fitted to a linear mixed model with genotype, N treatment and 

the genotype x N treatment interaction as fixed effects, block as a random effect, and days 

after transplanting (until labeling/destructive harvest) as a covariate. The label-derived soil 

respiration data were divided by the label-derived C amount in roots and microbial pools 

before further analysis. Variables were log-transformed as needed to meet the 

assumptions of ANOVA (homogeneity of variance and normality of residuals). Pairwise 

least-square means comparison was conducted using Tukey’s adjustment. For all 

statistical analysis, p < 0.05 was considered significant and p < 0.1 as marginally 

significant. One dead plant (teosinte, organic N) was excluded from all statistical analyses 

(n = 19), and another (modern maize, synthetic N) was excluded only from label-derived CN 

analyses (n = 18) due to an issue with pulse-labeling. All statistical analyses and data 

visualization were performed on R software version 4.0.2 (R Core Team, 2020),with the R 

packages “ggplot2” (Wickham, 2016), “lmerTest” (Kuznetsova et al., 2017), “lme4” (Bates et 

al., 2015), and “emmeans” (Lenth, 2020). 

2.3. Results 

2.3.1. Plant growth 

Genotype and N sources had large significant effects on plant growth (Table 2.1). The total 

biomass of modern maize was, on average, double that of teosinte (Table 2.1). Plants of 
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either genotype grown with synthetic N (urea) produced greater shoot and root biomass 

and roughly twice as much total biomass as those grown with organic N (Table 2.1). 

Compared to teosinte, modern maize produced greater shoot biomass but not root 

biomass (Table 2.1). We observed a genotype x N treatment interaction in biomass 

root:shoot (R:S) ratio showing that modern maize maintained a stable R:S ratio under both 

N sources, while teosinte increased its R:S ratio by roughly 50% when grown with organic N 

(Fig. 2.2a). 

Table 2.1. Total dry biomass and tissue (roots and shoots) N concentration (values shown 
in mean ± SE) of maize plants (M = modern maize, T = teosinte) grown within mesocosms in 
a greenhouse under two N treatments (S = Synthetic N, O = Organic N). The bottom three 
rows denote the p-values associated with genotype (G), N treatment (N) and the interaction 
(G x N). Significant effects (p < 0.05) are italicized. 

      Plants     

   
Shoots 

 
Roots 

 
Plant Total     

   Biomass (g)  %N  Biomass (g)  %N  Biomass (g) 
 

%N 
 

Biomass N (mg) 

M 

S 

 

21.00 ± 1.08  1.55 ± 
0.11 

 6.66 ± 0.43  0.73 ± 
0.03 

 27.66 ± 1.33 

 

1.34 ± 
0.08 

 370.8 ± 25.4 

O 

 

8.66 ± 0.83  1.12 ± 
0.05 

 

2.77 ± 0.27  0.76 ± 
0.04 

 11.43 ± 1.05 

 

1.03 ± 
0.04 

 117.5 ± 11.3 

T 

S 

 

11.44 ± 2.59  2.69 ± 
0.50 

 4.76 ± 1.24  1.17 ± 
0.15 

 16.19 ± 3.70 

 

2.24 ± 
0.40 

 306.9 ± 23.6 

O 

 

4.51 ± 0.84  
2.01 ± 
0.53 

 2.76 ± 0.46  
1.02 ± 
0.08 

 7.27 ± 1.17 

 

1.61 ± 
0.16 

 112.9 ± 8.8 

G   <0.001  <0.001  0.15  <0.001  0.001 
 

0.001  0.034 

N 
  

<0.001  0.051  <0.001  0.861  <0.001 
 

0.040  <0.001 

G x N   0.134   0.671   0.216   0.396   0.131   0.989   0.237 
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Figure. 2.2 R:S ratio, for (a) total C and (b) label-derived C. The boxes in the panels indicate 
the p values associated with genotype (G), N treatment (N), and the interaction (G x N). 
Significant effects (p < 0.05) are italicized. Letters in (a) denote significant difference at 
0.05 level (Tukey’s post-hoc test). 

2.3.2. Soil C, DOC, and MBC 

Soil C concentration ranged from 8.8 to 11.6 mg C g dry soil -1 (Table 2.2). Total soil C 

concentrations were 13.6% greater in the organic N treatment than in the synthetic N 

treatment (Table 2.2). Similarly, dissolved organic C (DOC) was on average 62% higher in 

the organic N treatments than in synthetic N treatment (Table 2.2). We found no genotype 

effects on total soil C or DOC concentrations (Table 2.2). Microbial biomass C (MBC) did 

not differ with N treatments or genotypes (Table 2.2). 
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Table 2.2. C and N concentration in each soil pool (soil total, dissolved, and microbial 
biomass) as well as total soil C:N ratio under two maize genotypes (M = modern maize, T = 
teosinte) grown with two N treatments (S = Synthetic N, O = Organic N). Values shown in 
mean ± SE. The bottom three rows denote the p-values associated with genotype (G), N 
treatment (N) and the interaction (G x N). Significant effects (p < 0.05) are italicized. 

   
Soil Pools 

   C   N   

Total soil C:N    
Total soil   DOC   MBC 

  
Total soil   TDN   MBN   

  

 (mg C g dry 
soil -1) 

 

(µg C g dry 
soil -1) 

 

(µg C g dry 
soil -1) 

  

(mg N g dry 
soil -1) 

 

(µg N g dry 
soil -1) 

 

(µg N g dry 
soil -1) 

  

M 
S  9.35 ± 0.28  14.90 ± 0.69  78.61 ± 3.45  

 
1.03 ± 0.03  2.85 ± 0.26  6.05 ± 0.16   9.10 ± 0.05 

O  10.94 ± 0.21  24.87 ± 0.68  95.59 ± 4.49  
 

1.19 ± 0.02  4.28 ± 0.16  7.72 ± 0.36   9.20 ± 0.06 

T 

S  9.39 ± 0.18  15.15 ± 0.49  78.13 ± 1.54  
 

1.03 ± 0.01  3.95 ± 0.65  6.91 ± 0.23   9.14 ± 0.08 

O   10.29 ± 0.28   23.79 ± 0.79   
77.32 ± 
14.18 

  
  

1.13 ± 0.02   4.98 ± 0.38   6.71 ± 0.81     9.09 ± 0.06 

G 
 0.111  0.579  0.220    0.076  0.011  0.967   0.497 

N 
 

<0.001  <0.001  0.248  
 

<0.001  0.001  0.065   0.848 

G x N   0.087   0.412   0.261   
 

0.107   0.725   0.075     0.129 

 

2.3.3. Recovery and distribution of 13C 

The amount of label-derived C found in the plant biomass ranged from 8.06 to 19.19 mg C 

per mesocosm (Table 2.3). We observed no genotype effects on label-derived C recovered 

in shoots, roots, or total plant biomass (Table 2.3). For both genotypes, plants grown with 

synthetic N contained more label-derived C in their shoots (Table 2.3). 

N treatment significantly affected the distribution of label-derived C between shoot and 

roots. Plants grown with organic N had more label-derived C in the roots compared to 

those grown with synthetic N (91 % and 37% greater for modern maize and teosinte, 

respectively; Fig. 2.2b). However, there was no genotype x N treatment interaction for R:S 

ratio of label-derived C (Fig. 2.2b). 

Table 2.3. Amount and recovery of label-derived C in plant and soil pools in two maize 
genotypes (M = modern maize, T = teosinte) grown with two N treatments (S = Synthetic N, 
O = Organic N; values shown in mean ± SE). The bottom three rows denote the p-values 
associated with genotype (G), N treatment (N) and the interaction (G x N) and significant 
effects (p < 0.05) are italicized. 
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   Label-derived C (mg C)  

Recovery rate 
(%) 

   Plant  

Soil 
 Total 

Recovered 

 

  
 Shoots   Roots  Plant total   

 

M 

S  13.52 ± 1.43  1.13 ± 
0.24 

 14.66 ± 1.64 

 

1.86 ± 0.42  16.52 ± 1.80  56.81 ± 6.19 

O  10.82 ± 1.13  1.90 ± 
0.61 

 12.72 ± 1.44 

 

2.26 ± 0.48  14.98 ± 1.69  51.50 ± 5.83 

T 

S  13.05 ± 1.81  
0.99 ± 
0.10 

 14.04 ± 1.74 

 

1.79 ± 0.34  15.83 ± 1.96  54.45 ± 6.73 

O   9.93 ± 0.67   
1.18 ± 
0.15 

  11.11 ± 0.67 
  

1.79 ± 0.29   12.90 ± 0.69   44.35 ± 2.39 

G  0.543  0.370  0.422  0.509  0.391  
 

N 
 

0.031  0.123  0.086  0.731  0.346 
 

 

G x N   0.635   0.777   0.573   0.605   0.688     

 

Label-derived C was detected in the DOC and the MBC pools (3.05 ± 0.45 ug C and 171.44 

± 26.27 ug C, respectively, per mesocosm). The amount of label-derived DOC was ~2.5 

times higher in the organic N treatment for both plant genotypes (Fig. 2.3a). Similarly, there 

was a marginally significant effect of N treatment on label-derived C in MBC (p = 0.088), 

which was on average ~2 times higher for the organic N treatment (Fig. 2.3b). Label-derived 

DOC and label-derived MBC were positively correlated (Fig. 2.3c). Despite the observed 

differences in DOC and MBC, we found no N treatment effects on label-derived total C in 

soil (Table 2.3). There were no consistent genotype effects on label-derived DOC, MBC 

(Figs. 2.3a, b) and total soil C (Table 2.3). On average, 50 % of the C provided in the 13C-CO2 

pulse-labelling event was recovered in the plant and soil pools, with no significant 

differences in recovery between genotypes or N treatments (Table 2.3). 
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Figure. 2.3 The amount of label-derived C in (a) dissolved organic C pool and (b) microbial 
biomass C pool (values shown in mean ± SE) as well as (c) their correlation. The boxes in 
(a) and (b) denote the p-values associated with genotype (G), N treatment (N) and the 
interaction (G x N). Significant effects (p < 0.05) are italicized. The box in (c) denotes the R2 
value and associated p value for the correlation. (a) There was a significant N treatment 
effect on the amount of label-derived C for the DOC pool (O > S, Tukey’s post hoc test). (c) 
Label derived DOC and MBC were positively correlated. 

2.3.4. Soil respiration 

The soil respiration rates ranged between 2.11 and 10.19 mg CO2 min-1 m-2. Label-derived 

CO2 respiration rate normalized by label-derived root biomass C (i.e., label-derived soil 

respiration rate per mg of label-derived root C) was approximately 3-fold higher in teosinte 

but no N treatment effect was observed (Fig. 2.4). 
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Figure. 2.4 Soil respiration rate to root ratios for label-derived C (values shown in mean ± 
SE). The box denotes the p-values associated with genotype (G), N treatment (N) and the 
interaction (G x N). Significant effects (p < 0.05) are italicized. 

2.3.5. Plant biomass N, Soil N, TDN, and MBN 

Teosinte had a greater total plant N concentration compared to modern maize, with a 79% 

higher shoot N concentration and a 47% higher root N concentration (Table 2.1). 

Total soil N concentration ranged between 0.92 and 1.25 mg N g dry soil -1 and was 13.1% 

greater in the organic N treatment (Table 2.2). There were no genotype or N treatment 

effects on soil C:N ratio (Table 2.2). Both genotype and N treatment effects were observed 

in the TDN pool, wherein TDN was 34.9% higher in the organic N treatment and 23.7% 

higher under teosinte (Table 2.2). No genotype or N treatment effects were found in MBN 

(Table 2.2). 

2.3.6. Recovery and distribution of 15N 

There was a significant genotype x N treatment interaction in label-derived N within plant 

biomass (Table 2.4). In the organic N treatment, the two genotypes did not differ and took 
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up similarly low amounts of label-derived N (Table 2.4). However, in the synthetic N 

treatment, modern maize took up much greater label-derived N than teosinte did (Table 

2.4). 

Table 2.4. Amount and proportion of label-derived N (% ldN) vs. total N in different plant 
and soil pools as well as overall recovery of the labeled N in two maize genotypes (M = 
modern maize, T = teosinte) grown with two N treatments (S = Synthetic N, O = Organic N; 
values shown in mean ± SE). The bottom three rows denote the p-values associated with 
genotype (G), N treatment (N) and the interaction (G x N). Significant effects (p < 0.05) are 
italicized. 

   
Label-derived N 

 

Recovery 
rate (%) 

       
Soil     

 Total 
Recovered (mg 
N) 

 

   
Plant 

 
TDN 

 
MBN 

 
Total soil 

  

  
 mg N 

 
% ldN 

 
mg N 

 
% ldN 

 
mg N 

 
% ldN 

 
mg N 

 
% ldN 

 
 

M 
S  220.93 ± 16.35 a  57.70 ± 1.48 0.86 ± 0.16  7.05 ± 0.74 1.51 ± 0.16  5.86 ± 0.59 42.19 ± 3.66  0.97 ± 0.06 263.12 ± 13.68  79.73 ± 4.14 

O  39.12 ± 4.30 c  33.12 ± 0.83 2.93 ± 0.14  15.60 ± 0.52 6.71 ± 0.36  19.80 ± 0.38 282.33 ± 8.57  5.42 ± 0.23 321.45 ± 11.88  97.41 ± 3.60 

T 
S  164.27 ± 12.53 b  53.54 ± 1.39 1.18 ± 0.21  7.01 ± 0.57 4.03 ± 1.60  13.38 ± 5.04 47.44 ± 9.38  1.07 ± 0.21 211.72 ± 17.12  64.15 ± 5.19 

O   37.12 ± 1.83 c   33.15 ± 1.17 3.37 ± 0.17   15.35 ± 0.59 6.24 ± 1.28   20.20 ± 2.29 273.82 ± 5.20   5.46 ± 0.09 310.94 ± 6.54   94.23 ± 1.98 

G 
 

0.014  0.148  0.048 
 

0.657  0.293  0.180  0.803  0.731  0.015 
 

 

N 
 

<0.001  <0.001  <0.001 
 

<0.001  0.003  0.004  <0.001  <0.001  <0.001 
 

 

G x N   0.049   0.074   0.569   0.639   0.271   0.402   0.354   0.805   0.078     

 

Label-derived TDN and MBN were higher in the organic N treatment regardless of genotype 

(Table 2.4). We also observed a genotype effect, wherein the soil under teosinte had a 

slightly (7.3%) greater amount of label-derived TDN than that under modern maize. Label-

derived total soil N was nearly six times greater in the organic N treatment than in the 

synthetic N treatments (Table 2.4). 

The proportion of label-derived N in plant and soil pools only differed by N treatment (Table 

2.4). Plants in the synthetic N treatment had a higher proportion of N coming from label 

compared to those in organic N environment (Table 2.4). The inverse was true for soil pools 

(soil, TDN, and MBN), where the proportion of label-derived N was greater in the organic N 

treatment (Table 2.4). 
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Recovery rates for the label-derived N in all plant and soil pools showed both N treatment 

and genotype effects (Table2. 4). Recovery rate was 35.1% higher in organic N treatment 

than in the synthetic N treatment and 15.5% higher in modern maize than for teosinte 

(Table 2.4). A genotype x N treatment interaction was marginally significant (p = 0.078; 

Table 2.4), indicating that recovery of synthetic N was especially lower in teosinte. We did 

not observe any leaching from the mesocosms throughout the experiment. 

2.4. Discussion 

2.4.1. Plant C allocation and its implication on N uptake 

We hypothesized that C allocation for teosinte would be more responsive to the type of N 

amendment compared to its modern maize counterpart. More specifically, we expected 

that teosinte would allocate a greater amount of C belowground (via root exudation, root 

growth, etc.) compared to modern maize, especially when soil is amended with organic N 

that requires microbial processing to become available to plants. In support of this idea, 

we found that teosinte, but not modern maize, had greater biomass R:S ratio in the organic 

N treatment than the synthetic N treatment (Fig. 2.2a). This result suggests that modern 

maize may have lost its ability to modify C allocation and growth pattern in response to 

organic N resources. Since greater C allocation towards the belowground structures (i.e., 

root system) can enhance N uptake (Chapman et al., 2012), the loss of plasticity by 

modern maize could lead to reduced uptake of organic N. However, we found both 

genotypes to take up similar amounts of cover crop N (Table 2.4). A genotype difference 

was only present in the synthetic N treatment, wherein modern maize was significantly 

better at utilizing urea-derived N than teosinte (Table 2.4). Our results suggest that despite 
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its loss of plasticity for biomass allocation belowground, modern maize has largely 

retained its ability to take up organic N and that domestication and modern breeding have 

improved modern maize’s ability to take up synthetic N. 

Interestingly, allocation of label-derived C, representing recently assimilated 

photosynthates, differed from that observed for total plant biomass. We found that both 

modern maize and teosinte allocated greater amounts of their recent photosynthate 

belowground in the organic N treatment (Fig. 2.2a). Both R:S ratio of label-derived C and 

amount of label-derived DOC were greater in the organic N treatment regardless of 

genotype (Figs. 2.2b, 3a). We suspect that this label-derived DOC was likely a mixture of 

root exudates and rapidly processed recent rhizodeposits, both of which represent short-

term C allocation from plant to soil (An et al., 2015). The label-derived MBC pool was 

positively correlated with label-derived DOC (Fig. 2.3c), suggesting rapid assimilation of 

rhizodeposits into the microbial pools. We suspect that the above effects are due to N type 

(organic vs synthetic) rather than N stress, even though organic N treatment led to lower N 

uptake (Table 2.1). In support of this idea, we observed greater N availability (amount of 

TDN; Table 2.2) in the organic N treatment and we note that neither genotype showed any 

obvious signs of N stress aboveground (i.e., leaf yellowing; data not shown). Furthermore, 

others have shown that at least some varieties of modern maize can increase their 

root:shoot ratio in response to N stress (Gaudin et al., 2011), which was not the case for 

our modern maize grown with organic N (Fig. 2.2a). 

Allocation of labile C belowground by both genotypes may explain why both genotypes 

were able to take up similar amounts of organic N. Greater rhizodeposition has been linked 
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to enhanced organic N uptake via increased N mineralization (Meier et al., 2017). In an 

experiment involving winter wheat, Kelly et al. (2022b) found that label-derived DOC and 

MBC were associated with greater N cycling enzyme activity and uptake of cover crop-

derived N. Similarly, de Graaf et al. (2009) found that rhizodeposition by both wild and 

cultivated wheat genotypes can lead to greater soil N mineralization. It should also be 

noted that greater N availability can be induced by root exudates interacting with the 

mineral associated organic matter N (MAOM N; Jilling et al., 2018), with minimal microbial 

involvement. While we do not have more direct measurements of N-related soil processes 

to better elucidate the mechanisms, we did observe greater total and label-derived TDN in 

the soil amended with organic N (Table 2.4), supporting the idea that greater 

rhizodeposition may be improving plant access to organic N. Though teosinte did not 

exhibit any advantages in organic N uptake, we did observe a slightly greater amount of 

TDN (both total and label-derived) under teosinte for both N treatments (Table 2.2, 2.4). 

While this may support our initial hypothesis that teosinte can induce greater N availability 

in the soil, it may simply be evidence of slower uptake of available N by teosinte (Table 2.2, 

2.4). The combined results suggest that both modern maize and teosinte can modify their 

recent photosynthate C allocation patterns and take up similar amounts of organic N. This 

finding went against our hypothesis that modern maize would be less efficient at acquiring 

organic N due to breeding under high synthetic N conditions (Doebley, 2004). One possible 

explanation may be that the agricultural soil used in our experiment was lower in soil 

organic N content than the soil that teosinte evolved in. In degraded agricultural soils, 

residue N often replenishes the MAOM pool first instead of being taken up by the plants the 
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same year the residue is applied (Daly et al., 2021; Crews et al., 2022). Therefore, the cover 

crop residue N in our study may also have entered the MAOM N pool instead of being taken 

up by plants. In support of this, we recovered most of the labeled cover crop N in the soil N 

pool, though we cannot ascertain how much of this N was in the MAOM fraction (Table 2.4). 

As soil organic N increases, mineral surfaces become more saturated with organic 

molecules, and more organic N remains plant-available (Daly et al., 2021). It is possible 

that teosinte’s advantage of having evolved in the wild would also become more apparent 

once enough soil organic N has accumulated. In a past study, teosinte’s biomass increased 

more dramatically, compared to modern maize, when both were grown in soil with a legacy 

of organic management (Schmidt et al., 2020). It is possible that the organically managed 

soil accrued enough soil organic N, making more organic N available to plants, which in 

turn led to greater N uptake by teosinte. 

