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Abstract 

Maize Development and Immunity and the Importance of CLEAR Science Communication 

By 

Alyssa A. Anderson 

Doctor of Philosophy in Plant Biology 

Professor Sarah Hake, Chair 

Plants adapt to a variety of harsh environments with built-in resilience. Be it pathogen 
attacks or temperature stress, integrating these environmental signals is key for proper growth and 
development. liguleless narrow1 (lgn) encodes a plasma membrane-localized receptor-like kinase 
that is required for normal maize development including leaf shape, internode elongation, and 
fertility. The semi-dominant mutation (Lgn-R) lacks kinase activity. We assayed the phenotype in 
multiple environments and genetic backgrounds and found dramatic variations in expressivity. 
Analysis using a subset of the NAM founder lines revealed five inbred lines, including B73, that 
exhibit increased death rates in hot conditions and severe phenotypes in cool conditions. Four 
additional inbred lines, including Mo17, survive to exhibit severe phenotypes in hot conditions but 
are nearly indistinguishable from their non-mutant siblings at cool temperatures. A QTL analysis 
combined with additional mapping techniques identified one of the second site modifiers between 
these two lines, Sympathy for the ligule (Sol). Inbred lines that have the most severe phenotypes 
for Lgn-R show constitutive induction of Sol in the mutant background as well as a predilection 
for a particular set of indels and SNPs within the coding sequence. Rescuing lines do not show an 
induction of this gene in the mutant background. An EMS mutation further confirmed the identity 
of Sol to be this gene, a maize homolog of Arabidopsis ENHANCED DISEASE RESISTANCE4 
(EDR4).  

Sol, like EDR4, is induced in response to pathogen associated molecular patterns such as 
flg22. Integrated transcriptomic and phosphoproteomic analyses suggest that Lgn-R plants 
constitutively activate an immune response. We propose that the severe Lgn-R developmental 
phenotypes are the result of constitutive defense induction and that SOL potentially functions in 
repressing this response in Mo17 but not B73. Identification of LGN and SOL provide insight into 
the integration of developmental control and immunity.  
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Introduction 
 

 Maize developmental mutants have been studied for decades to both the financial benefit 
of the agricultural sector and the educational betterment of the entire biological field. Transposons 
were originally discovered in maize and major progress in the fields of imprinting, chromosome 
biology, and hybrid vigor are all the result of maize research. The classic knotted1 mutant lead to 
crucial discoveries in terms of meristem maintenance and patterning (1). The liguleless1 (lg1), 
liguleless2 (lg2), and wavy auricle in blade (wab) (2,3,4) mutants all explore the formation of very 
specific organs: the ligule and auricle, which develop at the agronomically profitable blade-sheath 
boundary in the leaf. A vast array of other maize mutants explore floral organ development, tiller 
bud maintenance and all manner of tissue- and organ-specific deficiencies. However, few maize 
mutations with pleiotropic developmental phenotypes have been thoroughly characterized at the 
molecular level.  
 Lgn-R is a pleiotropic maize developmental mutant caused by an EMS-induced point 
mutation near its serine/threonine protein-kinase domain. This mutation eliminates kinase activity. 
A thorough phenotypic characterization of the mutation in the B73 inbred background has been 
previously published in Moon et al (5) as has analysis of this mutation in the context of other 
classical ligule development mutants (5). In brief, Lgn-R has a severe pleiotropic phenotype. As a 
heterozygote it has reduced height, narrow leaves, and rarely fully develops either the male or 
female inflorescences or the ligule region on adult leaves. As a homozygote it is even more severe 
and never develops functional inflorescences, making the Lgn-R heterozygote the main genotype 
used in most studies. This phenotype is ameliorated in the Mo17 background and a previously 
published QTL analysis was able to map a main effect QTL for rescued leaf traits to a locus on 
chromosome 1 called Sympathy for the ligule (Sol) (6).  
 Lgn-R is a particularly useful mutant for continued analyses because its array of phenotypes 
touch upon a diverse number of important agronomic traits. For example, the developmental 
phenotypes just described affect seed yield and photosynthetic surface area. Expressivity of the 
mutant phenotype differs severely depending on genetic background, but all of them exhibit a 
significant genotype by environment effect that is related to temperature sensitivity. Further 
evidence, discussed here, links these phenotypes to inappropriate activation of an immune 
response. Analysis within the inbred lines also allows us to explore the evolutionary diversity 
found within maize (7). This is a potent combination of research areas to be impacted by a single 
point mutation and all of them are relevant to one of the greatest threats to agriculture today: 
climate change.  
 Climate change has already begun to alter crucial environmental factors that severely 
impact the wellbeing of our food supply. Events such as the recent drought in California highlight 
the importance of preparing our crops for altered water levels, temperatures, and pathogen habitats. 
Even variations of a few degrees are capable of severely impacting crop yields, which makes 
understanding the relevant networks all the more crucial. We need to use mutants, like Lgn-R, to 
begin untangling the components of the pathways involved in temperature sensing, organ 
development, immunity and the crosstalk in between. The Lgn-R phenotype impacts all of these 
biological networks and may be a key lens through which we can begin to construct a systems 
biological approach towards full-plant phenotypic optimization under stress conditions.  
 Despite the fact that most humans eat plants every single day, research questions such as 
this one are considered basic biology. As such, this research is particularly susceptible to whims 
in funding, which is, in turn, dependent on public opinion. Currently, the American public is 
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displaying an alarming upswing in anti-science sentiment and a lack of trust in scientific findings 
(8). This has impacts on all levels of research. In terms of research areas related to Lgn-R, climate 
change denial and anti-GM (genetic modification) sentiments are particularly harmful. Much of 
the urgency for understanding networks impacted by Lgn-R is caused by impending climate change 
issues and, when the Lgn-R networks are better understood, GM technology is the most efficient 
and precise way to improve our diverse crop lines.  
 Clear, compelling, and diverse varieties of science communication are necessary to 
improve public support for science, and, consequently, ensure funding for continued research. To 
this end, the student group Communication, Literacy, and Education for Agricultural Research 
(CLEAR) organizes monthly events, such as interactive farmers market displays and pub science 
talks, and creates educational content including videos and blog posts. The goal of these efforts is 
to interact with diverse members of the public to show them that both scientists and science are 
fun and approachable. The group also funds outreach efforts such as my educational program the 
La Escuelita Science Projects, which aims to introduce disadvantaged middle school students to 
the creativity and rigor of the scientific process. Groups such as CLEAR provide a unique skill set 
that every scientist would benefit from, and, in turn, the world would benefit from a scientifically 
supportive public.  
 Within this thesis, Chapter 1 explores continued phenotypic analyses of the Lgn-R mutation 
in new genetic backgrounds and environments. Chapter 2 maps Sol, the Lgn-R phenotypic modifier 
and a maize homolog of AtEDR4. Chapter 3 continues to expand the Lgn networks in the context 
of both development and immunity. Finally, Chapter 4 highlights the necessity of CLEAR science 
communication for the good of the scientists and the public alike.  
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Chapter 1: Characterizing the Liguleless narrow mutation in Diverse Genetic Backgrounds 
and Environments 

 
Introduction 

 The extent of a mutant phenotype is difficult to determine, especially when working with 
pleiotropic mutations. To fully characterize the mutation would require examination of all tissues 
for multiple chemical and physical attributes under a near infinite array of environmental and 
genetic conditions. When considered from this perspective, complete characterization of a 
mutation is impossible and an endless array of new information may be gleaned from continued 
analysis, albeit