Another explanation involves differential endophytic microbial community in teosinte and 

modern maize. It has been suggested that endophytic microbes may support growth of 

teosinte under low N conditions (Dumigan et al., 2021). A past study found that those 

microbial strains extracted from teosinte roots promoted growth in other grass species 

under low N stress (Dumigan et al., 2021). The authors also suggested that such 

endophytes can be vertically transferred via the seeds (Dumigan et al., 2021). Such 

interaction was likely prevented in our study since we used agricultural soil that teosinte 

has not grown in previously and sterilized the exterior of the seeds prior to planting to avoid 

complications with disease. This may have led to teosinte being unable to recruit beneficial 
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microbes that it coevolved with, hence the lack of low N tolerance seen in other studies 

(Dumigan et al., 2021). 

Lastly, we suspect that despite a shift to synthetic N inputs, soil organic N has remained an 

important N source for maize. For example, Yan et al.(2015) found that fertilizer N uptake 

efficiencies tend to be relatively low (<50%) despite high N requirements, indicating that 

crops take up a considerable portion of their N from soil organic N pools even in heavily 

fertilized soils. This may explain why modern maize retained its ability to take up organic N 

even as its synthetic N uptake improved over its domestication and breeding. 

2.4.2. Soil respiration 

Soils with teosinte had higher label-derived soil respiration than soils under modern maize, 

independent of N treatment (Fig. 2.4a). Previously, Pausch et al. (2013) demonstrated that 

label-derived respiration is dominated by root respiration (RR) with a minor contribution 

from rhizomicrobial respiration (i.e., heterotrophs mineralizing rhizodeposits) for the first 20 

hours following pulse labeling. Since we monitored soil respiration for only 3 hours after 

labeling, most of the label-derived respiration was likely RR. Furthermore, microbial 

respiration was likely mostly respiration of root exudates and not of other rhizodeposits 

(e.g., sloughed off root border cells, root hairs) since structural elements in rhizodeposits 

likely take a few days or more to be cycled and respired (Kuzyakov, 2006). 

Past research suggests that RR is positively correlated with root N concentration across 

many plant species (Reich et al., 2008; Wang et al., 2021). Since teosinte had consistently 

higher root N concentration than modern maize (Table 2.1), this is in line with greater 

respiration we observed. Additionally, root growth, maintenance, and ion (such as NO3
-, 
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NH4
+) uptake activities all contribute to RR (Johnson, 1990; Eissenstat, 1997). However, 

teosinte did not grow a greater root system, nor did it take up greater amount of N (Table 

2.1). Therefore, the recent photosynthate allocated belowground by teosinte does not 

seem to directly influence plant N uptake and growth. 

2.4.3. Conclusions 

To avoid deleterious environmental effects, agroecosystems are moving away from high 

synthetic N inputs towards more organic N-based systems. It is important that crops are 

adapted to these changes to maintain productivity while avoiding further N losses. Our 

findings indicate that modern maize may have lost some C allocation plasticity in response 

to organic N sources, while retaining its ability to use various sources of N. These findings, 

at least with regards to the genotypes and N environments studied here, suggest that 

modern maize may be just as well-suited for this transition as teosinte balsas, even after 

millennia of domestication and breeding. However, it must be noted that Zea mays subsp. 

parviglumis is but one genotype among many teosinte lines, and that we also compared it 

to only one of many available modern maize hybrids. Thus, we exercise caution when 

extrapolating our results to genotypes we are yet to explore. On the other hand, this simply 

means that there is much agroecological potential to be explored in wild relatives of maize 

and landraces. Undiscovered among the constellation of genetic diversity may be traits 

that may undergird our future agroecosystems. 
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CHAPTER 3: FINE ROOT PRODUCTION AND SPECIFIC EXUDATION RATE ARE ENHANCED 

IN A NOVEL PERENNIAL CEREAL HYBRID COMPARED TO ITS ANNUAL AND PERENNIAL 

PARENTS. 

3.1. Introduction 

Perennial agriculture is a potential alternative to the current industrial agriculture paradigm 

(Crews et al., 2016). Perennial crops could reduce energy input and improve soil health via 

reduced tillage, increased water and nutrient use efficiency, and carbon (C) sequestration 

(Crews et al., 2016; van der Pol et al., 2022). Researchers have greatly advanced crop 

breeding efforts in recent decades to create novel perennial cereal crops and associated 

cropping systems to populate this potential perennial agriculture landscape (DeHaan et 

al., 2018). De novo domestication and wide hybridization represent two main crop 

development approaches. Kernza is a product of de novo domestication of intermediate 

wheatgrass (IWG; Thinopyrum intermedium, DeHaan et al., 2018). Intermediate 

wheatgrass was introduced to North America as a forage grass and has survived as a wild 

cold-season perennial grass (DeHaan et al., 2018). Domestication efforts have resulted in 

dramatic increases in yield, which led to Kernza becoming the first commercially available 

perennial cereal (Bajgain et al., 2020). Perennial wheat is a product of wide hybridization 

between Kernza and annual durum wheat (Triticum turgidum subsp. durum, Hayes et al., 

2018). It seeks to combine the perenniality of Kernza with the greater yield of annual wheat 

(Hayes et al., 2018). 
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Though perenniality is the focus of these breeding programs, it is far from the only trait that 

IWG offers. Wild plants such as IWG have been theorized and demonstrated to possess 

beneficial traits that may have been inadvertently lost in modern crops (Renzi et al., 2022). 

Of particular importance among these traits are those that govern plant rhizosphere 

communities (Pérez-Jaramillo et al., 2016). Plants are known to assemble distinct 

microbial communities in their rhizosphere by modulating root exudation (Zhalnina et al., 

2018) and other rhizodeposits. Rhizosphere microbial communities can then confer 

specific benefits that support nutrient acquisition and pathogen resistance (Dumigan et 

al., 2021; Abdullaeva et al., 2024). Past studies have demonstrated that domestication 

focused on aboveground characteristics (e.g., yield, plant height) can affect every level of 

this plant-microbe interaction over time (Pérez-Jaramillo et al., 2016). For example, 

Iannucci et al. (2017) compared modern durum wheat and its wild crop relatives and found 

that their root exudate chemical profiles differed significantly. Various studies comparing 

microbial communities of modern crops with their wild crop relatives have yielded similar 

results in rice (Chang et al., 2021), maize (Brisson et al., 2019), and sunflowers (Leff et al., 

2017). Lastly, those microbial communities associated with wild crop relatives of maize 

(Dumigan et al., 2021) and wheat (Abdullaeva et al., 2024) have shown abilities to confer 

nitrogen (N) stress tolerance and fungal pathogen resistance, respectively. 

Kernza, though not a wild crop relative, may still possess beneficial rhizosphere traits, 

especially given its more recent domestication history (DeHaan et al., 2018). If so, 

perennial wheat, being a hybrid between Kernza and annual durum, may have also 

inherited such traits. Indeed, wide hybridization has been used before specifically to bring 
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in rhizosphere traits from one species to another. For example, Cui et al. (2022) found that 

the hybrid between annual wheat and tall wheatgrass (Thinopyrum elongatum) had distinct 

microbial communities compared to its annual parent. This shift in microbial community 

also led to greater salinity stress tolerance in the hybrid (Cui et al., 2022). However, results 

of wide hybridization are difficult to predict. For example, in one study, a rice hybrid had 

greater fungal pathogen resistance compared to its two parents, an example of heterosis 

(hybrid vigor; Zhang et al., 2023). In contrast, another study showed that some wheat 

hybrid combinations led to autoimmune response leading to cell death (hybrid necrosis; 

Mizuno et al., 2010). Though it plays a crucial role in crop performance, relatively little is 

known about rhizosphere interactions in Kernza, specifically root exudate quantity and 

composition, as well as the rhizosphere microbial communities of Kernza and 

whether/how they are passed down to perennial wheat. 

Based on these knowledge gaps, we aimed to characterize the root architecture, exudation 

rate, and exudate composition of annual durum wheat, perennial wheat, and Kernza as 

well as their influence on the rhizosphere microbial community. We hypothesized that (1) 

relative belowground investment (root biomass and exudation rate) are the greatest in 

Kernza, followed by perennial wheat and then by annual wheat since the latter has been 

bred to maximize aboveground growth, (2) exudate chemical composition and microbial 

community composition differ the most between the annual and perennial parents, with 

the perennial hybrid being intermediate between the two, given the heritability of 

rhizosphere characteristics. Identifying belowground traits in perennial cereal that support 

beneficial rhizosphere interactions can help inform plant breeding efforts interactions. 
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3.2. Methods and Materials 

3.2.1. Experimental design and set-up 

This experiment was carried out at the Plant Growth Facility at Colorado State University 

(CSU; Fort Collins CO). The temperature within the facility averaged 19.4 -23.9 °C (night-

day) with a standard day length of 16 h achieved via supplemental lights. 

Soil was acquired from CSU’s Agriculture Research, Demonstration and Education Center 

(40°39'09.4"N 104°59'48.1"W, elevation: 1,552 m) and is classified as a Fort Collins loam 

(fine-loamy, mixed, superactive, mesic Aridic Haplustalfs; Soil Survey Staff, 2019). The soil 

was collected to a depth of 20 cm and air-dried before being ground to pass through a 2 

mm sieve. Soil was mixed with silica sand (Granusil® 4075, Covia Corp, Independence OH) 

in a 1:1 ratio by volume to facilitate infiltration and drainage. The sand used in the soil mix 

was tested for microbial DNA to ensure no contamination with this material (data not 

shown). 

Three species/genotypes grown for this experiment: 1) Kernza® (intermediate wheatgrass, 

Thinopyrum intermedium), 2) annual durum wheat (Triticum turgidum subsp. durum), and 

3) perennial wheat (Th. intermedium x T. turgidum subsp. durum). Lines 1 and 3 were 

developed and provided by the Land Institute (Salina, KS). Each plant genotype was 

replicated three times within each of the five blocks for a total of 15 replicates per 

genotype. Each block was planted and processed one week apart due to the time-

consuming nature of exudate collection process (see below). 
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Seeds were germinated on a damp paper towel for a week before being transplanted to 1 L 

pots filled with the soil-sand mixture (~ 1 kg). The plants were watered three times a week 

(to roughly 80% of field capacity) during the 8-week growth period. No fertilizer was added 

to the pots. 

3.2.2. Root exudate collection 

We used a root exudate collection method based on Williams et al. (2021). This method 

allows for plant-soil interaction during early stages of plant growth and limits 

contamination of exudate samples via dissolved organic matter. After 8 weeks, plants were 

uprooted from their pots and most of the loose soil was carefully brushed off with gloved 

hands and a clean paintbrush. The rest of the soil still clinging to the roots was then 

removed with a softer brush and collected as rhizosphere soil. Rhizosphere soil samples 

were frozen at -20 °C until subsequent analysis. The roots were then carefully and 

thoroughly cleaned with DI water. Afterwards, the plants were placed in an aerated soil 

solution in individual bottles for 3 days to recover from potential root damage during the 

washing step. The soil solution was made by adding 800 g of air-dried field soil into 11 L of 

DI water, letting it settle for at least 12 hours, and filtering it through a 0.2 mm sieve to 

remove any plant detritus. 

At the end of the 3-day recovery period, the plants were removed from the bottles and the 

roots were rinsed again with DI water and then with milliQ water. The plants were then 

placed carefully into a 250-mL glass media bottle filled with 100 mL of milliQ water so that 

all roots were submerged. At this stage, we introduced two negative control samples to 

each block, which were simply glass bottles filled with milliQ water without any plants in 
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them. These negative controls, along with those containing actual plant samples, were 

then gently shaken on an orbital shaker for 2 hrs at 60 rpm under a grow light (Sun Blaze® 

T5HO-44, Sunlight Supply® Inc, Vancouver WA). 

After 2 hours, the plants were removed from the bottles and processed. The shoots were 

cut, placed in a paper bag, and dried at 55 °C. The roots were stored in 10% ethanol 

solution until further processing. The resulting exudate samples were first filtered with 0.22 

µm syringe filters to remove microbial cells and root debris. The filtered samples were 

divided into three subsamples; one subsample was reserved for total C and N analysis (see 

Exudate Analysis below). The other two subsamples for LC-MS/MS were freeze-dried, 

resuspended with HPLC grade water to combine them, then freeze-dried again. The freeze-

dried subsamples for LC-MS/MS were stored at -20 °C until further processing. 

3.2.3. Root scanning 

Root scanning was used to provide insight on root architecture and the relative distribution 

roots among different diameter classes. Roots were first dyed with 1% Neutral Red dye 

solution, rinsed with DI to eliminate excess dye, and arranged on a transparent scanner tray 

filled with shallow water to avoid overlaps. The roots were then scanned using ScanMaker 

9800XL (Microtek International Inc., Santa Fe Springs, CA) at 600 dpi. A light box (Picker 

International Inc, Charlotte NC) was used against the roots to create a sharper image. The 

root images were processed using RhizoVision v2.0.3 (Seethepalli and York, 2020) and with 

the algorithm described by Seethepalli et al. (2021). Scanned roots were categorized into 

five root size classes: 0-250 µm, 250-500 µm, 0.5-1 mm, and > 1 mm to yield roughly equal 

volume in each of the first three diameter classes. After being scanned, the total root 
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biomass of each plant was dried at 55 °C for 72 hours and weighed. Total root length and 

root surface area were divided by total root biomass to calculate specific root length (SRL) 

and specific root area (SRA), respectively. 

3.2.4. Exudate analysis 

Total C and N analysis of the exudate subsamples was performed on TOC-L TNM-L 

(Shimadzu Corp, Kyoto, Japan) and converted to exudation rate by dividing with total 

incubation time (2 hrs). Specific exudation rate was calculated by dividing the exudation 

rate by the root mass. 

Untargeted metabolomics analysis of the exudate samples took place at the Analytic 

Resources Core at CSU (Fort Collins, CO; RRID: SCR_021758). The freeze-dried root 

exudate pellets were resuspended in 375 µL of methanol solution (methanol:water, 1:8, v:v) 

and transferred to autosampler vials equipped with 200 µL inserts. We also pooled 20 µL of 

each sample to create pooled quality control samples. These quality control samples were 

run every 12 samples to ensure inter-sample consistency and to detect retention time (RT) 

drift over a run. Lastly, an internal standard mix of acetyl carnitine (m/z 214) and resperine 

(m/z 609) was added to each sample. 

Chromatographic separation was performed on Acquity UPLC H-Class® (Waters Corp, 

Milford MA) equipped with Acquity UPLC T3 Column® (1.8 µM, 1.0 x 100 mm; Waters Corp, 

Milford MA) as described by Boot et al. (2022).  A gradient of mobile phase A (water, 0.1% 

formic acid) and mobile phase B (acetonitrile, 0.1% formic acid) was used in the following 

sequence: 0-1 min, 100% mobile phase A; 1-12 min  0-95% mobile phase B; 12-15 min, 
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95% mobile phase B; 15-15.05 min 5-100% mobile phase A; and 15.05-20 min, 100% 

mobile phase A. Throughout, the column and sample temperature were kept constant at 

50 °C and 5 °C, respectively. 

Column eluent was then introduced to a Bruker maXis Plus® ultra-high resolution 

quadrupole time of flight (QTOF) mass spectrometer equipped with an electrospray 

ionization (ESI) source (Bruker Corp, Billerica MA). The ESI source was run both in positive 

and negative modes to maximize data acquisition. For both ionization modes, the ions 

were scanned at a rate of 4 Hz through 50-1300 m/z range. Other parameters for the mass 

spectrometry were as follows: capillary voltage 4500 V, nebulizer pressure 3.0 bar, drying 

gas 8.0 l/min, drying temp 220 C. Data dependent MS/MS spectra were collected with 3 

precursors per cycle with active exclusion after three spectra and release after 0.3 min. 

Source and acquisition parameters were identical for negative ion mode with the exception 

of the capillary voltage which was set at 3000 V. 

Data were calibrated in Compass HyStar (Bruker) prior to converting to .mzML format as 

centroided and peak-picked data files using msconvert in ProteoWizard with 32-bit binary 

encoding and MS levels 1-2. 

3.2.5. Root exudate data processing 

mzML data files were processed with MZmine 3 (Schmid et al., 2023). LC and MS1 data 

were used to filter out noise and identify peaks representing chemical “features” present in 

the sample. Detailed MZmine parameterizations are available in the supplemental 

information. 
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The resulting feature table along with MS2 data corresponding to each feature were 

imported to SIRIUS (Dührkop et al., 2019) for feature identification using default 

parameters. 

In addition to MZMine 3’s built in dereplication step, we manually dereplicated some 

features using RT and m/z ranges. We further filtered the list of features by first discarding 

those features that were missing from more than 80% of the samples. Afterwards, we used 

Maaslin2 R package (Mallick et al., 2021) to separate the plant-originated features from 

contaminants and internal standards. We categorized a feature as an exudate feature if its 

abundance was higher (α = 0.05) in samples than in negative controls, with the blocking 

variable as the random effect in the model. We did not control for multiple comparison at 

this stage as it was not a formal hypothesis testing but rather a data filtering step. 

3.2.6. DNA extraction and sequencing 

Soil DNA was extracted using Zymo Quick-DNA Fecal/Soil Microbe Miniprep Kit (Zymo 

Research Corporation, Irvine CA) according to the manufacturer instructions. Extracted 

DNA was quantified on Qubit 2.0 fluorometer using Qubit dsDNA HS Assay Kit 

(ThermoFisher Scientific Inc., Waltham MA). Primer sets 515F/806R and ITS1f/ITS2 from 

Earth Microbiome Project (Thompson et al., 2017) were used to construct amplicon 

libraries for 16S rRNA and ITS region, respectively. Sequencing was performed at Microbial 

Community Sequencing Lab (University of Colorado Boulder, Boulder CO) on Illumina 

MiSeq® platform (Illumina Inc., San Diego CA) using 251 base pair (bp) paired-end reads, 

which generated averages of 31,972 and 68,871 reads per sample for 16S and ITS, 

respectively. Resulting reads were demultiplexed using QIIME2 (Bolyen et al., 2019). 
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Demultiplexed reads were then denoised using DADA2 (Callahan et al., 2016) trimming all 

reads to 0-250 bp. Bacterial and archaeal taxonomy was assigned to 16S ASV sequences 

using the naïve Bayes sklearn classifier trained with the GTDB-Tk species representative 

genomes (release 207). Fungal ITS ASV sequence taxonomy was assigned using the naïve 

Bayes sklearn classifier trained with sequences from the UNITE database (version 9). 

Lastly, we filtered out those reads belonging to chloroplast and mitochondria. 

3.2.7. Statistical analysis 

Univariate statistical tests were performed using analysis of variance (ANOVA) with crop 

genotype as the main effect and block as a random effect. All variables and residuals were 

examined to ensure that assumptions of ANOVA were met, and log transformed as needed. 

All statistical analyses were performed in R (R Core Team, 2020). R packages lme4 (Bates et 

al., 2015) and lmerTest (Kuznetsova et al., 2017) packages were used for mixed effect 

model construction and applying ANOVA, respectively. Pairwise comparisons between 

genotypes were performed using the emmeans (Lenth, 2020) package, applying Tukey 

adjustment for multiple comparisons. 

The microbial communities and root exudate metabolites were described with nonmetric 

multidimensional scaling (NMDS) using Bray-Curtis dissimilarity index (vegan package; 

Oksanen et al., 2022). Two dimensional NMDS was used to describe both the 16S and ITS 

dataset, as well as the positive and negative ionization metabolites (stress = 0.186, 0.120, 

0.160, 0.106 respectively). To elucidate crop genotype effect on microbial communities 

and the exudate metabolome, we performed permutational multivariate analysis of 

variance (PERMANOVA; maximum permutation = 999) with crop genotype as the sole main 



 

43 

 

effect and block as a random effect. MaAsLin2 package (Mallick et al., 2021) was used to 

elucidate genotype effect on individual ASVs and metabolites, with genotype as the fixed 

effect and block as the random effect. 

The interactions between root architecture, root exudate composition, and 16S/ITS profiles 

were investigated using distance-based redundance analysis (dbRDA; vegan package, 

Oksanen et al., 2022). For root architecture’s interaction with metabolites and microbial 

communities, proportions of root volume in the first three diameter classes as well as SRL 

were modeled as independent data matrices. For root exudates’ interaction with microbial 

communities, we chose the top 25 positive ionization metabolites based on their relative 

enrichment in samples vs negative control as mentioned in subsection root exudate data 

processing. Only 16 negative ionization metabolites were deemed to have originated from 

plants, so no further filtering was necessary. Each ionization mode was modeled separately 

as an independent data matrix and each amplicon data matrix was modeled as response 

data matrix. In total, we performed six independent dbRDA. When we found a significant 

model effect, we applied the same model but with marginal tests, which allowed us to test 

the effect of each variable within independent data matrix independently. 

One replicate of annual wheat was excluded from all data analysis due to plant mortality. 

Another replicate of annual wheat was excluded from 16S analysis due to poor sequencing 

results.  Raw LC-MS/MS data from two annual wheat plants and one Kernza plant (positive 

ionization mode), as well as one perennial wheat (negative ionization mode;) were 

excluded from subsequent data processing for poor data quality. For multiple co-inertia 

analysis, we only chose those samples with valid 16S, ITS, negative and positive ionization 
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metabolomics profiles and excluded one additional Kernza plant for being an outlier (n = 

38). For all analyses, p < 0.05 was considered significant. The p-values were adjusted for 

multiple comparisons using false discovery rate (fdr; Benjamini and Hochberg, 1995). 

R packages within tidyverse (Wickham et al., 2019) were also used for data manipulation 

and visualization. Open source graphics software Inkscape (the Inkscape Project, 2023) 

was used for arranging graphs and creating graphics. 

3.3. Results 

3.3.1. Plant growth and root characteristics 

Total biomass for annual wheat was 48% and 38% greater than perennial wheat and 

Kernza, respectively (Table 3.1). Shoot biomass followed a similar pattern, while for root 

biomass annual wheat was only higher than perennial wheat, but not Kernza (Table 3.1). At 

the same time, Kernza demonstrated the highest R:S ratio, which was 37 % greater than 

annual wheat, while the R:S ratio of perennial wheat was intermediate and not different 

from the other two genotypes (Table 3.1). 

Table 3.1. Biomass of shoots, roots, and whole plant for all three genotypes (annual wheat, 
perennial wheat, Kernza) and their root:shoot ratio following 8 weeks of growth in 
greenhouse conditions. Values shown are the mean ± standard error. The p-values 
associated with genotype effects are presented at the bottom, with significant values (p < 
0.05) in italics. Lower-case letters in each coumn denote significant (p < 0.05) pairwise 
differences between genotypes (Tukey’s post-hoc). 

 
Biomass (mg) 

 Root :Shoot  

 Shoots  Roots  Total  

Annual wheat 499.1 ± 26.4 a  260.0 ± 15.4 a  759.1 ± 39.8 a  0.52 ± 0.02 b 

Perennial wheat 312.2 ± 18.8 b  200.4 ± 20.0 b  512.6 ± 35.4 b  0.64 ± 0.05 ab 

Kernza 321.9 ± 21.6 b   227.5 ± 23.3 ab   549.3 ± 40.0 b   0.71 ± 0.06 a 



 

45 

 

p-value <0.001   0.038   <0.001   0.039 

 

All three genotypes had significantly different root volume across the four root diameter 

classes (< 250 µm, 250-500 µm, 0.5-1 mm, > 1mm; Fig. 3.1). In absolute amount (root 

volume in cm3), annual wheat had the highest volume of roots within the 250- 500 µm 

diameter class compared to the other two genotypes (Fig. 3.1). In contrast, Kernza had the 

highest root volume in the > 1 mm diameter class, more than three times greater than that 

of annual wheat (Fig. 3.1). 

We also calculated root volume in each diameter class as a proportion of the total root 

volume to understand relative investment in different kinds of roots (Fig. 3.1). Perennial 

wheat had the highest proportion of roots in the < 250 µm size class and was significantly 

greater than Kernza (Fig 3.1). In the next class (250-500 µm), proportion of roots was the 

highest for annual wheat, followed by perennial wheat, and then by Kernza (Fig. 3.1). Kernza 

had a highest proportion of coarse roots (0.5-1.0 mm; > 1.0 mm) compared to the other two 

genotypes (Fig. 3.1). 
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Figure 3.1. Mean distribution of root volume across four diameter categories (error bars 
represent the standard error) for three genotypes (annual wheat, perennial wheat, Kernza) 
following 8 weeks of growth in greenhouse conditions. Top row shows root volume in 
absolute value (mm3), while the bottom row shows root volume as a proportion of the total 
for each genotype. Significance of the genotype effect are denoted within each panel and 
significant values (p < 0.05) are italicized. Lower-case letters above the bars in each panel 
denotes significant (p < 0.05) pairwise difference between the genotypes (Tukey’s post-
hoc). 

Despite differences in root volume, genotype did not have a significant effect on total root 

length, surface area, total volume, or SRL (Table 3.2). However, perennial wheat had 16% 

greater SRA than Kernza (Table 3.2). 

Table 3.2. Root total length, surface area, volume, specific root length (SRL), and specific 
root area (SRA) for all three genotypes (annual wheat, perennial wheat, Kernza) following 8 
weeks of growth in greenhouse conditions. Values shown are the mean ± standard error. 
The p-values associated with genotype effects are presented at the bottom, with significant 
values (p < 0.05) in italics. Lower-case letters in each coumn denote significant (p < 0.05) 
pairwise differences between genotypes (Tukey’s post-hoc). 
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Total 

length 

(m) 

 Surface 

area (cm2) 
 Volume 

(cm3) 
 

Specific 

root length 

(mm mg-1) 

 
Specific 

root area 

(cm2 mg-1) 

Annual wheat 43.8 ± 3.5  443.5 ± 

34.6 
 5.42 ± 0.46  57.8 ± 3.2 

 1.69 ± 0.06 

ab 

Perennial 

wheat 
33.4 ± 2.5  363.9 ± 

30.2 
 4.58 ± 0.53  66.4 ± 4.6 

 
1.86 ± 0.08 a 

Kernza 37.6 ± 4.0   
369.6 ± 

39.1 
  4.89 ± 0.59   67.5 ± 4.9 

 
1.61 ± 0.05 b 

 p-value 0.079   0.160   0.421   0.265   0.019 

 

3.3.2. Root exudate rate 

Exudation rate ranged from 53.7 to 149.1 µg C hr-1 plant-1 and varied significantly between 

genotypes. Annual wheat exuded 25% more C per hour compared to Kernza, with perennial 

wheat being intermediate (Fig 3.2a). When exudation rate was normalized by root weight 

(specific exudation rate), we found that perennial wheat exuded greatest amount of C per 

unit root biomass, followed by annual wheat and Kernza (Fig. 3.2b). Exudation rate was 

highly correlated with all four root parameters (total length, surface area, volume, and 

biomass), but most closely with surface area (R2 = 0.44, p < 0.001; Fig. S3.1). 
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Figure 3.2. (A) Mean root exudation rate and (B) specific exudation rate for all three 
genotypes (annual wheat, perennial wheat, Kernza; error bars represent the standard error) 
following 8 weeks of growth in greenhouse conditions. The p-values for the genotype effect 
are denoted within each panel and significant values (p < 0.05) are italicized. Lower-case 
letters above the bars in denote significant (p < 0.05) pairwise difference between the 
genotypes (Tukey’s post-hoc). 

3.3.3. Integrated analysis of root exudate and microbial community profiles 

We identified 318 and 118 unique chemical features from the LC-MS/MS in positive and 

negative ionization modes, respectively (Table S3.1). Of these features, 57 positive 

ionization and 16 negative ionization features were significantly enriched in exudate 

samples vs controls (Table S3.1). Among these 73 total features, 19 positive ionization and 

9 negative ionization features had associated MS2 spectra and hence corresponding 
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chemical formula annotation (Table S3.1). SIRIUS provided compound identity annotation 

for five features from each ionization mode (Table S3.1). 

Additionally, we obtained 10,668 and 3,566 ASVs via 16S and ITS sequencing, respectively. 

Of these ASVs, 6,286 and 2,427 were taxonomically identified beyond the family level. 

Among the identified ASVs, the genus Nitrosocosmicus was the most abundant archaeal 

genus with 32,213 reads from 7 ASVs and Gp6-AA40 was the most abundant bacterial 

genus with 10,947 reads from 46 ASVs. For the fungal genus, Solicoccozyma was the most 

abundant (87,774 reads, 144 ASVs). 

PERMANOVA on each of the four individual -omics data (positive- and negative-ionization 

exudates, 16S and ITS sequences) did not reveal any significant genotype effects (Figs 

S3.2a, d; S3a, d). 

Lastly, we investigated the relationship between root architecture, root exudates, and 

microbial community via dbRDA. Root architecture showed significant association with 

both positive and negative ionization metabolites (Figs 3.3a, b). Specifically, proportion of 

roots in diameter class 2 (250-500 µm) was correlated with positive ionization metabolites 

and those in class 1 and 3 (< 250um and 0.5-1.0 mm) were related with negative ionization 

metabolites (Figs 3.3a, b). In turn, the negative ionization exudate metabolites were 

significantly associated with 16S profile regardless of plant genotype (Fig 3.3c). Among 

these 16 metabolites, we found that compound neg.C42 (unidentified; m/z = 250.13) 

specifically associated with the 16S profile (Fig 3.3c). Among the five ASVs that responded 

most sensitively to negative ionization exudates were two bacterial ASVs belonging to 
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phylum Cyanobacteria, and three archaeal ASVs belonging to phylum Thermoproteota (Fig 

3.3c). Other pairings (root architecture on either 16S or ITS, negative ionization exudates on 

ITS, positive ionization exudates on 16S and ITS) did not show any significant relationships 

(p > 0.05, dbRDA, data not shown). 

 

Figure 3.3. Interactions between root architecture and (A) positive ionization exudates, (B) 
negative ionization exudates, and (C) between negative ionization exudates and 16S 
profiles via distance-based redundancy analysis (dbRDA). Root architecture data were 
obtained via root scanning, exudates via LC-MS/MS, and 16S via rhizosphere soil DNA 
amplicon sequencing. Analyses were performed on Bray-Curtis dissimilarity matrices. The 
blue arrows and the red dots indicate the independent variable matrix and the response 
matrix, respectively. Significance of the whole model is noted in the upper right corner of 
each panel. Marginal tests were performed for each model and those individual variables 
significant at p < 0.05 level were highlighted with bold lines and bold fonts. Only those 
response variables that are the farthest from (0, 0) point in each panel were labeled (n = 5). 
In panel (C), five independent variables were chosen in the same manner. If exudates were 
annotated in any manner in Table S3.1 they were highlighted in italics. When available, 
compound notation for exudate was given along the compound number. (root diam.1; 
proportion of root volume with diameter < 250 µm, SRL; specific root length, posC- and 
negC-; positive and negative ionization exudate compounds, respectively) 

3.3.4. Analysis of individual metabolites/ASVs, diversity indices, and fungal trophic modes 

Differential abundance analysis of individual metabolites/ASVs via pairwise MaAsLin2 

showed that one positive ionization feature (pos.C149; unidentified) was more abundant in 

perennial wheat than in Kernza (Fig S3.4). Similarly, one negative ionization feature 

(neg.G.C5.C7; 2-[(3-Carboxyanilino)carbonyl]-5-nitrobenzoic acid) was more abundant in 
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annual wheat than in Kernza (Fig S3.4). We did not find any individual ASVs that varied 

significantly in abundance between genotypes. 

We also analyzed alpha diversity of all four -omics datasets. We found that Kernza’s 

negative ionization exudate profile was less diverse than that of annual wheat and 

perennial wheat, in both richness and evenness (Shannon’s index; ANOVA; Fig S3.2e, f). We 

found no evidence of genotype effect on alpha diversity of positive ionization exudate 

profile (Fig S3.2b, c) or 16S/ITS community profiles (Fig S3.3b, c, e, f). 

Using FUNGuildR, we found trophic mode information for 2569 fungal ASVs out of total of 

3,566 ASVs. Among these, 1,285 ASVs’ trophic mode assignments were ranked as 

“Probable” or “Highly probable”. Saprotrophs were the largest group with 466 ASVs, 

followed by pathotrophs at 188 ASVs and symbiotrophs at 67 ASVs. The rest had two or 

more fungal trophic mode assignments. We found that both perennial varieties had greater 

relative abundance of pathotrophic fungi in its rhizosphere than annual wheat (Fig 3.4). We 

also calculated symbiotroph to pathotroph ratio, which was the highest in annual wheat, 

intermediate in perennial wheat, and the lowest in Kernza (Fig 3.4). 

3.4. Discussion 

3.4.1. Genotype effect on root architecture and exudation rate 

We hypothesized that Kernza, a perennial variety that has been domesticated only recently, 

would invest belowground most heavily out of the three genotypes. On the other hand, we 

expected annual wheat, optimized for high grain yield, would prioritize aboveground growth 
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at the expense of the belowground investment. Lastly, we hypothesized that perennial 

wheat, being the hybrid of the two, would show intermediate belowground investment. 

 

Figure 3.4. Relative abundances of fungal ASVs classified as symbiotrophs and 
pathotrophs (among those with positive identification via FUNGuildR; Nguyen et al., 2016; 
Furneaux and Song, 2021) as well as the ratio between symbiotrophs and pathotrophs 
extracted from the rhizosphere of three genotypes (annual wheat, perennial wheat, Kernza) 
growing for 8 weeks under greenhouse conditions. Values represent the mean, and error 
bars are the standard error. The p-values for the genotype effect are denoted within each 
panel and significant values (p < 0.05) are italicized. Lower-case letters above the bars 
denote significant (p < 0.05) pairwise difference between the genotypes (Tukey’s post-hoc). 

We used R:S ratio as one of primary indicators of relative belowground investment. As we 

hypothesized, the R:S ratio of the three genotypes was the highest in Kernza, intermediate 

in perennial wheat, and lowest in annual wheat (Table 3.1). This result is in line with a past 

study that found that an annual wheat hybrid had intermediate R:S ratio compared to its 

parents (Wang et al., 2006). 

Another indicator of relative belowground investment was specific exudation rate. 

Surprisingly, perennial wheat exceeded both Kernza and annual wheat in specific 



 

53 

 

exudation rate despite being the hybrid (Fig 3.2b). We suspect that this unexpected result is 

driven by root investment allocation pattern across different diameter classes. Each 

genotype had at least one diameter class into which they invested more heavily than the 

other two genotypes. For instance, proportion of very fine (< 250 µm) roots was higher in 

perennial wheat than either of its parent lines (Fig 3.1). This likely contributed to perennial 

wheat’s high specific root area, which was also higher than those of Kernza and annual 

wheat (Table 3.2). Root surface area was strongly correlated with root exudation rate (Fig 

S3.1). In summary, perennial wheat preferentially grew very fine (< 250 µm) roots, which 

increased SRA and contributed to a greater specific exudation rate (Figs 3.1, 3.2b, Table 

3.2). 

Hybrids investing more heavily belowground compared to their parents have been reported 

in some past studies. For example, Chairi et al. (2016) studied maize inbred lines and the 

hybrids in and out of water stress and found that most root measurements (e.g., root 

weight density, specific root length) were greater in the hybrids regardless of the water 

stress. Similarly, Cavani and Mimmo (2007) found that a hybrid maize line increased total 

organic C in soil compared to either of its parental lines (Cavani and Mimmo, 2007). The 

authors concluded that the increase in soil C was driven by greater rhizodeposition by the 

hybrids, which is echoed by the findings in our study (Cavani and Mimmo, 2007). These 

phenomena are likely instances of “heterosis”, or hybrid vigor (Baldauf and Hochholdinger, 

2023). The above literature explored absolute differences in belowground investment 

unlike our result, which used relative measures. However, our findings could also be yet 

another example of belowground heterosis. If perennial wheat had a greater proportion of 
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thicker roots like either of its parents, it would have had smaller total root surface area and 

thus lower exudation rate. Both of those traits (surface area and exudation rate) are linked 

to greater soil nutrient uptake (Raghothama and Karthikeyan, 2005; Meier et al., 2017). 

Therefore, by investing more heavily into very fine roots, which in turn increases surface 

area and exudation rate, perennial wheat may be maximizing its nutrient uptake potential 

with its limited biomass resources. 

3.4.2. Root exudate and microbial community composition 

We hypothesized that Kernza and annual wheat would have the two most distinct root 

exudate and microbial community profiles, and that perennial wheat would fall somewhere 

in between the two extremes. Despite our expectations, analysis of individual -omics 

dataset via PERMANOVA revealed no genotype effects and thus did not support our 

hypothesis (Figs S3.2, S3.3). 

This lack of a genotype effect was surprising given the past studies that have found distinct 

exudate profiles/ microbial communities under more closely related plants. For instance, 

Iannucci et al. (2017) studied modern durum wheat and its wild relatives and found that 

their root exudate chemical compositions differed. Similarly, Leff et al. (2017) showed that 

sunflower and its wild relatives fostered slightly different fungal communities. Therefore, 

we expected greater separation between Kernza and annual wheat given that they are two 

distinct species with varying degrees of domestication. Furthermore, some studies have 

specifically focused on crop hybrids and shown that their rhizosphere environments were 

distinct from those of their parental lines. One study examined organic acid abundance in 

root exudates of two maize hybrids and found the levels to be distinct  from those of the 
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parental lines (Cavani and Mimmo, 2007). Other studies have specifically investigated 

hybridization of annual wheat lines and Thinopyrum elongatum, a perennial wheatgrass 

species related to Kernza (Cui et al., 2022; Yang et al., 2022). Those studies have found that 

the microbial communities of the hybrids were always distinct from those of the annual 

parents (Cui et al., 2022; Yang et al., 2022). 

However, genotype effect on rhizosphere environment is not always consistent. Kelly et al. 

(2022) found that rhizosphere community composition did not differ among twelve distinct 

winter wheat varieties. They speculated that the difference in microbial community may 

become more evident if they had grown additional landraces and compared domestication 

groups (e.g. landraces vs. modern wheat) instead of comparing individual genotypes (Kelly 

et al., 2022a). 

Another explanation for the lack of a genotype effect is the plant age. In a parallel field 

experiment, we found that Kernza and perennial wheat shared a similar 16S profile that 

was distinct from that of annual wheat (Hwang et al., in prep). These plants were harvested 

at maturity rather than at 8 weeks. It is possible that over time, the genotype effect would 

become more evident. Indeed, both exudate profiles and microbial communities have 

been shown to change throughout plant growth stages (Aulakh et al., 2004; Sugiyama et al., 

2014). We must note, however, that when Cui et al. (2022) and Yang et al. (2022) studied an 

annual wheat hybrid with Th. elongatum, they observed genotype effects on 16S profiles as 

early as at 3-leaf stage. Therefore, in certain cases, genotype effects manifest even at early 

stages, which we did not observe in our study. 
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3.4.3. Root exudate identities and diversity 

We successfully identified one metabolite (G.C5.C7) in the exudate samples belonging to 

anthranilic acid family (2-[(3-Carboxyanilino)carbonyl]-5-nitrobenzoic acid). Though overall 

exudate profiles did not differ between genotypes, G.C5.C7 was found in greater 

abundance in annual wheat exudate samples than in Kernza exudate samples (Fig S3.4). In 

the past, anthranilic acid has been found in the leaves of Isatis indigotica (Cao et al., 2020). 

Cao et al (2020) observed that its concentration decreased with decreasing N amendment 

inputs and concluded that low levels of anthranilic acid could be a sign of N limitation 

within plants. While this conclusion would suggest that Kernza may be experiencing N 

limitation, we did not observe any other signs of N stress. 

Low rate of identification for metabolites is not uncommon for untargeted metabolomics 

approach (Patti et al., 2012). Compared to targeted metabolomics, untargeted 

metabolomics tend to generate more comprehensive profiles that can include unknown 

and novel compounds involved in the ecological process of interest (Patti et al., 2012). This 

broad approach could also explain why we have found metabolites belonging to groups 

such as fatty acids, terpenoids, and alkaloids that are seldom found in other root exudate 

studies (Table S3.1; Williams et al., 2022; McLaughlin et al., 2023). 

3.4.4. Fungal trophic modes 

While the ITS profiles did not differ between genotypes (Fig S3.3d), we organized ASVs into 

discrete fungal trophic modes via FUNGuildR and found evidence of a genotype effect (Fig 

3.4). Annual wheat had the lowest proportion of pathotrophs among those ASVs with 

positive trophic mode assignment (Fig 3.4). Kernza had the highest proportion, while 
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perennial wheat showed intermediate values (Fig 3.4). Similarly, the symbiotroph-to-

pathotroph ratio was the highest in annual wheat and the lowest in Kernza (Fig 3.4). 

On one hand, this highlights heritability of rhizosphere fungal assembly in wide 

hybridizations. Hybridization has been used to confer fungal disease resistance from a 

parent onto the hybrid (Scholze et al., 2010; Zhang et al., 2023), and our result provides 

further evidence that such a transfer can happen. It seems that in our case, annual wheat 

conferred some fungal disease resistance to perennial wheat (Fig 3.4). On the other hand, 

it is surprising that it was annual wheat, not Kernza, that possessed such an ability. The life 

history of annual wheat as an intensively managed cereal crop wherein use of fungicide is 

common and provides a good context for a species to lose the ability to repel pathogenic 

fungi. The opposite can be said about Kernza, which has survived in the wild far more 

recently than annual wheat has (DeHaan et al., 2018). Indeed, greater resistance to fungal 

diseases has been reported in wild relatives of maize, rice, cotton, and soybeans (reviewed 

by Mammadov et al., 2018). However, the opposite trend, wherein domesticated crops 

develop rather than lose pathogen resistance, has also been documented. For instance, 

Leff et al. (2017) found lower relative abundance of known fungal pathogens in 

domesticated sunflowers compared to its wild relatives. Furthermore, one study has 

shown that modern wheat  harbor fewer pathogenic fungi in its rhizosphere than its wild 

relatives (Spor et al., 2020). The latter study is especially applicable since it also looked at 

annual durum wheat. We suspect that millennia of artificial selection within a specific 

timeframe – following initial domestication but prior to wide adoption of fungicide use – 

may have led to accumulation of pathogen resistance in annual durum wheat. 
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Alternatively, plant age could have played a role here again. In our parallel field experiment, 

we found that symbiotroph-to-pathotroph ratio was higher in Kernza than in perennial 

wheat at maturity (Hwang et al., in prep). It is possible that the fungal communities under 

these genotypes would change as plants mature. 

3.4.5. Interactions between root architecture, exudates, and microbial community 

Despite the general lack of genotype effect on the rhizosphere environment, we found that 

root architecture was correlated with both positive and negative ionization exudate profiles 

(Figs 3.3a, b), and the negative ionization exudate profile, in turn, was correlated with 

rhizosphere 16S profile (Fig 3.3c). Therefore, across all three genotypes, root architecture 

may have influenced the 16S profiles via distinct exudate profiles. Other studies have 

highlighted linkages between root architecture and microbial community. Pérez-Jaramillo 

et al. (2017) studied variation in common bean rhizosphere microbial composition and 

found that 11% of the total variation could be explained by root morphological traits. 

Similarly, Zai et al. (2021) demonstrated that wheat/maize roots of different diameter 

classes harbored distinct microbial communities. In the latter study, the authors 

speculated that root diameter had a strong effect via differences in turnover rate and root 

exudation. Indeed, in a recent review by Galindo-Castañeda et al. (2024), the authors 

suggested that different rates and composition of root exudate may mediate root 

architecture effect on rhizosphere microbial assembly. Our results appear to corroborate 

speculation by Zai et al. (2021) and Castañeda et al. (2024); We found that root 

architecture did not directly affect microbial community composition but was correlated 

with both positive and negative ionization exudate profiles (Figs 3.3a, b). Negative 
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ionization exudate profile, in turn, was correlated with rhizosphere 16S profile (Fig 3.3c). 

Therefore, across all three genotypes, root architecture may have influenced the 16S 

profiles via distinct exudate profiles. 

3.4.6. Conclusion 

Kernza and perennial wheat present an opportunity to introduce to modern agriculture not 

only perenniality, but also a suite of potentially beneficial rhizosphere traits. In this study, 

we found that via hybridization, perennial wheat achieved greater specific exudation rate 

compared to both of its parents. This finding has agroecological implications since greater 

exudation could lead to greater nutrient availability in the rhizosphere and associated plant 

uptake. While we did not find evidence of a genotype effect, we did demonstrate important 

relationships between root architecture, exudate composition, and microbial community 

assembly. We believe that these relationships can inform future efforts to modify crop 

microbiome, either through breeding or microbial inoculants. 

Future studies will have to focus on the development of these exudates and microbial 

profiles over time as plants age. The genotype effects may become more pronounced over 

time and easier to detect. Other tests of rhizosphere function (such as pathogen exposure, 

arbuscular mycorrhizal fungi symbiosis, nutrient cycling, etc.) could help determine how 

much genotype affects rhizosphere function rather than structure. Regardless, the present 

study suggests that, within Kernza and perennial wheat, there are indeed interesting 

heterotic interactions as well as some level of rhizosphere trait interaction that merit 

further investigation. This study is therefore an important first step in integrating these traits 
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into breeding pipelines to create high-yielding perennial that can leverage beneficial 

rhizosphere interactions.  
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CHAPTER 4: PERENNIALIZATION AND INTERCROPPING EFFECTS ON WHEAT 

RHIZOSPHERE COMMUNITIES 

4.1. Introduction 

Perennial agriculture has been suggested as an alternative agriculture paradigm that can 

reduce the negative environmental impacts often associated with modern industrial 

agriculture (Crews et al., 2018). Growing perennial grains requires less energy input for 

planting and tillage and reduces soil disturbance, leading to conserved energy and 

improved soil health (Crews et al., 2016). The larger root systems of perennial crops also 

provide opportunities to increase water and nutrient uptake efficiencies (Mårtensson et al., 

2022) and build soil organic matter (SOM; van der Pol et al., 2022). There is considerable 

interest in pairing perennial grains with legumes in cereal-legume biculture (or 

intercropping), as a means to reduce nitrogen (N) fertilizer inputs to the system (Crews et 

al., 2016; Reilly et al., 2022). The two main pillars of perennial agriculture research are 

therefore, 1) developing novel perennial cereal crops and 2) evaluating them in the context 

of cereal-legume bicultures. 

Wild perennial plants are often used as sources of new perennial crop development via de 

novo domestication (Van Tassel et al., 2017; DeHaan et al., 2018). Breeders target 

promising wild perennials and apply artificial selection to increase their yield while 

maintaining their perenniality (Van Tassel et al., 2022). Kernza® is a grain from the 

domestication of intermediate wheatgrass (IWG; Thinopyrum intermedium) is one of such 

crop species (DeHaan et al., 2018). Once a wild perennial cool season grass, Kernza’s yield 
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has and continues to be improved through breeding efforts involving traditional and newer 

molecular techniques such as genomic selection, and it along with rice have become the 

first perennial cereal grains available to the public (DeHaan et al., 2023). Another perennial 

grain development approach involves wide hybridization, where the perenniality of the 

chosen wild plants is introduced to modern crops by hybridizing them (Hayes et al., 2018). 

Perennial wheat, a cross between IWG and annual durum wheat (Triticum turgidum subsp. 

durum) is one example of this method (Cox et al., 2010; Hayes et al., 2018). 

Perenniality is not the only trait that the wild plant species can provide via de novo 

domestication. They can also act as sources of many other ecologically beneficial traits, 

some of which have direct impact on cereal-legume biculture integration. For example, 

wild relatives of modern crops have been shown to possess greater physiological plasticity 

compared to their modern counterparts (Renzi et al., 2022). This is because domestication 

often acts as an evolutionary bottleneck that favors robustness (consistency) in trait 

expression (Renzi et al., 2022). In examining seven common crops and their wild relatives, 

Matesanz and Milla (2018) demonstrated that the wild relatives modulated their physiology 

to greater extent under nutrient and water limitation than their domesticated counterparts. 

Such plasticity is not limited to yield and aboveground traits. Wild relatives of barley, for 

example, demonstrated a greater plasticity in its root architecture in response to nutrient 

limitation than either the modern or landrace varieties (Grossman and Rice, 2012). 

Similarly, Junaidi et al. (2018) found progenitor of wheat (Aegilops tauschii) to have more 

plastic responses in belowground allocation than modern spring wheat varieties, when 

exposed to different nutrient sources (compost vs fertilizer). It has been suggested that 
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plasticity in root growth could help the wild varieties adapt readily to uneven distribution of 

nutrients in the soil (Grossman and Rice, 2012). 

Physiological plasticity in root growth and belowground C allocation can help plants adapt 

to biculture conditions as it can allow for greater degree of niche partitioning (Bourke et al., 

2021). For example, in maize-soybean biculture, soybean modified its root architecture to 

reduce its competition against maize specifically for water resources, thus enhancing the 

water uptake efficiency of the biculture vs. monoculture stands (Zhang et al., 2022). 

Similarly, in a wheat-maize biculture, wheat modified its root architecture to a greater 

extent in response to N availability than maize and saw greater benefit within the biculture 

system (Liu et al., 2015). 

One of the primary benefits of cereal-legume biculture is the legume-to-cereal N transfer 

(Crews et al., 2022). This process depends not only on plant physiology but also on 

rhizosphere microbial community, via microbial depolymerization and mineralization of 

legume rhizodeposits (Høgh-Jensen, 2006). This mechanism therefore depends on an 

active microbial community that can break down N-containing organic molecules (Lai et 

al., 2022). Another mechanism is via common mycorrhizal networks (CMN; He et al., 2003) 

that connect cereal and legume roots, allowing for direct transfer of N via fungal hyphae. 

Therefore, the ideal candidate cereal would possess the ability to recognize the presence of 

neighboring legumes and modulate its microbial community assembly to facilitate both 

processes. In line with the above-mentioned findings for belowground allocation, wild plant 

species seem to possess a greater degree of plasticity in regulating rhizosphere assembly 

as well. In a recent study by Jacquiod et al (2022), the authors grew modern and ancient 
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wheat with or without chemical inputs (N fertilizer, fungi- and herbicides) and found that 

16S diversity was greatly reduced in the ancient varieties’ rhizosphere with chemical 

inputs. In contrast, the 16S profiles of the modern varieties remained unchanged (Jacquiod 

et al., 2022). While this study was conducted with ancient crop relatives rather than the 

wild ones, we could assume the same trend would extend to wild varieties if those were 

compared to the modern varieties. 

Kernza, being a recent domesticate, might also be expected to possess greater plasticity in 

microbial community assembly compared to modern cereal grain crops (DeHaan et al., 

2018). This would imply Kernza could adjust its rhizosphere microbial community when 

grown next to legumes, presumably to take greater advantage of the potential N source. 

Furthermore, microbial characteristics have been shown to be heritable in wide 

hybridization (Yang et al., 2022). This implies that microbial community plasticity present in 

one parent could also be passed down to the hybrid. Therefore, if Kernza indeed possessed 

plasticity in regulating rhizosphere assembly, perennial wheat may have partially inherited 

such trait. Despite its importance in cereal-legume biculture, however, plasticity of 

rhizosphere microbial community assembly of the recently developed perennial cereals 

remains poorly understood. 

To address the knowledge gaps outlined above, we established a field trial to characterize 

the rhizosphere microbial community of each of the three cereal crops (annual wheat, 

perennial wheat, and Kernza) as well as the response of intercropping these cereals with 

alfalfa (Medicago sativa), a deep-rooted perennial legume. We hypothesized that: 1) 

rhizosphere microbial community composition of annual wheat and Kernza will be most 
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dissimilar from each other with perennial wheat (the hybrid) being intermediate, and 2) all 

microbial communities will shift in biculture, but the greatest change will occur in Kernza 

and the smallest change in annual wheat since the former could have retained adaptive 

capabilities slowly bred out in the latter. Understanding how the rhizosphere microbial 

community of cereals changes when planted with legumes can help us better design 

perennial cropping systems and inform breeding efforts for future generations of crops that 

are better adapted to ecologically intensive agroecosystems. 

4.2. Methods 

4.2.1. Experimental Design 

This study took place at the Colorado State University (CSU) Agriculture Research 

Demonstration and Education Center (ARDEC) near Fort Collins, CO (40°39'09.4"N 

104°59'48.1"W, elevation: 1,552 m). This area has 0-3 % slope, receives an average of 270 

mm of precipitation, with average maximum temperature of 30 °C in July and average 

minimum temperature of -10 °C in December (Colorado Agricultural Meteorological 

Network and USDA ARS, 2024). The soils at this site are classified as Fort Collins loam 

(fine-loamy, mixed, superactive, mesic Aridic Haplustalfs; Soil Survey Staff, 2019). 

Cereal varieties evaluated consist of annual durum wheat (Triticum turgidum subsp. 

durum), perennial wheat (Triticum turgidum subsp. durum x Thinopyrum intermedium), and 

Kernza (Thinopyrum intermedium). All seeds were provided by the Land Institute (Salina, 

KS). Each of these cereals was planted in monoculture or in biculture with alfalfa 

(Medicago sativa). Each plot was 1.8 m wide and 6.1 m long, with nine rows (19-cm spacing 

between rows) within each plot. In biculture plots, we planted the cereal and alfalfa in 



 

66 

 

alternating rows, with five cereal rows and four alfalfa rows. The trial was established as a 

randomized complete block design, with each of the five replicate blocks containing all six 

factorial combinations of genotypes and cropping systems (mono- and biculture) as well 

as an alfalfa monoculture plot. 

We planted the plots on Sept 14th in 2020 and again on October 8th in 2021 (annual and 

perennial wheat only) at the depths of 6-12 mm for Kernza and 25-40 mm for perennial 

wheat and annual wheat. Plots were irrigated by sprinkler for the first few weeks after 

seeding to facilitate establishment. 

4.2.2. Biomass sampling and calculations 

Biomass harvest took place on June 24th, 2021, and July 20th, 2022. We cut a 1.2 m wide 6.1 

m long strip from the center of each plot to avoid edge effects. Biomass was cut ~5 cm 

from the ground and weighed fresh in the field. Two representative subsamples (~ 1 kg fresh 

biomass) were taken from this biomass sample and one of the subsamples was weighed 

before and after oven-drying at 60°C to determine water content of the harvested biomass. 

The other subsample was divided into cereal grain, alfalfa, and weeds before being dried to 

calculate dry mass composition of each plot. We calculated full plot equivalent yield for 

cereal in biculture plots by multiplying the yield by a factor of 1.8 (since only five of the nine 

rows contained cereal). 

Relative competitive intensity (RCI) is a measurement of competition in a species mixture 

and is insensitive to differences in absolute productivity (Grace, 1995). RCI was calculated 
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for both cereals and alfalfa in biculture treatment using the following formula, derived from 

Grace (1995): 

𝑅𝐶𝐼 = 𝑌𝑚𝑜𝑛𝑜 − (𝑌𝑏𝑖 × 𝑑𝑏𝑖−1)𝑌𝑚𝑜𝑛𝑜  

Where Ymono is the yield of the plant in monoculture in kg ha-1, Ybi is the yield of the plant in 

biculture, and dbi is the planting density in biculture (5/9 for cereal, 4/9 for alfalfa). Positive 

RCI indicates that the plant species is experiencing competitive pressure. 

Land equivalent ratio (LER) is a measurement of yield advantage in species mixture/ 

intercropping and corresponds to the relative monoculture land area required to achieve 

the same yield as the mixture (Mead and Willey, 1980). LER > 1 indicates that 

mixture/intercropping advantage is present (Mead and Willey, 1980). LER was calculated 

for each genotype in biculture treatment using the following formula from Osiru and Willey 

(1972): 

𝐿𝐸𝑅 = 𝑌𝑐𝑏𝑖𝑌𝑐𝑚𝑜𝑛𝑜 + 𝑌𝑎𝑏𝑖𝑌𝑎𝑚𝑜𝑛𝑜 

Where Ycbi and Ycmono are cereal yield in biculture and monoculture, respectively, and Yabi 

and Yamono are corresponding alfalfa yields. LER was calculated for each block x year 

combination for all three genotypes, using one alfalfa monoculture from each block as 

Yamono for each of the three cereals. 
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4.2.3. Rhizosphere sampling 

Rhizosphere sampling took place on June 17th, 2021, and July 16th, 2022, prior to biomass 

harvest. From each plot, we randomly chose three cereal plants with no weeds in the 

immediately adjacent area (i.e., 20 cm radius). The cereal plants were carefully excavated 

from the soil to a depth of 15 cm using a shovel, with roots intact. The roots were shaken to 

remove loose adhering soil. The remaining soil on the roots was then carefully brushed off 

and collected as rhizosphere soil samples. The rhizosphere soil samples were frozen at -

20°C until further analysis. 

4.2.4. DNA extraction and analysis 

Soil DNA was extracted using Zymo Quick-DNA Fecal/Soil Microbe Miniprep Kit (Zymo 

Research Corporation, Irvine CA) according to the manufacturer instructions. Qubit 2.0 

fluorometer and Qubit dsDNA HS Assay Kit (ThermoFisher Scientific Inc., Waltham MA) 

was used to quantify the extracted DNA. Primer sets 515F/806R and ITS1f/ITS2 from Earth 

Microbiome Project (Thompson et al., 2017) were used to construct amplicon libraries for 

16S rRNA and ITS region, respectively. Microbial Community Sequencing Lab (University of 

Colorado Boulder, Boulder CO) performed library sequencing on Illumina MiSeq® platform 

(Illumina Inc., San Diego CA) using 251 base pair (bp) paired-end reads, which generated 

averages of 24,735 and 42,974 reads per sample for 16S and ITS, respectively. Resulting 

reads were demultiplexed using QIIME2 (Bolyen et al., 2019) and then denoised using 

DADA2 (Callahan et al., 2016) trimming all reads to 0 – 250 bp. Bacterial and archaeal 

taxonomy was assigned to 16S ASV sequences using the naïve Bayes sklearn classifier 

trained with the GTDB-Tk species representative genomes (release 207). Fungal ITS ASV 
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sequence taxonomy was assigned using the naïve Bayes sklearn classifier trained with 

sequences from the UNITE database (version 9). Lastly, we filtered out those reads 

belonging to chloroplast and mitochondria. All data were rarefied to 10k reads per sample. 

Additionally for ITS data, we assigned functional guild and trophic mode to each ASV using 

the FUNGuild database (Nguyen et al., 2016) and FUNGuildR package (Furneaux and Song, 

2021). Per developer recommendation, we only retained those designations with 

confidence ranking “probable” or “highly probable.” We further filtered out ASVs with more 

than one guild/trophic mode assignments to avoid overinterpreting the data (Nelson et al., 

2024). 

4.2.5. Statistical analysis 

All statistical analyses were performed in RStudio (RStudio Team, 2020). 

We analyzed biomass yield, relative abundance of fungal guilds, and microbial diversity 

indices (Shannon’s and Chao1), with repeated measures analysis of variance (ANOVA). 

Model construction was done with lme4 (Bates et al., 2015) package and statistical tests 

was performed with lmerTest (Kuznetsova et al., 2017) package. Crop genotype, cropping 

system, and year were modeled as fixed effects, while blocks and plots were modeled as 

random effects. The model also included all two and three-way interactions between the 

fixed effects. We used log or square root transformation to ensure that the assumptions of 

ANOVA were met. When appropriate, we performed pairwise comparisons of significant 

factors using emmeans (Lenth, 2020) package. We used Tukey adjustment for multiple 
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comparisons. Two-tail t-tests were used to determine if RCI or LER significantly differed 

from a set value (0 for RCI, and 1 for LER). 

Multivariate statistics were performed with vegan R package (Oksanen et al., 2022). 

Microbial community data were described with nonmetric multidimensional scaling 

(NMDS) using Bray-Curtis Dissimilarity Index. Two-dimensional NMDS was used for the 16S 

data (k = 2, stress = 0.10) and three-dimensional NMDS was used for the ITS data (k = 3, 

stress = 0.16). Permutational analysis of variance (PERMANOVA; 999 permutations) was 

performed via adonis2 package to analyze treatment effect on microbial communities. 

Model construction was the same as ANOVA. When performing PERMANOVA, we opted for 

marginal tests to disregard the order in which the main effects were entered. Since 

marginal tests in adonis2 function tests the significance of the highest order interaction, we 

systematically tested for significant effects in a stepwise fashion; the one three-way 

interaction (plant genotype x cropping system x year) was first tested; if not significant, we 

tested the three two-way interactions; if none were significant, we tested for the main 

effects without interaction terms. When we found significant two-way interactions, we 

performed pairwise comparison of one factor levels stratified by levels of another factor 

and vice versa. When we found a significant main effect, we performed simple pairwise 

comparison using a subset of the data containing only two levels of the factor at a time. The 

p-values generated in any pairwise comparisons were adjusted using the Benjamini-

Hochberg method (Benjamini and Hochberg, 1995). 

When we found a factor or an interaction of factors that  influenced the microbial 

community via PERMANOVA, we also investigated its effect on individual ASVs using 
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Maaslin2 package (Mallick et al., 2021). For these analyses, we filtered out those ASVs 

present in fewer than 25% of the samples. Similarly to PERMANOVA, in case of interaction 

between factors, we investigated the effect of one factor separately for each level of the 

other factor. 

We considered all p-values lower than 0.05 to be significant and those between 0.075 and 

0.05 to be marginally significant. R packages in tidyverse (Wickham et al., 2019) were used 

for basic data manipulation and Inkscape (The Inkscape Project, 2023) was used for graph 

processing. 

4.3. Results 

4.3.1. Biomass yield 

Whole plot biomass yield (cereal + alfalfa + weeds) in a season ranged from 950 kg ha-1 to 

13,731 kg ha-1 across both years. Kernza plots produced markedly greater overall plant 

biomass than the other two genotypes regardless of cropping system or year (Table 4.1). 

For Kernza, the monoculture plots produced greater biomass than biculture plots (Table 

4.1). For the other two genotypes, the inverse was true and the biculture plots outproduced 

the monoculture plots (Table 4.1). Monoculture plots decreased in biomass production in 

the second year across the genotypes, whereas biculture plots produced a consistent 

amount of biomass in both years (Table 4.1). 

Table 4.1. Biomass production of annual wheat, perennial wheat, and Kernza in both 
monoculture and biculture (with alfalfa) cropping systems over a two-year period near Fort 
Collins, CO. Data shown in mean ± standard error. All cereal biomass numbers in biculture 
treatments are converted to full plot equivalent figures (see biomass sampling and 
calculations under the methods section). Pre-conversion values are given in parentheses. 
In the last row of each year is the mean alfalfa yield for each year that was used to calculate 
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RCI and LER (Table 4.2). All values given in parentheses were excluded from the statistical 
tests whose results are reported in the bottom section. The bottom section lists p-values 
associated with each response variable obtained via mixed effect linear model (G = crop 
genotype, S = cropping system, Y = sampling year), with significant values (< 0.05) denoted 
in bold. 

Year 
Crop 

genotype 

Cropping 

system 
 

Dry biomass (kg ha-1) 

 Whole plot  Cereal*  Alfalfa† 

 

Weed 

2021 

Annual 

wheat 

Mono  3,868 ± 507  2,588 ± 503  - 1060 ± 155 

Bi  6,807 ± 453  
3,533 ± 766 

(1,963 ± 426) 
 4,457 ± 216 

 
387 ± 178 

Perennial 

wheat 

Mono  3,725 ± 289  2,127 ± 365  - 
 1502 ± 198 

Bi  6,078 ± 522  
875 ± 333 

(486 ± 185) 
 4,506 ± 345 

 
1086 ± 576 

Kernza 

Mono  12,377 ± 679  12,350 ± 676  - 
 11 ± 7 

Bi  7,594 ± 192  
9,014 ± 455 

(5,008 ± 253) 
 2,284 ± 252 

 
301 ± 137 

Alfalfa  -  -  (5,154 ± 125) 
 - 

2022 

Annual 

wheat 

Mono  1,453 ± 228  36 ± 22  -  1300 ± 250 

Bi  5,915 ± 172  
42 ± 18 

(23 ± 10) 
 5,122 ± 417 

 
825 ± 202 

Perennial 

wheat 

Mono  2,065 ± 305  863 ± 281  -  1133 ± 395 

Bi  6,820 ± 248  
706 ± 257 

(392 ± 143) 
 5,944 ± 401 

 
484 ± 310 

Kernza 

Mono  11,376 ± 668  11,299 ± 707  -  78 ± 59 

Bi   
8,645 ± 

1,015 
  

12,404 ± 2,333 

(6,891 ± 1,296) 
  1,912 ± 533 

 
88 ± 80 

Alfalfa  -  -  (4,164 ± 198) 
 - 

  
G 

 
<0.001 

 
<0.001 

 
<0.001  <0.001 

  S  <0.001 
 

0.171  -  0.074 

  
Y 

 
<0.001 

 
<0.001 

 
0.016  0.415 

  
G:S 

 
<0.001 

 
0.133 

 
-  0.029 

  
G:Y 

 
0.003 

 
<0.001 

 
0.013  0.049 

  
S:Y 

 
<0.001 

 
0.061 

 
-  0.451 

  
G:S:Y 

 
0.348 

 
0.107 

 
-  0.246 

    trans‡   sqrt   sqrt   none  sqrt 

* = biculture figures converted to full plot equivalent, pre-conversion values in the parentheses 

† = excludes volunteer alfalfa in monoculture treatments 
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‡= type of transformation performed to ensure that we meet ANOVA’s conditions 

(sqrt = square root transformation). 

When we analyzed cereal biomass separately, Kernza still outproduced the other two 

genotypes (Table 4.1). The inverse was true for alfalfa, where alfalfa in the annual wheat 

plots and perennial wheat plots produced roughly 2.4 and 2.6 times more biomass than 

produced in the Kernza plots (averaged over both years; Table 4.1). This difference was 

greater in 2022 than in 2021 (Table 4.1). When we adjusted biculture cereal yield for 

number of rows, cereal biomass was slightly greater in monoculture than in biculture, only 

in 2021 (Table 4.1). 

Weed biomass was greater for annual and perennial wheat compared to Kernza, especially 

in the monoculture treatments and in 2022 (Table 4.1). Monocultures tended to have 

greater amount of weed biomass compared to biculture, in annual and perennial wheat 

specifically (Table 4.1). We did not observe any year-by-year changes in weed biomass 

except for in perennial wheat, where we found a small decline in weed biomass in 2022 

(Table 4.1). 

Table 4.2. Relative Competitive Intensity (RCI) and Land Equivalent Ratio (LER) of each 
cereal genotype (annual wheat, perennial wheat, and Kernza) in both sampling years (2021-
2022). Data shown in mean ± standard error. RCI is further divided into cereal and alfalfa, 
calculated based on their corresponding monoculture yield. Those values that significantly 
deviate from 0 (for RCI) and 1 (for LER) at 0.05 level are highlighted in bold. Positive RCI 
indicates presence of competition. 

Year Genotype 
 RCI  

LER 
 Cereal  Alfalfa  

2021 

Annual wheat 
 

-0.40 ± 0.47  -0.89 ± 0.16  1.62 ± 0.26 

Perennial wheat 
 

0.53 ± 0.18  -0.98 ± 0.18  1.14 ± 0.08 

Kernza 
 

0.26 ± 0.05  -0.01 ± 0.12  0.86 ± 0.05 
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2022 

Annual wheat 
 

-2.38 ± 1.32  -1.74 ± 0.22  3.09 ± 0.80 

Perennial wheat 
 

-0.84 ± 1.26  -2.26 ± 0.24  2.47 ± 0.71 

Kernza   -0.10 ± 0.15   -0.01 ± 0.19   1.06 ± 0.10 

 

Only perennial wheat and Kernza had significant positive RCI values in 2021 (Table 4.2). 

Alfalfa RCI value, on the other hand, was significantly negative for annual and perennial 

wheat for both years (Table 4.2). Only Kernza in 2021 had LER significantly lower than 1 

(Table 4.2). 

4.3.2. Microbial Community Composition and Diversity 

Sequencing data resulted in 12,406 bacterial ASVs, 84 archaeal ASVs, and 4,815 fungal 

ASVs. Out of the 12,490 total 16S ASVs, we were able to identify 7,788 down to the genus 

level, with a total number of 547 unique bacterial/archaeal genera. We successfully 

identified 3,335 fungal ASVs to 57 genera.  

Alpha diversity of rhizosphere prokaryote community (16S) was not affected by either 

cereal genotype or cropping system but was affected by an interaction of the two (Table 

4.3). Perennial wheat rhizosphere bacterial/archaeal community was more diverse in 

monoculture than in biculture (Shannon’s index), while the Kernza rhizosphere was 

marginally more diverse in biculture (Chao1; p = 0.060, Tukey’s post-hoc test; Table 4.3). 

Rhizosphere fungal communities were not influenced by genotype or cropping system but 

were more diverse (Shannon’s index and Chao1 index) in 2022 than in 2021 (Table 4.3). 

Table 4.3. ASV evenness (Shannon’s) and richness (Chao1) of both 16S and ITS extracted 
from rhizosphere of all three genotypes (annual wheat, perennial wheat, Kernza) in two 
cropping systems (monoculture and biculture) across two years (2021-2022). Data shown 
in mean ± standard error. The bottom section lists p values associated with each response 
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variable obtained via mixed effect linear model (G = crop genotype, S = cropping system, Y 
= sampling year). Those significant at 0.05 level are highlighted in bold. The final row 
denotes the type of transformation performed to ensure that we meet ANOVA’s conditions 
(sqrt = square root transformation). 

Year 

Crop 

genotype 

Cropping 

system 

 
Diversity 

 
16S 

 
ITS 

 
Shannon's 

 
Chao1 

 
Shannon's 

 
Chao1 

2021 

Annual 

wheat 

Mono  6.14 ± 0.06  921.9 ± 70.9  3.47 ± 0.11  123.6 ± 13.0 

Bi  6.14 ± 0.04  935.5 ± 43.3  3.38 ± 0.14  124.5 ± 15.7 

Perennial 

wheat 

Mono  6.15 ± 0.03  957.3 ± 47.8  3.32 ± 0.07  113.2 ± 10.0 

Bi  6.01 ± 0.07  836.0 ± 64.6  3.49 ± 0.12  116.6 ± 14.1 

Kernza 
Mono  6.00 ± 0.08  779.6 ± 41.9  3.31 ± 0.10  84.2 ± 8.3 

Bi  6.06 ± 0.07  853.7 ± 75.1  3.39 ± 0.15  117.2 ± 32.3 

2022 

Annual 

wheat 

Mono  5.91 ± 0.04  768.2 ± 47.6  3.67 ± 0.09  143.1 ± 14.8 

Bi  6.05 ± 0.04  915.3 ± 28.7  3.63 ± 0.24  147.1 ± 30.3 

Perennial 

wheat 

Mono  6.04 ± 0.04  866.7 ± 74.9  3.51 ± 0.10  111.0 ± 10.6 

Bi  5.91 ± 0.06  783.6 ± 42.3  3.49 ± 0.22  135.5 ± 13.8 

Kernza 
Mono  5.98 ± 0.11  825.7 ± 84.1  3.64 ± 0.17  140.1 ± 26.9 

Bi   6.17 ± 0.12   1012.3 ± 106.1   3.52 ± 0.08   146.6 ± 10.0 

  
G 

 
0.830  0.869  0.645  0.435 

  
S 

 
0.616  0.351  0.888  0.252 

  
Y 

 
0.084  0.625  0.014  0.014 

  
G:S 

 
0.037  0.044  0.637  0.815 

  
G:Y 

 
0.150  0.099  0.742  0.354 

  
S:Y 

 
0.278  0.224  0.591  0.879 

  
G:S:Y 

 
0.788  0.862  0.810  0.621 

    trans   none   none   none   none 

Based on our PERMANOVA results, we found evidence of significant genotype and cropping 

system effects, as well as a significant interaction between these factors in the 16S profiles 

(Fig 4.1). Specifically, perennial wheat and Kernza (the latter only marginally; p = 0.060) had 

distinct 16S profiles from annual wheat only in the monoculture system (Fig 4.1). We also 

found a significant year effect in the 16S profile, but it did not interact with the other two 

main factors (Fig 4.1). The ITS profiles, on the other hand, showed a significant cropping 
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system by year interaction (Fig 4.2), such that only the monocultures changed between the 

two years and monoculture differed from biculture, only in 2022 (Fig 4.2). Crop genotype 

did not affect the ITS profiles (Fig 4.2). 

 

Figure 4.1. Ordination plot (NMDS) showing prokaryote (16S) community composition in 
rhizospheres of three crop genotypes (annual wheat, perennial wheat, Kernza) in two 
different cropping systems (monoculture, biculture) over two years (2021-2022). The 
distances were calculated using the Bray-Curtis Dissimilarity Index. The colored outlines 
encompass crop genotypes for both 2021 and 2022, as there was no significant interaction 
between sampling and the other two factors. Instead, sampling year is simply noted with 
empty (2021) and filled (2022) dots. The table in the bottom right corner indicates p-values 
for all interactions and main effects obtained with PERMANOVA (G = crop genotype, S = 
cropping system, Y = sampling year). Those values significant at 0.05 level are highlighted 
in bold.  
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Figure 4.2. Ordination plot (NMDS) showing changes in rhizosphere fungal community 
composition of three crop genotypes (annual wheat, perennial wheat, Kernza) in two 
different cropping systems (monoculture, biculture) over two years (2021-2022). Distances 
were calculated using Bray-Curtis Dissimilarity Index. Outlines encompass all genotypes 
within each year x cropping system combination. The table in the bottom right corner 
indicates p-values for all interactions and main effects obtained with PERMANOVA (G = 
crop genotype, S = cropping system, Y = sampling year). Those values significant at 0.05 
level are highlighted in bold. 

4.3.3. Fungal Trophic Mode 

Out of 4,815 fungal ASVs, we were able to assign 917 ASVs (19% of the total) to specific 

trophic modes and functional guilds using the FUNGuildR package. Among the identified 

ASVs, 48 ASVs (1% of total) were symbiotrophs, 184 ASVs (4% of total) were pathotrophs, 

and the rest were saprotrophs. 

We investigated the abundance of symbiotroph and pathotroph as proportions of all ASVs 

that have been given proper trophic mode assignments. The proportion of symbiotrophs 

was higher in monoculture vs. biculture, and lower in 2022 than in 2021 (Fig 4.3; Table 4.4) 

but was not affected by crop genotype. The proportion of pathotrophs in perennial wheat 
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was nearly 3 times greater than that in Kernza, with annual wheat being intermediate (Fig 

4.3; Table 4.4). Overall, pathotrophs were more abundant in 2021 than in 2022, especially 

for monocultures (Table 4.4). 

 

Figure 4.3. Relative abundance of symbiotrophic fungi and pathotrophic fungi as well as 
their ratio in rhizosphere of three genotypes (annual wheat, perennial wheat, Kernza) in two 
cropping systems (monoculture and biculture; data shown as mean ± standard error). ITS 
amplicon library was prepared from the extracted soil DNA and fungal trophic mode was 
assigned by FUNguildR (Furneaux and Song, 2021). Figure represents data averaged over 
both sampling years and the unabridged data can be found in Table 4.4. 

Table 4.4. Relative abundance of symbiotrophs and pathotrophs based on total amount of 
ASVs given proper trophic mode assignment via FUNGuildR (Furneaux and Song, 2021), as 
well as the ratio between symbiotrophs and pathotrophs. DNA was extracted from 
rhizosphere of all three genotypes (annual wheat, perennial wheat, Kernza) in two cropping 
systems (monoculture and biculture) across two years (2021-2022). Data shown in mean ± 
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standard error. The bottom section lists p-values associated with each response variable 
obtained via mixed effect linear model (G = crop genotype, S = cropping system, Y = 
sampling year). Those significant at 0.05 level are highlighted in bold. The final row denotes 
the type of transformation performed to ensure that we meet ANOVA’s conditions (sqrt = 
square root transformation). 

Year 

Crop 
genotype 

Cropping 
system 

 
Fungal Trophic Modes 

 

Symbiotroph 

  

Pathotroph 

  Symbio-patho 
ratio 

   

2021 

Annual 
wheat 

Mono  0.053 ± 0.030  0.104 ± 0.027  0.449 ± 0.221 

Bi  0.006 ± 0.006  0.072 ± 0.022  0.121 ± 0.121 

Perennial 
wheat 

Mono  0.103 ± 0.099  0.184 ± 0.021  0.516 ± 0.493 

Bi  0.006 ± 0.003  0.110 ± 0.038  0.044 ± 0.019 

Kernza 
Mono  0.133 ± 0.084  0.051 ± 0.014  3.308 ± 2.178 

Bi  0.033 ± 0.026  0.040 ± 0.010  0.788 ± 0.571 

2022 

Annual 
wheat 

Mono  0.004 ± 0.002  0.036 ± 0.014  0.235 ± 0.129 

Bi  0.006 ± 0.003  0.056 ± 0.033  0.335 ± 0.264 

Perennial 
wheat 

Mono  0.011 ± 0.006  0.034 ± 0.013  0.487 ± 0.223 

Bi  0.002 ± 0.002  0.120 ± 0.037  0.014 ± 0.013 

Kernza 
Mono  0.026 ± 0.014  0.036 ± 0.012  0.630 ± 0.373 

Bi   0.003 ± 0.002   0.026 ± 0.011   0.416 ± 0.286 

  
G  0.255  0.003  0.021 

  
S  0.032  0.945  0.040 

  
Y  0.023  0.003  0.311 

  
G:S  0.912  0.720  0.804 

  
G:Y  0.522  0.494  0.108 

  
S:Y  0.244  0.020  0.550 

  
G:S:Y  0.800  0.086  0.486 

    trans   sqrt   sqrt   sqrt 

 

We also calculated the symbiotroph-to-pathotroph ratio (S:P) and found that it was 

affected by both crop genotype and cropping system (Fig 4.3; Table 4.4). Kernza had a 

higher S:P ratio compared to perennial wheat, but not annual wheat (Fig 4.3; Table 4.4). 

Regardless of crop genotype, monocultures tended to demonstrate higher S:P ratios than 

bicultures (Fig 4.3; Table 4.4). 
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4.3.4. Individual ASV Differential Abundance 

On the individual ASV level, we found one bacterial ASV, belonging to the phylum 

Chloroflexota, that was 69% more abundant in biculture than in monoculture for annual 

wheat only (Fig S4.1). 

Individual fungal ASVs, much like overall ITS profile, responded only to a cropping system-

year interaction (Fig S4.1). We found one ASV was more abundant in biculture only in 2021 

(Fig S4.1). We also found one ASV that had higher abundance in monoculture and three 

that were more abundant in biculture, only in 2022 (Fig S4.1). One ASV was more abundant 

in biculture both years (Fig S4.1). 

Likewise, we found three ASVs that increased and one that decreased in 2022, only in 

monoculture (Fig S4.1). One ASV increased in 2022, only for monoculture (Fig S4.1). Two 

ASVs increased in abundance in 2022 in both cropping systems (Fig S4.1). 

4.4. Discussion 

4.4.1. Biomass production 

Cereal biomass production and its response to biculture treatment was influenced by both 

crop genotype and sampling year. When grown with alfalfa, annual wheat produced 

equivalent amount of biomass in both cropping systems (when corrected for planting 

density), suggesting a lack of competitive pressure from alfalfa (Tables 1, 2). On the other 

hand, both perennial varieties experienced competitive pressure in year 1, as indicated by 

the positive RCI values (Tables 1, 2). Interestingly, competitive pressure with alfalfa was no 

longer present for Kernza in year 2 (Table 4.2). 
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These discrepancies between the annual and the perennial cereals as well as Kernza’s 

change in competitive pressure over time may be due to long-term changes in soil N status. 

In year 1, the field may have had sudden availability of inorganic N caused by tillage and 

subsequent microbial mineralization (Jackson et al., 2003). Such conditions would have 

been more beneficial to annual wheat that can take advantage of the inorganic N with rapid 

early growth (Gioia et al., 2015). But as cereal-legume plots mature, facilitative relationship 

may have developed between the alfalfa and cereals. Rhizodeposition by legumes could 

“replenish” soil organic N pool and cause more N to be available to neighboring plants 

(Daly et al., 2021). Additionally, direct N transfer from legumes to cereals can take place via 

direct root contact (He et al., 2003; Thilakarathna et al., 2016). Kernza was the only cereal 

that did not get resown in year 2. Therefore, Kernza likely had accrued greater root system 

by year 2 which led to greater root contact with neighboring legumes. Thus, the lack of 

competitive pressure observed in year 2 Kernza cereal yield may be due to changing soil 

organic N status as well as increased root contact. 

Past studies have shown that not only can Kernza and alfalfa move away from a 

competitive relationship as they mature, but they can also form facilitative relationships 

over time. Reilly et al. (2022) found that relationship of Kernza grain and alfalfa biomass 

yield is competitive in year 1, neutral in year 2, and facilitative in year 3. Similarly, Crews et 

al. (2022) found that Kernza-alfalfa biculture takes time (3~5 years) to outproduce 

monocultures. Though our experiment only ran for two years, these past studies suggest 

that the same forces that eventually allows for facilitative relationship between Kernza and 

legumes may have been in effect in our study as well. 
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Unfortunately, perennial wheat did not survive well past its first-year harvest and had to be 

reseeded along with annual wheat for year 2. Furthermore, both annual and perennial 

wheat showed poor establishment in year 2, which was coupled with high weed pressure 

(Table 4.1). This made it difficult to compare Kernza’s performance with that of other 

varieties. Therefore, we must take caution when interpreting the biomass data, especially 

for annual and perennial wheat, in year 2. Nevertheless, we believe that the above 

interpretation of Kernza biomass trend per se is still valid since Kernza’s survival and 

establishment were satisfactory throughout the study. 

We suspect that had annual wheat been established properly, it would have started 

experiencing competitive pressure from alfalfa as the dominant N form shifted from 

inorganic to organic. It is more difficult to predict what perennial wheat’s year 2 

performance would have looked like. In 2021, its biomass was lower in biculture than in 

monoculture, mirroring the cropping system effect in Kernza (Table 4.1). Therefore, in 2022, 

we might have seen a neutral response to cropping systems in perennial wheat, as we did 

in Kernza (Table 4.1). 

4.4.2. Genotype effect on microbial community 

We hypothesized that all three genotypes would harbor distinct microbial communities 

with perennial wheat being intermediate. In partial support for this hypothesis, we found 

that the perennial varieties (both Kernza and perennial wheat) had distinct 16S profiles to 

that of annual wheat (PERMANOVA; Fig 4.1). As hypothesized, perennial wheat also 

clustered between Kernza and annual wheat in the ordination plot, though it was not 

significantly different from Kernza (PERMANOVA; Fig 4.1). This result demonstrates that 
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perennial wheat’s bacterial/archaeal community assembly skewed more towards Kernza 

than annual wheat despite being a hybrid of the two. In a similar study by Cui et al. (2022), 

the authors compared a wheat variety JN177 with SR4, an annual hybrid between JN177 

and tall wheatgrass (Thinopyrum elongatum), a perennial. Here, much like in our study, Cui 

et al. (2022) found that the annual parent and the hybrid harbored two distinct prokaryotic 

communities. Together, these results suggest that rhizosphere 16S profiles of hybrids may 

resemble one parent and not the other, despite inheriting genetic materials from both 

parents. Additionally, this trend seen in 16S profiles was likely a true genotype effect rather 

than management (i.e. reseeding), weed biomass, or stand age effect. Both perennial and 

annual wheat had to be reseeded the second year and had significant weed biomass (Table 

4.1), yet perennial wheat’s 16S profile resembled that of Kernza, not annual wheat. 

Unlike the prokaryotes, the overall fungal community did not show any evidence of a 

genotype effect. Instead, the genotype effect was observed in relative abundance of 

pathotrophic fungi. Pathotrophic fungi’s relative abundance was the lowest in Kernza and 

highest in perennial wheat (Table 4.4, Fig 4.3). On one hand, it is surprising that perennial 

wheat, the hybrid, exceeded both of its parents in relative abundance of pathotrophic fungi. 

Often, crop hybrids are explored for heterosis, or ‘hybrid vigor’, in their traits, including 

fungal pathogen resistance (Scholze et al., 2010). For instance, Zhang et al (2023) has 

shown that a rice hybrid exceeded its parent lines in terms of its fungal pathogen 

resistance. In certain cases, however, it has been reported that hybridization can lead to 

accumulation of susceptibility genes, especially when the progeny is selected based on 

grain yield (Huang et al., 2015; Calvo-Baltanás et al., 2021). Increased pathotrophic fungi 
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relative abundance seen in perennial wheat rhizosphere, therefore, could be the result of a 

similar process. 

Kernza’s low relative abundance of pathotrophic fungi highlights its potential ability to 

suppress fungal disease. Such ability can be especially beneficial given Kernza’s 

perenniality. Crop rotations are often used to prevent pathogen build up, and one of the 

vulnerabilities of perennial agroecosystems is inability to rotate crops when problems arise 

(Peralta et al., 2018). However, we must reiterate that this is not a direct measurement of 

pathogen resistance, but rather relative abundance of known pathotrophs. Future studies 

could more directly investigate pathogen resistance in these genotypes and confirm 

whether the fungal membership leads to observable shifts in fungal function. 

4.4.3. Intercropping effect on microbial community 

We also hypothesized that a shift in microbial community in response to biculture 

treatment would be the greatest in Kernza and the smallest in annual wheat. In contrast to 

our hypothesis, incorporating legumes into cereal production led to convergence, rather 

than divergence, of cereal 16S profiles. As discussed in the above section, the rhizosphere 

prokaryote communities of Kernza and perennial wheat separated from annual wheat 

when in monoculture (Fig 4.1). However, this genotype effect was no longer significant in 

biculture (Fig 4.1). 

One of the potential explanations involves competitive pressure. Past studies have 

reported interspecific competition-induced shifts in rhizosphere microbial communities. 

For example, Cavalieri et al (2020), found that the less competitive species (Trifolium 
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repens) in a species mixture shifted in its rhizosphere 16S profile. The resulting 16S profile 

was distinct and did not resemble that of the neighboring, more competitive, species 

(Centaurea cyanus). The authors found that the shift in T. repens’ 16S profile was driven 

mostly by a decrease in Rhizobium abundance (Cavalieri et al., 2020). Cavalieri et al. (2020) 

speculated that interspecific competition drove T. repens to recruit taxa that are not as 

efficient at fixing N as Rhizobium, but can confer other benefits to withstand the 

competitive pressure. 

Our RCI data shows that Kernza and perennial wheat experienced competitive pressure 

from alfalfa in biculture in year 1 while annual wheat did not (Table 4.2). Therefore, it is 

possible that the competitive pressure from alfalfa caused the 16S profiles of the 

perennials to shift, driven by perennial varieties recruiting other beneficial microbial taxa. 

The other explanation involves “microbial spillover”, in which microbial community of one 

plant simply colonizes the adjacent plant, often through close root contact (Ulbrich et al., 

2022). Given the row-spacing and alfalfa’s large root size, the legume roots likely came in 

contact with the cereal roots. Microbial spillover from alfalfa could explain why all three 

genotypes converged in 16S profiles vs in monoculture. Without the 16S profile of the 

alfalfa rhizosphere, however, it is difficult to confirm whether this mechanism was in effect. 

We must note that microbial spillover is a distinct ecological process, not simply sample 

contamination artifact. We took much care to excavate the cereals and collect only the soil 

adhering to the cereal roots. Therefore, we are confident that if microbes from alfalfa were 

present in cereal rhizosphere, the transfer happened prior to sampling via microbial 

spillover rather than via post-sampling cross contamination. 
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Even without sample cross-contamination, however, considerable amount of weed 

biomass could have affected cereal 16S profiles via either mechanism explored above 

(competition-induced shift and microbial spillover). Weed biomass was greater in 

perennial and annual wheat monocultures and could have exerted competitive pressure on 

the cereals as alfalfa did (Table 4.1). Similarly, close contact with weed roots could have 

led to microbial spillover from weed rhizosphere to cereal rhizosphere. Therefore, we must 

exercise caution in interpreting data including perennial and annual wheat, especially in 

monocultures. 

Composition of the fungal community, unlike the prokaryotes, was only affected by 

cropping system and sampling year. In year 1, monoculture and biculture ITS profiles were 

not significantly different from each other (Fig 4.2). In year 2, monoculture’s ITS profile 

shifted from the previous year while biculture ITS remained unchanged, leading to a 

significant difference between the two (Fig 4.2). This result implies that presence of 

legumes stabilized the fungal communities under cereals. Stand age or weediness likely 

did not affect the fungal community since all three genotypes shifted in the same manner 

in year 2 despite only two of them being reseeded and having greater weed biomass. 

Differentiating effect of having conspecific neighbor that we observe in our ITS data has 

been reported in the past literature. For instance, Morris et al (2013) studied arbuscular 

mycorrhizal fungi (AMF) assemblages under Plantago lanceolata and found that denser 

monocultural environment led to greater differentiation in AMF profile. In contrast, the 

presence of other neighboring plant species had little influence on the focal plant AMF 

composition (Morris et al., 2013). They argued that, with more conspecific neighbors, the 
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focal plant was able to more efficiently recruit AMFs suited for single plant species (Morris 

et al., 2013). On the other hand, in species mixtures, recruitment may be disrupted by 

other plant roots fostering and recruiting different fungi (Morris et al., 2013). This may 

explain why only the monocultures developed distinct fungal communities in year 2 (Fig 

4.2). Accumulated effect of specialized fungal recruitment by cereal monoculture could 

have simply carried over to the second year. This would have then helped further 

differentiate monoculture fungal community from the biculture, regardless of the poor 

establishment by annual and perennial wheat. 

Furthermore, we observed greater relative abundance of symbiotrophic fungi in 

monocultures (Table 4.4, Fig 4.3), which may be due to more effective recruitment by 

cereals in monoculture vs in biculture. However, we must also note that relative 

abundance of symbiotrophic fungi decreased significantly in year 2 (Table 4.4, Fig 4.3). In 

other words, the shift in monoculture fungal community was not accompanied by 

continued accumulation of symbiotrophs nor did it help with establishment the following 

year. 

4.4.4. Conclusion 

Development of perennial cereal grains along with the spatial integration of legumes 

present opportunities to promote soil health and reduce fertilizer inputs. The essential 

pieces of this puzzle are the belowground characteristics of perennial cereals, and 

specifically how they adapt to cereal-legume biculture context. We found that Kernza, a 

domesticated perennial wheatgrass, has some promising belowground traits. Kernza had a 

lower relative abundance of pathotrophic fungi in its rhizosphere and overcame alfalfa’s 
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competitive pressure by year 2. Perennial wheat, on the other hand, had some negative 

traits such as the highest pathotrophic fungal abundance in its rhizosphere. However, it 

also shared a similar rhizosphere 16S profile as Kernza in monoculture, demonstrating 

some belowground trait heritability. Our results also demonstrate the need for continued 

breeding efforts for greater survival and yield in perennial wheat. Broadly, we highlight the 

importance of evaluating both above- and belowground traits in and out of cereal-legume 

biculture systems. Future work may focus on quantifying N fluxes within the system 

including soil N status and legume-cereal N transfer. Different management decisions 

within cereal-legume biculture (legume species identity, seasonal cutting of legumes, row 

spacing, etc.) must also be considered in future research endeavors. Understanding 

belowground mechanism (plant-microbe interactions, topic explored in this paper) behind 

function of interest (increasing biologically fixed N in the cereals) and how to modulate this 

function (management techniques) will help us design cereal-legume biculture system that 

maximizes its potential benefits. 
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CHAPTER 5: INTERCROPPING IMPACTS ON RHIZOSPHERE COMMUNITIES AND 15N 

TRANSFER ACROSS ANNUAL AND PERENNIAL CEREALS 

5.1. Introduction 

Perennial polyculture has been suggested as an ecologically sound alternative to the 

industrial paradigm pervasive in today’s global agriculture (Crews et al., 2016). Perennial 

systems have the potential to provide a suite of ecosystem services related to soil organic 

matter formation, nutrient retention, and weed suppression, in part, by mimicking temporal 

and spatial growth patterns that are common in natural systems (Glover et al., 2010; Crews 

et al., 2016; de Oliveira et al., 2018). Spatial integration of legumes and grasses within 

agroecosystems can also reduce reliance on external nitrogen (N) inputs and lead to tighter 

nutrient cycling that can help avoid deleterious losses of N to the environment (Crews et 

al., 2016).  

Over the past few decades there have been significant advances in developing perennial 

cereal grains. Kernza, the first commercially available perennial cereal grain, was created 

by domesticating intermediate wheatgrass (Thinopyrum intermedium; DeHaan et al., 

2018). Perennial wheat was later developed by hybridizing Kernza with annual durum wheat 

(Triticum durum), with the goal of bringing together the perenniality of Kernza and yield of 

the annual wheat (Hayes et al., 2018). 

Despite the great promise of perennial polycultures, integrating perennial cereals into a 

legume-cereal biculture faces some challenges. For example, Crews et al. (2022) examined 

on an alfalfa-Kernza biculture, and found that legumes were not able to provide enough N 
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to support Kernza demand during the first 3 years after establishment, thus resulting in 

sub-optimal yield of Kernza. Rather than supporting Kernza N uptake, excess N from alfalfa 

instead appeared to be replenishing the soil organic N pool (Crews et al., 2022). Thus, there 

appears to be an adaptation period following intercrop establishment, wherein cereal’s N 

requirement goes unmet. Improved understanding of perennial grain N uptake processes 

can help to address this challenge. 

Short-term legume N transfer to adjacent cereals can occur via three main pathways 

(Høgh-Jensen, 2006): 1) direct transfer via root-to-root contact (i.e. release of N rich 

material by legume followed immediately by direct uptake of the material by nearby cereal 

roots), 2) direct transfer via common mycorrhizal networks (CMNs), and 3) mineralization 

and uptake of legume rhizodeposits. Direct transfer via close root contact can be improved 

with a larger, more extensive root systems that increase overlap of cereal and legume 

roots. Direct transfer via CMNs can be improved with better arbuscular mycorrhizal fungi 

(AMF) recruitment via signal molecules (flavonoids, strigolactones, etc.) in root exudates 

(He et al., 2003; Abdel-Lateif et al., 2012; Tian et al., 2021). Lastly, mineralization of legume 

rhizodeposits can be improved via increased belowground allocation (i.e. root exudates 

and other rhizodeposits), which can provide microbes with energy to synthesize N-cycling 

enzymes and enhance N availability (Meier et al., 2017). 

Kernza, being a perennial, often has a much larger root system compared to annual wheat 

(DeHaan et al., 2018). This may increase root-to-root contact with neighboring legume and 

lead to greater N transfer. Additionally, Kernza has a much shorter domestication and 

breeding history compared to annual wheat (DeHaan et al., 2018). We suspect that with 
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Kernza evolving in more diverse and low-N environments compared to wheat, it has relied 

more on organic N supplies such as legume-derived N and other organic N pools. 

Therefore, Kernza may retain an improved ability to acquire N from legumes through CMN 

or legume rhizodeposits. Wheat, unlike Kernza, has been extensively bred in high input, 

monoculture conditions for centuries (Iannucci et al., 2017). In a previous greenhouse 

experiment we observed that annual durum wheat grows much faster compared to Kernza 

or perennial wheat in the first 8 weeks after germination (Hwang et al., in prep). This 

suggests that wheat is better able to compete for N compared to the perennial cereals at 

least the first few weeks after establishment. However, perennial cereals may invest more 

heavily in processes that lead to greater N acquisition from legume sources in the longer 

term. Understanding the short-term N acquisition strategies of annual wheat and Kernza, 

and how those traits are passed down to the hybrid could help us provide optimal 

environment for the success perennial cereals. However, little is known about the N 

dynamics of perennial wheat or Kernza, especially when grown in polyculture with 

legumes. 

To address the knowledge gaps above, we conducted a greenhouse study in which we grew 

Kernza, perennial wheat, and annual wheat with or without alfalfa. We used a 15N leaf 

feeding method to track the movement of N from alfalfa into neighboring cereals and 

examined rhizosphere communities to understand the impact of intercropping on root 

associated organisms. We hypothesized that: 1) annual wheat would have the highest 

biomass overall, but Kernza would display the greatest increase in biomass when grown in 

biculture vs in monoculture, 2) Kernza would have the highest proportion of legume derived 
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N in its biomass followed by perennial wheat, and that 3) Kernza would have the highest 

rate of infection from AMF, especially in biculture.  Quantifying and elucidating the factors 

that govern N transfer between legumes and cereals would greatly inform the development 

of more effective polyculture systems. 

5.2. Methods 

5.2.1. Experimental Design 

The experiment was conducted in Plant Growth Facility at Colorado State University, Fort 

Collins, CO. The soil used in the experiment was collected from Colorado State University’s 

Agriculture Research Demonstration Education Center (ARDEC; 40°39'09.4"N 

104°59'48.1"W, elevation: 1,552 m). The soils at this site are classified as Fort Collins loam 

(fine-loamy, mixed, superactive, mesic Aridic Haplustalfs; Soil Survey Staff, 2019). The soil 

was first air-dried and passed through a 2-mm sieve and then well-mixed to homogenize it. 

The 2-mm sieved soil was mixed with silica sand (1:1 ratio by volume; Granusil® 4075, 

Covia Corp, Independence OH) to facilitate better water infiltration and drainage. 

The cereals used in the experiment were: 1) Kernza (intermediate wheatgrass; Thinopyrum 

intermedium), 2) durum wheat (Triticum turgidum subsp. durum), 3) and perennial wheat 

(Th. intermedium x T. turgidum subsp. durum), and alfalfa (Medicago sativa) was the 

legume of choice. The Land Institute (Salina, KS) developed the cereal lines 1 and 3, and 

supplied all seeds used in this experiment. 

Each of the three cereal genotypes was planted either in monoculture or biculture with 

alfalfa. We also included one treatment of alfalfa monoculture. Each of the seven 
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treatment combinations was replicated in five blocks in a randomized complete block 

design (n = 35). 

Seeds of each species were germinated on damp paper towel for a week before 

transplanting into 1 gal pots (radius = 7 cm, height = 25 cm) filled with the soil-sand mixture 

(~ 3kg dry weight). Two germinated seeds were planted in each pot, such that two seedlings 

of the same species were planted in monoculture treatments, and one cereal and one 

alfalfa seeding were planted in the biculture pots. The plants were watered three times a 

week for the duration of the experiment. No fertilizer was added to the pots. 

5.2.2. 15N leaf labeling 

The 15N leaf-feeding method  used in this study was adapted from Høgh-Jensen and 

Schjoerring (2000) and Rasmussen et al. (2019). While many different approaches for N 

transfer estimation exist, the15N leaf-feeding method is advantageous because it allows 

greater separation of isotopic signature between the N donor and recipient and minimizes 

the damage to the legume plants (Chalk et al., 2014). Briefly, 17 weeks after transplanting, 

two healthy leaves from each alfalfa plant in the biculture treatments were carefully placed 

in 2-mL tubes containing 1 mL of isotopically enriched urea-15N2 solution (0.5%; w/v, 98 

atom%). Leaves were secured to the tube with parafilm, which also prevented losses of the 

urea solution due to volatilization. The 2-mL tubes were held in place with supports to 

prevent them from weighing down or damaging the alfalfa stems. Extra care was taken to 

ensure no urea solution spilled or came in contact with the soil or grass leaves. 
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5.2.3. Plant and soil sampling 

Eight days after the beginning of 15N leaf labeling and 18 weeks after transplanting, all units 

were destructively harvested. For monoculture treatments, one plant out of the two in the 

pot was randomly selected as the plant of interest. We chose this method instead of taking 

a mean value from both plants to avoid artificially lowering the variability. Aboveground 

biomass was cut at the soil surface and oven-dried at 55 °C. Alfalfa leaves that had been 

selected for leaf labeling were cut and stored separately to avoid surface contamination. 

Afterwards, the root system was excavated carefully with gloved hands and a small 

paintbrush to minimize root damage. After all large soil aggregates (> 10 mm) were broken 

apart from the roots, the rest of the still adhering to the roots was considered rhizosphere 

soil and was collected by brushing it off the roots with small paintbrush. These rhizosphere 

soil samples were stored at -20 °C until further processing. 

Roots were then carefully washed using DI water and gloved hands. A few (>3) 

representative subsamples (<1 g in total fresh weight) of the roots were taken and 

preserved in 70% ethanol until being prepared for AMF scoring. The remaining roots were 

frozen until further processing. 

All biomass samples were oven-dried at 55 °C for 72 hours, weighed, and ground to fine 

powder (<1 mm) before being analyzed for total CN content as well as 15N enrichment level. 

Rhizosphere soil samples were subsampled (~0.5 g) for DNA extraction and stored at – 

80 °C until extraction (see 5.2.5 DNA extraction method details below). The remaining soil 

samples were temporarily thawed and passed through a 2 mm sieve. Afterwards, they were 
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subsampled again for microbial biomass extraction (2 x 10 g fresh weight; see below) and 

gravimetric water content (~10 g fresh weight). Gravimetric water content was calculated 

by weighing the soil subsample before and after oven-drying at 105 °C. The resulting dried 

soil samples were also ground with a mortar and pestle to fine powder and analyzed for CN 

content and 15N enrichment level. 

5.2.4. Microbial biomass and soil carbon and nitrogen extraction 

Microbial biomass extraction protocol was adapted from Weintraub et al. (2007). Each soil 

sample was subsampled twice – one to be chloroform fumigated and one to remain 

unfumigated. Fumigated samples received 4 mL of ethanol free chloroform. Both 

fumigated and unfumigated samples were then sealed and incubated at room temperature 

for 24 hours. After incubation period, fumigated samples were then vented to allow 

chloroform to evaporate. We then added 50 mL of 0.05 M K2SO4 solution to all samples. 

They were then shaken for 1 hr at 140 rpm and filtered (Whatman #1 filter). The resulting 

solution was divided into two aliquots for each sample. One aliquot was lyophilized and 

analyzed for 15N enrichment at  UC Davis Stable Isotope Facility (SIF; Davis, CA). The other 

aliquot was analyzed for dissolved organic C (DOC) and total dissolved N (TDN) was taken 

directly from the unfumigated samples. Microbial biomass C (MBC) and N (MBN) were 

calculated by subtracting fumigated from unfumigated DOC and TDN. We also included 

two no-soil controls per 10 true samples throughout the extraction process in order to rule-

out potential contamination. 
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5.2.5. DNA extraction 

Soil DNA was extracted using Zymo Quick-DNA Fecal/Soil Microbe Miniprep Kit (Zymo 

Research Corporation, Irvine CA) according to the manufacturer instructions. Extracted 

DNA was quantified on Qubit 2.0 fluorometer using Qubit dsDNA HS Assay Kit 

(ThermoFisher Scientific Inc., Waltham MA). Primer sets 515F/806R from Earth Microbiome 

Project (Thompson et al., 2017) were used to construct amplicon libraries for 16S rRNA 

region. Sequencing was performed at Microbial Community Sequencing Lab (University of 

Colorado Boulder, Boulder CO) on Illumina MiSeq® platform (Illumina Inc., San Diego CA) 

using 251 base pair (bp) paired-end reads, which generated averages of 36,843 reads per 

sample. Resulting reads were demultiplexed using QIIME2 (Bolyen et al., 2019). 

Demultiplexed reads were then denoised using DADA2 (Callahan et al., 2016) trimming all 

reads to 5 – 220 bp. Bacterial and archaeal taxonomy was assigned to 16S ASV sequences 

using the naïve Bayes sklearn classifier trained with the full-length SILVA database 

(silva138.99). Lastly, we filtered out those reads belonging to chloroplast and 

mitochondria. 

5.2.6. AMF quantification 

Each sampled plant root was subsampled and scored for AMF colonization using the 

intersection method (McGonigle et al., 1990). Briefly, roots were first stained using Trypan 

Blue and prepared on a glass slide. Using a microscope, a predetermined path was taken 

through the root sample, intersecting the root sample 20 times via the path. At each 

intersection, the presence of hyphae was noted. If arbuscules, or spores were present, 

they were noted separately. In a few cases, AMF parts could not be identified due to poor 
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staining. We only used those root samples with at least 15 usable intersects, and the rest 

(n = 6) were discarded. 

5.2.7. Isotope analysis and calculation 

All isotopic analyses were performed at UC Davis SIF, using Elementar vario MICRO cube 

elemental analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany) 

interfaced to a Sercon Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., 

Cheshire, United Kingdom). 

We used a two-source mixing model to calculate the proportion of N in a given pool derived 

from the legume (Post, 2002).  

𝑓(←𝑙𝑒𝑔) = 𝐴𝑃𝑏𝑖 − 𝐴𝑃𝑚𝑜𝑛𝑜𝐴𝑃𝑙𝑒𝑔 − 𝐴𝑃𝑚𝑜𝑛𝑜  

Where f(←leg) is proportion of N within the cereal associated pool derived from legume, APbi is 

15N enrichment level (in atom %) of the cereal-associated pool (plant biomass, microbial 

biomass, dissolved, and soil) in biculture, APmono is 15N that in monoculture, and APleg is the 

15N enrichment level of legume shoots, all expressed in atom%. The notation was derived 

from Chalk et al. (2014). Many methods exist that estimate legume N transfer. Much of the 

discrepancy stems from our inability to measure 15N signature of the N that is transferred 

from legume to cereal. Here, legume shoot was used as one of the end members in the 

mixing model because it was most highly enriched. For further discussion of the legume N 

transfer calculation, refer to Chalk et al. (2014). 

Absolute amount of N derived from legume was calculated with the following formula: 
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𝑁(←𝑙𝑒𝑔) = 𝑁𝑏𝑖 × 𝑓(←𝑙𝑒𝑔) 

Where N(←leg) is the amount of N in each cereal associated pool derived from legume, Nbi is 

the amount N in the cereal-associated pool in biculture, and f(←leg) is proportion of N within 

the cereal-associated pool derived from legume as calculated above. For pools that were 

only calculated as concentrations (e.g. MBN; ug N g soil-1), concentration, not absolute 

amount, of N derived from legume was calculated instead. 

Three experimental units were calculated to have more 15N in their combined biomass 

(cereal and alfalfa) than provided via leaf-labeling (< 4.7 mg 15N) and were excluded from 

analysis. In addition, some specific pools had proportion of legume-derived N greater than 

100% and were excluded from analysis (n = 2 for root and total biomass, and n = 3 for TDN 

and MBN) 

5.2.8. Statistical Analysis 

Univariate analyses were performed with ANOVA. All variables and model residuals were 

inspected to ensure the assumptions for ANOVA were met and were log-transformed as 

necessary. In a few cases wherein neither log- nor square root- transformation was 

adequate, Kruskal-Wallace test was performed instead. For all univariate analyses, cereals 

and alfalfa were analyzed separately. For cereals, genotype and cropping system were 

modeled as fixed effects. Those analyses involving legume derived N in cereals only had 

genotype as the fixed effect. Legumes were analyzed twice, once to compare alfalfa grown 

next to any cereals against alfalfa grown in monoculture, and again to compare within 

biculture alfalfa for the effect of neighboring cereal genotype. Cropping system and cereal 
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genotype were modeled as sole fixed effects in the models, respectively. In all models, 

block was used as a random effect. R packages lme4, lmerTest, emmeans were used for 

mixed effects model construction, mixed effects ANOVA, and post-hoc pairwise-

comparison with Tukey adjustment, respectively. 

The 16 profiles were graphically represented via nonmetric multidimensional scaling 

(NMDS) using Bray-Curtis dissimilarity index. Statistical analyses of these relationships 

were achieved by performing permutational multivariate analysis of variance 

(PERMANOVA). 

5.3. Results 

5.3.1. Biomass and N concentrations 

At harvest, total (shoot + root) biomass of cereals ranged from 2.27 g to 11.84 g per plant 

(Table 5.1). Cereal biomass was significantly affected by the cropping system (Table 5.1), 

such that cereal shoot, root, and total mass were greater in biculture than in monoculture 

(Table 5.1). However, there was no evidence of a genotype effect or an interaction with 

cropping system on cereal biomass (Table 5.1). We also calculated root:shoot ratio of 

cereal biomass which ranged from 0.34 to 0.93 but was not affected by genotype or 

cropping system (Table 5.1).  Similarly, there were no differences in N concentrations of 

shoots, roots, and total biomass between genotypes or cropping systems (Table 5.1).  

Alfalfa biomass ranged from 1.18 g to 17.36 g per plant but did not display significant 

cropping systems or genotype effects (Table S5.1). Similarly, the root:shoot ratio and N 

concentrations for alfalfa did not vary between cropping system or genotype (Table S5.1). 
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5.3.2. Soil C and N pools 

We investigated microbial and dissolved C and N fractions in the soil, under both cereals 

and alfalfa. We found a significant cropping system effect on cereal rhizosphere DOC 

(Fig 5.1a), such that cereals in biculture had ~2.8 times greater level of DOC in its 

rhizosphere compared to those in monoculture (Fig 5.1a). However, a significant 

interaction with genotype suggests that this effect was more pronounced for annual wheat 

and Kernza, than for perennial wheat. Significant genotype x cropping system interaction 

was also found for MBC of the cereal rhizosphere (Fig 5.1b), where the perennial varieties in 

both cropping systems and annual wheat in monoculture all had similar levels of MBC in 

their rhizosphere (Fig 5.1b). Annual wheat in biculture, however, showed significantly lower 

MBC (Fig 5.1b). 

In addition, we observed a significant cropping system effect on TDN in cereal rhizosphere 

(Fig 5.1c) such that TDN was 17% higher in monocultures than in bicultures across all 

genotypes (Tukey’s post-hoc; Fig 5.1c). We did not observe either genotype or cropping 

system effect in MBN (Fig 5.1d), but total soil N was higher in monocultures vs. bicultures 

(Fig 5.1e) 
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Table 5.1. Biomass and N concentrations of three cereals (annual wheat, perennial wheat, Kernza) and root:shoot ratio (R:S) in 
monoculture and in biculture with alfalfa. Dry mass and N concentration are given for shoots, roots, and total biomass of a 
single cereal plant in each treatment. Data shown in mean ± standard error. The bottom section lists p-values associated with 
each response variable obtained via mixed effect linear model, with significant values (< 0.05) denoted in italics. G = genotype 
effect, S = cropping system effect, G x S = genotype x cropping system interaction. The last row indicates what transformation, 
if any, was taken place to meet the assumptions for ANOVA. 

Crop 

genotype 

 

Cropping 

system 

 Biomass  

R:S 

 
 Shoots  Roots  Total  

 
 g plant -1 

 %N  g plant -1  %N  g plant -1  %N  

Annual 

wheat 

 Mono  2.39 ± 0.29  1.35 ± 0.09  1.57 ± 0.24  0.72 ± 0.11  3.95 ± 0.52  1.18 ± 0.04  0.65 ± 0.03 

 Bi  3.61 ± 0.31  1.17 ± 0.07  2.3 ± 0.33  1.17 ± 0.41  5.91 ± 0.62  1.2 ± 0.15  0.63 ± 0.05 

Perennial 

wheat 

 Mono  3.02 ± 0.39  1.17 ± 0.08  1.84 ± 0.31  0.85 ± 0.07  4.86 ± 0.64  1.04 ± 0.07  0.61 ± 0.08 

 Bi  4.34 ± 0.68  1.37 ± 0.12  2.11 ± 0.4  1.05 ± 0.33  6.45 ± 1.03  1.28 ± 0.18  0.49 ± 0.05 

Kernza 

 Mono  2.53 ± 0.72  1.19 ± 0.13  1.71 ± 0.54  0.94 ± 0.11  4.25 ± 1.24  1.09 ± 0.09  0.65 ± 0.08 

 Bi   4.56 ± 0.84   1.08 ± 0.16   2.69 ± 0.53   1.67 ± 0.47   7.25 ± 1.33   1.32 ± 0.24   0.59 ± 0.06 

 
 G 

 
0.475  0.423  0.764  0.334  0.644  0.973  0.244 

 
 S 

 
0.004  0.774  0.050  0.315  0.010  0.360  0.169 

 
 G x S 

 
0.754  0.204  0.654  0.777  0.741  0.767  0.730 

  
 trans   none   none   none   log   none   log   log 
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Figure 5.1. Labile CN pools (a-d) and total soil N concentration (e) found in cereal (annual 
wheat, perennial wheat, and Kernza) rhizosphere in monoculture and in biculture. Data 
shown in mean ± standard error. DOC = dissolved organic C, MBC = microbial biomass C, 
TDN = total dissolved N, MBN = microbial biomass N. Small boxes within each panel 
denote p-values associated with each response variable obtained via mixed effect linear 
model, with significant values (< 0.05) denoted in italics. G = genotype effect, S = cropping 
system effect, G x S = genotype x cropping system interaction. In case of significant G x S 
interaction, lower-case letters were used above the bars denote to significant (p < 0.05) 
pairwise difference between the genotypes within one cropping system (Tukey’s post-hoc). 
Cropping system effect within one genotype was noted with a bottom facing bracket and a 
* sign (Tukey’s post-hoc). 

We also analyzed the same labile C and N pools in the alfalfa rhizosphere (Fig 5.2, Table 

S5.2) and found that both DOC and MBC (the latter only marginally) were higher in biculture 

than in monoculture (Fig 5.2), but no differences were observed for TDN and MBN (Table 

S5.2). We note cereal genotype had no significant effects on the measured C and N pools 

in the alfalfa rhizosphere (Fig 5.2, Table S5.2). No genotype or cropping system effects were 

found in the legume rhizosphere total soil N (Table S5.2). 
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5.3.3. N transfer 

Alfalfa plants labeled with 15N urea showed various degrees of 15N enrichment, their 

enrichment levels in the shoots ranging from 0.04 atom% to 0.24 atom%. We calculated 

both proportion and absolute amount/concentration of N derived from legume in both 

cereal biomass (shoots, roots, total) and soil rhizosphere pools (TDN, MBN, total). The 

estimated percentage of legume-derived N varied widely across all six pools, ranging 

between 0.01 % and 88 %. 

 

Figure 5.2. Labile C pools found in alfalfa rhizosphere in monoculture and in biculture with 
three cereals (annual wheat, perennial wheat, and Kernza). Data shown in mean ± standard 
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error. DOC = dissolved organic C, MBC = microbial biomass C. Small boxes within each 
panel denote p-values associated with each response variable obtained via mixed effect 
linear model, with significant values (< 0.05) denoted in italics. G = genotype effect, S = 
cropping system effect. Note that genotype effect tests only those alfalfa in biculture and 
cropping system effect compares all biculture alfalfa against the monoculture alfalfa. 

We did not find genotype or cropping system effects in either proportion or absolute 

amount of legume derived N. We note that, while not significant, Kernza had the highest 

average amount of legume-derived N in the total plan biomass, with an average of 25% of 

its N coming from alfalfa, compared to just 8 % for perennial wheat and 2% for annual 

wheat (Table 5.2). 

5.3.4. 16S sequencing and AMF quantification 

We obtained 7,832 ASVs from 16S sequencing of cereal and alfalfa rhizosphere soils. The 

resulting 16S profiles were used to compare cereal in monoculture, cereal in biculture, and 

alfalfa in biculture against each other via PERMANOVA (Fig 5.3). The analysis revealed that 

all three groups above differed significantly from each other (Fig 5.3). Additionally, we saw 

evidence of significant genotype effect and the subsequent pairwise PERMANOVA showed 

that 16S profile of annual wheat rhizosphere was significantly different from those of the 

two perennials (Fig 5.3). 

We also analyzed rhizospheres of legumes separately, comparing across cropping system 

and across genotypes of the neighboring cereals but did not find a significant difference in 

either comparison (Fig S5.1). Diversity indices (ASV richness, Shannon’s index) were 

calculated from the 16S profiles, but did not reveal differences for any of the factors listed 

above (Table S5.3). 
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Lastly, we quantified AMF infection rate by counting the number of roots with visible hyphal 

infection. We found a genotype effect on cereal AMF infection rate such that perennial 

wheat had the highest hyphal presence and Kernza had the lowest (Table 5.3).  There was 

no effect of cropping system on AMF infection rate. 

 

Figure 5.3. Ordination plot (NMDS) showing prokaryote (16S) community composition in 
rhizospheres of three crop genotypes (annual wheat, perennial wheat, Kernza) in two 
different cropping systems (monoculture, square; biculture, circle) as well as those 
belonging to neighboring alfalfas (triangles). The distances were calculated using the Bray-
Curtis Dissimilarity Index. The small box inside the panel indicates p-values for all 
interactions and main effects obtained with PERMANOVA. G = crop genotype, T = crop type 
(cereal in monoculture, cereal in biculture, and alfalfa in biculture). Those values 
significant at 0.05 level are highlighted in italics. 
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Table 5.2. Percentages and absolute amount of legume derived N in cereal biomass and rhizosphere. Legume-derived N was 
calculated for cereals (AW = annual wheat, PW = perennial wheat, K = Kernza) in biculture treatment using the 15N enrichment 
of each pool in respect to their neighboring legumes and cereals in monoculture. Data shown in mean ± standard error. The 
bottom section lists p-values associated with genotype (G) effect obtained via mixed effect linear model, with significant 
values (< 0.05) denoted in italics. The last row indicates what transformation, if any, was applied to meet the assumptions for 
ANOVA. Where appropriate, non-parametric test was performed instead and was noted as “KW” (Kruskal-Wallace). 

   N derived from alfalfa 

Genotype  

 Biomass 

 Shoot  Root  Total 

 %  mg plant -1   %  mg plant -1  %  mg plant -1 

Annual 

wheat 
 1.98 ± 0.89  0.89 ± 0.41  4.36 ± 1.52  0.37 ± 0.18  2.07 ± 1.26  1.16 ± 0.75 

Perennial 

wheat 
 3.95 ± 1.94  2.82 ± 1.49  13.18 ± 9.44  2.72 ± 2.06  5.88 ± 3.41  5.41 ± 3.37 

Kernza   0.62 ± 0.51   0.24 ± 0.19   40.25 ± 22.47   28.53 ± 16.18   25.17 ± 14.42   28.76 ± 16.29 

G  0.252  0.150  0.592  0.153  0.285  0.168 

trans/ 

analysis   
none   none   log   log   log   log 

Genotype 

 Soil 

 TDN  MBN  Total 

 %  ng N g soil -1  %  ng N g soil -1  %  ug N g soil -1 

Annual 

wheat 
 

7.55 ± 2.59  54.8 ± 14.5  14.5 ± 5.76  94.2 ± 39.3  1.8 ± 0.54  15.75 ± 5.17 

Perennial 

wheat 
 

8.34 ± 2.60  54.9 ± 20.6  2.94 ± 0.30  41.1 ± 6.7  9.67 ± 6.34  74.29 ± 51.10 

Kernza  2.62 ± 0.92   18.0 ± 6.8   23.77 ± 10.12   218.2 ± 93.2   0.44 ± 0.12   3.41 ± 1.03 

G  0.428  0.392  0.770  0.705  0.125  0.138 

trans/ 

analysis  
log   log   log   KW   log   KW 
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Table 5.3. Arbuscular mycorrhizal fungi (AMF) hyphae presence in cereal (annual wheat, 
perennial wheat, and Kernza) roots in monoculture and in biculture with alfalfa. The hyphal 
presence is represented in proportions ranging from 0 to 1, with 1 being when all root 
sections inspected have been infected with AMF hyphae. Data shown in mean ± standard 
error. The bottom section lists p-values associated with genotype effect obtained via mixed 
effect linear model, with significant values (< 0.05) denoted in italics. The last row indicates 
what transformation, if any, was taken place to meet the assumptions for ANOVA. 

Genotype  

 Cropping 

system  

Hyphal 

presence 

Annual 

wheat 

 Mono  
0.34 ± 0.08 

 Bi  
0.38 ± 0.12 

Perennial 

wheat 

 Mono  
0.46 ± 0.14 

 Bi  
0.43 ± 0.09 

Kernza 
 Mono  

0.19 ± 0.10 

 Bi   0.12 ± 0.03 

  G  < 0.001 

  S  0.750 

  G x C  0.939 

   trans   sqrt 

5.4. Discussion 

5.4.1. Total C and N dynamics in plant biomass and soil 

We hypothesized that annual wheat would have the greatest biomass, but that Kernza 

would display the greatest change between the cropping systems. Contrary to our 

expectations, biomass data did not show any evidence of a genotype effect or a genotype x 

cropping system interaction (Table 5.1). However, we found a cropping system effect 

wherein individual cereal plants were much larger when grown next to alfalfa than in pots 

with the same genotype (Table 5.1). This may be caused by greater N availability in cereal-

legume biculture, driven by biological N fixation (BNF) in the legume rhizosphere. However, 

we must note that the benefit BNF in cereal-legume biculture is not necessarily limited to N 

transfer between legume and cereal. N gained via BNF may remain in legume but this could 



 

108 

 

reduce competition for the native soil N, leading to greater overall N availability (Xing et al., 

2023). Furthermore, N dynamic is not solely responsible for the positive effect of 

intercropping. For example, legumes and cereals have been shown to take advantage of 

different P fractions allowing for greater mass accrual in per-mass basis (Li et al., 2003; Cu 

et al., 2005).  

Increased biomass in biculture also had belowground C and N ramifications. We saw a 

slightly reduced amount of TDN and total soil N in the cereal rhizosphere when they were 

grown with alfalfa (Fig 5.1c). Larger plants likely contributed to this with a greater rate of 

uptake of available N into its biomass. We also observed highly elevated levels of DOC in 

the cereal rhizosphere in biculture (Fig 5.1a). This trend may also have been caused by 

greater biomass, as root biomass has been shown to be positively correlated with 

rhizodeposition (Remus and Augustin, 2016). Similarly, in a recent metanalysis by Sun et al. 

(2024), the authors found that intercropping increased DOC by nearly 20% across 107 

different studies performed in various soil conditions, also concluding that this was likely 

the result of larger root biomass. Though the increase in DOC was much greater than that 

in root biomass, this would be expected if root biomass increase was associated with 

greater fine root growth (Table 5.1, Fig 5.1a). Therefore, we believe larger root system made 

possible by cereal-alfalfa biculture was at least in part responsible for the greater DOC in 

the rhizosphere. 

Interestingly, within biculture treatment, we also observed a genotype effect on DOC level 

in which annual wheat’s rhizosphere DOC was higher than that of perennial wheat (Fig 

5.1a). Furthermore, this was accompanied by lower MBC level in annual wheat rhizosphere 
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compared to the perennial genotypes, only in biculture (Fig 5.1b). These data suggest that, 

in biculture, the DOC from the annual wheat rhizosphere is not being assimilated into 

microbial pools and is instead remaining in the dissolved pool. This trend may be driven by 

microbial substrate preference. It is possible that the perennial varieties are exuding a suite 

of substrates that are preferentially taken up by their rhizosphere microbes, leading to 

greater MBC and lower DOC levels, while annual wheat’s exudates were less “catered” to 

its microbial community (Zhalnina et al., 2018). While C dynamic between dissolved and 

microbial pools can typically have significant influence on N dynamics, we did not observe 

any genotype effect on TDN or MBN (Figs 5.1c, d). Increased MBC without commensurate 

increase in MBN could also lead to greater investment of C from microbes into N 

mineralization (i.e. N-degrading enzyme production; Sun et al., 2021). This would lead to 

greater N availability for the perennial cereals, though the TDN levels in the rhizosphere did 

not reflect this explanation. 

5.4.2. Estimation of N transfer using 15N leaf feeding technique 

We used 15N leaf-feeding method to assess the N transfer from legume to cereal. The leaf 

labeling process was successful as we found elevated 15N signals in legume, soil, and 

cereal pools. We hypothesized that the greatest proportion of legume-derived N will be 

found in Kernza, followed by perennial wheat. While we did observe this general trend for 

mean legume-derived N in the cereals, we did not find significant genotype or cropping 

system effects in any of our cereal associated pools in biculture, either in terms of 

proportion or absolute amount of legume derived N (Table 5.2).  
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It should be noted that 15N data had considerable variability. While we succeeded in 

introducing 15N to the alfalfa, enrichment levels within the plants were inconsistent. For 

instance, legume roots had a greater amount of 15N than legume shoots in two 

experimental units (data not shown). In five experimental units, either cereal shoots or 

roots contained a greater amount of 15N than the neighboring legume’s roots (data not 

shown). Such a large variability is not uncommon in 15N leaf feeding experiments 

(Rasmussen et al., 2019a). Recently, McNeil and Unkovich (2024) found that leaf feeding 

method led to incomplete uptake of 15N material more often than stem feeding method. If 

the alfalfa plants were taking up 15N at varying rate, it could have led to inconsistent 

distribution of 15N throughout the cereal-alfalfa biculture after 8 days. 

Another potential culprit is the short-term passive leakage of 15N from alfalfa. Many studies 

report a large wave of 15N in legume rhizosphere only a short period of time (1-3 days) after 

labeling, which some view as passive leakage caused by labeling process per se (Gasser et 

al., 2015; Araujo et al., 2023). In our study, passive leakage may explain why certain legume 

roots contained less 15N than neighboring cereals. In case of passive leakage, legume roots 

would be acting as conduit for, rather than source of 15N materials (Araujo et al., 2023). In 

summation, we note that there are many sources of variability in this method and that 

methods for estimating N transfer must be further optimized or much greater replication be 

used to distinguish clear patterns in legume-cereal transfer. 

5.4.3. Microbial community response to cereal genotype and cropping system 

We hypothesized that 16S profiles of the cereals would differ across genotypes and 

cropping systems. In partial support of our hypothesis, we found that 16S profiles of Kernza 



 

111 

 

and perennial wheat differed significantly from those of annual wheat across both cropping 

systems (Fig 5.3). This result was consistent with our previous findings where Kernza and 

perennial wheat had distinct 16S profiles from annual wheat. Furthermore, Cui et al. (2022) 

found that the hybrid between an annual wheat and another species of perennial 

wheatgrass (Thinopyrum elongatum) differed significantly from its annual parent in 16S 

profiles. 

We also hypothesized that Kernza would show the biggest shift between cropping systems 

followed by perennial wheat. Our results revealed that all cereals harbored distinct 16S 

profiles across two cropping systems, though we did not observe genotype x cropping 

system interaction as hypothesized (Fig 5.3). Past studies have suggested various 

explanations for shifts in microbial communities in biculture vs in monoculture. One study 

by Cavalieri et al. (2020) suggested top-down control of microbial communities mediated 

by plant-plant competition. The authors suggested that the less competitive species in the 

mixture shifted its 16S profiles in order to diversify its microbial function and better 

withstand competitive pressure from the more competitive species. This explanation is 

further bolstered by other studies showing that plants’ root exudate composition, main 

mechanism by which plants assemble their microbial communities (Zhalnina et al., 2018), 

shifted based on neighbor context (Badri et al., 2012; Kong et al., 2018). 

Another explanation for shifts in 16S profiles across cropping system is “microbial 

spillover”, wherein microbial communities of one plant end up colonizing the neighboring 

plant’s rhizosphere. This phenomenon is documented by Hortal et al. (2017) who found 

that microbial communities of the less competitive plant species shifted to resemble those 



 

112 

 

of the more competitive neighbor. They postulated that being able to establish microbial 

communities specifically beneficial to oneself is a part of the competitive advantage 

displayed by the better competitive species (Hortal et al., 2017). Ulbrich et al. (2022) also 

documented the case of microbial spillover, but in their study, two microbial communities 

of the plants simply converged when grown together, perhaps implying bidirectional 

microbial spillover. 

Our 16S data seem to be driven by microbial spillover than by top-down shift. The 16S 

profiles of the bicultured cereals seemed to overlap with those of the neighboring legumes 

on the NMDS plot (Fig 5.3), suggesting an instance of microbial spillover. Interestingly, the 

three cereals maintained their genotype effect in biculture despite being grown next to the 

same species of legume as evidenced by the lack of genotype x cropping system 

interaction (Fig 5.3). This result suggests that even with microbial spillover, a microbiome 

driven by the genotype effect may remain in the cereal rhizosphere. We note however that 

we did not observe this trend in our analogous field experiment, where we also planted all 

three genotypes in monoculture and biculture (Hwang et al., in prep). In that study, we 

found that the genotype effect was no longer evident in biculture treatment (Hwang et al., 

in prep). We cannot confirm whether this was also the result of microbial spillover as we 

did not collect rhizosphere microbial data of alfalfa in the field. The discrepancies between 

our field experiment and the present study may stem from the fact that our field experiment 

went on for two growing seasons (Hwang et al., in prep). If the present study had gone on 

beyond 18 weeks, we could have observed 16S profiles of all three genotypes in biculture 

converge, presumably to resemble that of alfalfa. 
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Despite being likely driven by microbial spillover, our 16S profile trends deviated from those 

seen in either Hortal et al. (2017) or Ulbrich et al. (2022). Our result differed from Hortal et 

al. (2017) in that we did not observe any competitive pressure. In fact, our cereals in 

biculture, likely harboring microbes from legume rhizosphere, were larger than their 

counter parts in monoculture (Table 5.1). Our results also differed from Ulbrich et al. (2022) 

in that the microbial spillover seemed largely unidirectional (Fig 5.3). Even though 16S 

profiles of the cereals shifted to resemble that of alfalfa, the 16S profiles of alfalfa did not 

vary between cereal-alfalfa biculture and alfalfa monoculture (Fig 5.3). Therefore, we 

postulate that alfalfa microbial communities unidirectionally spilled over to cereal 

rhizosphere but either had a neutral impact on cereal’s growth or played a facilitative role 

(rather than competitive role). 

5.4.4. AMF presence and effect 

We also measured the rate of AMF infection in cereal roots. We hypothesized that Kernza 

would have the highest infection rate followed by perennial wheat, especially so in 

biculture where CMN could act as an N transfer path. Contrary to our expectations, we 

found that Kernza had the lowest infection rate compared to the other two genotypes (Table 

5.3).  This finding also goes against Hetrick et al. (1992) who found that root fibrousness 

and AMF colonization rate was negatively correlated. In our previous greenhouse study, we 

had found that Kernza preferentially grew thicker roots compared to annual wheat and 

perennial wheat (Hwang et al., in prep). From these two studies, we would expect greater 

AMF colonization rate in Kernza root, which is the opposite of what we observed. 
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It must be noted that greater AMF infection does not necessarily lead to greater benefits. In 

fact, Hetrick et al. (1992) has found that one cultivar of durum wheat had negative growth 

response to AMF inoculation. In another study, Jansa et al. (2008) inoculated Medicago 

truncatula with various AMF strains and found that two strains with equal hyphal presence 

resulted in vastly different host biomass. The relationship between genotype, cropping 

system, and AMF could potentially be explored further in future studies by using sterilized 

soil and AMF inoculation. 

5.4.5. Conclusion 

Perennial biculture of cereal and legumes have the potential to reduce soil disturbance and 

synthetic N input in agroecosystem. However, ensuring that cereals are benefiting from 

their neighboring legumes can be a challenging task. In the present study we found alfalfa 

indeed benefits neighboring cereal’s growth. Furthermore, we found that perennial 

varieties’ rhizospheres foster greater levels of microbial biomass. In our estimation of N 

transfer from legume to cereal, perennial wheat had the greatest absolute amount of 

legume derived N in its shoot, while Kernza had the greatest amount in the overall plant 

biomass (shoots + roots), but high variability prohibited the detection of significant 

differences. We also observed microbial spillover effect in biculture systems, where cereal 

16S profiles shifted to resemble those of neighboring alfalfa. Interestingly, Kernza had the 

lowest rate of AMF hyphae in its roots, though number of hyphae did not correspond to 

total N transfer. We believe that this study demonstrates certain unique properties of both 

perennial crops (MBC, 16S profiles) that warrant further exploration. The interaction 

between C and N dynamics in annuals vs perennials has considerable implications on N 
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mineralization and C sequestration. Future studies should employ other techniques to 

estimate N movement in cereal-legume biculture. Stable isotope probing via stem feeding 

shows promise, but natural abundance methods or labelling with N2 gas  also offer viable 

alternative to study this phenomenon. How perennial cereals react to neighboring legumes 

and what impact that has on legume N transfer can have lasting impact on how we design 

more sustainable agricultural systems. 
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APPENDIX 

Supplemental Table 3.1. List of all identified features from the LC-MSMS analysis of 
exudate samples. Non exudate features refer to those features not significantly elevated in 
intensity in sample vs blanks. No MS2 spectra refers to those exudate features that did not 
have MS2 spectra, and therefore no structural/formula annotation. SIRIUS only offered 
substructure annotation for certain features without full compound identity. Italicized lines 
denote those features appearing in Fig 3.3. Bolded line denotes the one feature in this list 
that showed significant genotype effect. 
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Pos.C179 C9H30N9O2 297.26 11.1 Alkaloids Polyamines 

         

Formula 

only 
10 

Pos.C295 C22H38 303.31 11.0 

NA 

Pos.C156 C24H22O2 365.15 5.2 

Pos.C42 C17H18O 261.12 5.0 

Pos.C34 C13H29N3O 244.24 0.4 

Pos.C44 C10H16N5O2 239.14 5.4 

Pos.C10 C6H17N7O3S 268.12 2.8 

Pos.C32 C17H35O3 288.27 1.4 

Pos.C101 C14H34N3O6 341.25 9.8 

Pos.C211 C25H55N3O3 468.41 17.3 

Pos.C40 C44H42O3 641.30 3.2 

         

No MS2 

spectra 
39 

Pos.C1  162.12     

Pos.C100  149.07     

…       

         

Non exudate 

feature 
260        

 

TOTAL 318        
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N
e

g
a

ti
ve

 

Compound 

ID 
5 

Neg.C2 C12H6O 201.01 16.4 

Shikimates and 

Phenylpropanoi

ds 

Phenanthrene

s 
86087506 

Neg.C33 C9H16N4O2 211.12 11.0 
Amino acids and 

Peptides 
Amino acids 65611665 

Neg.G.C5.C

7 
C15H10N2O7 367.01 6.5 Alkaloids 

Anthranilic 

acid 

derivatives 

745724 

Neg.C18 C13H26N2O3 293.16 23.4 
Amino acids and 

Peptides 
Dipeptides 49864736 

Neg.C24 C10H16N4O3 239.12 12.7 
Amino acids and 

Peptides 
Dipeptides 9942822 

          

Formula 

only 
4 

Neg.C3 C5H2O6 156.98 4.8 

NA 
Neg.C51 C16H30O5 301.20 5.3 

Neg.C17 C11H18N4O3 253.13 11.4 

Neg.C43 C16H28O5 299.19 3.3 

          

No MS2 

spectra 
8 

Neg.C29  416.00     

Neg.C39  297.23     

Neg.C40  199.16     

Neg.C42  250.13     

…       

         

Non exudate 

feature 
101 

       

 

TOTAL 118 
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Supplemental Table 5.1. Biomass and N concentrations of alfalfa in monoculture and in biculture with three cereals (AW = 
annual wheat, PW = perennial wheat, K= Kernza) and root:shoot ratio (R:S). Dry mass and N concentration are given for shoots, 
roots, and total plant. Data shown in mean ± standard error. The bottom section lists p-values associated with each response 
variable obtained via mixed effect linear model, with significant values (< 0.05) denoted in italics. G = genotype effect, S = 
cropping system effect. Note that genotype effect tests only those alfalfa in biculture and cropping system effect compares all 
biculture alfalfa against the monoculture alfalfa. 

Crop 

genotype 

 

Cropping 

system 

 

Cereal 

genotype 

 Biomass   

   Shoots  Roots  Total   

   g plant -1  %N  g plant -1  %N  g plant -1  %N  R:S 

Alfalfa 

 

Bi 

 AW  4.79 ± 0.93  2.66 ± 0.18  3.01 ± 0.59  1.59 ± 0.39  7.80 ± 1.49  2.26 ± 0.2  0.62 ± 0.05 

  PW  6.46 ± 0.83  2.93 ± 0.56  3.95 ± 0.78  2.10 ± 0.33  10.61 ± 1.7  2.61 ± 0.36  0.57 ± 0.04 

  K  5.20 ± 1.35  3.36 ± 0.35  3.53 ± 0.92  2.25 ± 0.37  8.74 ± 2.24  2.93 ± 0.35  0.65 ± 0.08 

 Mono  NA   7.33 ± 1.09   3.12 ± 0.1   4.37 ± 0.65   2.05 ± 0.12   11.69 ± 1.74   2.72 ± 0.06   0.60 ± 0.01 

    G  0.539  0.466  0.735  0.351  0.627  0.269  0.712 

      S   0.150   0.734   0.300   0.847   0.206   0.694   0.743 
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Supplemental Table 5.2. Labile N soil pool in rhizosphere of alfalfa grown in biculture with 
cereals (AW = annual wheat, PW = perennial wheat, K= Kernza) or in monoculture. Data 
shown in mean ± standard error. TDN = Total dissolved N, MBN = microbial biomass. Labile 
C information can be found in Fig 2. The bottom section lists p-values associated with each 
response variable obtained via mixed effect linear model, with significant values (< 0.05) 
denoted in italics. G = genotype effect, S = cropping system effect. Note that genotype 
effect tests only those alfalfa in biculture and cropping system effect compares all 
biculture alfalfa against the monoculture alfalfa. 

    Soil N (ug N g soil-1) 
    TDN  MBN  Total 

Alfalfa 
Bi 

AW  0.82 ± 0.08  0.72 ± 0.08  821.5 ± 30.5 

PW  0.74 ± 0.04  0.89 ± 0.10  774.8 ± 74.8 

K  0.71 ± 0.05  0.63 ± 0.08  767 ± 44.9 

Mono NA  0.80 ± 0.10  0.88 ± 0.10   823 ± 44.1 

  G  0.389  0.170  0.551 

  S  0.593   0.266   0.546 
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Supplemental Table 5.3. Diversity indices for both cereals (annual wheat, perennial 
wheat, and Kernza) and alfalfa rhizosphere 16S profiles. Shannon’s index was used as the 
evenness index. The bottom section lists p-values associated with each response variable 
obtained via mixed effect linear model, with significant values (< 0.05) denoted in italics. G 
= genotype, T = crop type (cereal in monoculture, cereal in biculture, and alfalfa in 
biculture), and S = cropping system. Note that in this context, cropping system effect 
compares all biculture alfalfa against the monoculture alfalfa. 

Genotype 

 

Cropping 

system 

 
  Diversity 

  
Crop 

type   

ASV 

richness  

Shannon's 

index 

Annual 

wheat 

 Mono  -  1170 ± 82  6.46 ± 0.06 

 
Bi 

 Cereal  1176 ± 95  6.46 ± 0.06 

  Legume  1088 ± 73  6.38 ± 0.07 

Perennial 

wheat 

 Mono  -  1035 ± 123  6.32 ± 0.11 

 
Bi 

 Cereal  899 ± 107  6.17 ± 0.1 

  Legume  1204 ± 94  6.44 ± 0.06 

Kernza 

 Mono  -  1055 ± 149  6.33 ± 0.13 

 
Bi 

 Cereal  1084 ± 109  6.37 ± 0.1 

  Legume  1280 ± 63  6.52 ± 0.06 

Alfalfa  Mono  -    1214 ± 146   6.42 ± 0.12 

  
 

 G 
 

0.484  0.283 

  
 

 T 
 

0.276  0.302 

      G x T   0.395   0.363 

      S   0.837   0.755 
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Supplemental Figure 2.1. Each panel (a – d) shows four distinct phases of pulse labeling 
procedure. Blue dotted line on the monitor approximates the δ13C value and the red dotted 
line approximates CO2 concentration. Briefly, (a) ambient CO2 taken up by the plant to 
prepare the chamber for a controlled amount of CO2 injection. (b) A set amount of natural 
abundance carbonate is injected into the HCl container, releasing CO2 into the chamber. 
The plant takes up the CO2 and the time elapsed between the carbonate injection and full 
([CO2] < 50 ppm) drawdown is noted. (c) Enriched carbonate solution is injected this time, 
with the gas analyzer now monitoring the soil column CO2 efflux. (d) Once we estimate that 
the plant has taken up all the given CO2 we remove the chamber from the top. We 
terminate the labeling process once we observe a concurrent increase in CO2 
concentration and δ13C signature. 
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Supplemental Figure 3.1. Correlation between four root parameters (length, surface area, 
volume, and mass) and exudation rate. The p-values for the correlation are denoted within 
each panel and significant values (p < 0.05) are italicized. Corresponding adjusted R2 
values are denoted under the p-values. 
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Supplemental Figure 3.2. Root exudate chemical composition and diversity for positive 
ionization mode (top row) and negative ionization mode (bottom row). (A, D) Chemical 
composition of the root exudate samples was ordinated using nonmetric multidimensional 
scaling (NMDS) based on Bray-Curtis dissimilarity index. The p-value in panels (A, D) were 
obtained from permutational multivariate analysis of variance (PERMANOVA) of genotype 
effect on root exudate composition. Alpha diversity of the root exudate chemistry was 
evaluated in both evenness (B, E) and richness (C, F; values shown in mean ± SE). (B, C, E, 
F) The p-values for the genotype effect are denoted within each panel and significant 
values (p < 0.05) are italicized. Lower-case letters above the bars in panels (E, F) denote 
significant (p < 0.05) pairwise difference between the genotypes (Tukey’s post-hoc). 
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Supplemental Figure 3.3. Rhizosphere bacterial/archaeal (top) and fungal (bottom) 
composition and diversity. (A, D) Microbial community composition was ordinated using 
nonmetric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity index. The 
p-values in panels (A, D) were obtained from permutational multivariate analysis of 
variance (PERMANOVA) of genotype effect on the microbial community composition. Alpha 
diversity of the microbial community was evaluated in both evenness (B, E) and richness 
(C, F; values shown in mean ± SE). (B, D, C, F) The p-values for the genotype effect  denoted 
within each panel. 
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Supplemental Figure 3.4. Mean intensity of the two exudate features that showed 
significant effect among genotypes (annual wheat, perennial wheat, Kernza; error bars 
represent the standard error). Only 2-[(3-Carboxyanilino)carbonyl]-5-nitrobenzoic acid 
(G.C5.C7) had MS2 spectra and compound annotation from SIRIUS. The structure of the 
compound is inlaid in the right panel. Significant differences (p < 0.05) are noted with 
upside down brackets above the columns, with the corresponding p-values. Note that the 
p-values are for pairwise-comparisons only. 
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Supplemental Figure 4.1. List of 16S and ITS ASVs and their fold change in cropping 
systems (monoculture vs biculture) and year (2021 vs 2022) according to Maaslin2 results. 
Horizontal bars indicate log2 fold change in the direction of the bars (i.e., if <0 in under 
“cropping system”, greater abundance is found in monoculture than in biculture). Legend 
accompanying each panel denotes levels of another factor in which this effect is found. In 
the first column, full taxonomic information is given when applicable. The lowest level of 
taxonomy with known identity is highlighted in bold. All bars shown were significant at p = 
0.05 level.  
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Supplemental Figure 5.1. Ordination plot (NMDS) showing prokaryote (16S) community 
composition in rhizospheres of alfalfa in monoculture or in biculture with three crop 
genotypes (annual wheat, perennial wheat, Kernza). The distances were calculated using 
the Bray-Curtis Dissimilarity Index. The small box inside the panel indicates p-values for 
effects obtained with PERMANOVA. G = genotype effect, S = cropping system effect. Note 
that genotype effect tests only those alfalfa in biculture and cropping system effect 
compares all biculture alfalfa against the monoculture alfalfa. Those values significant at 
0.05 level are highlighted in italics. 

 


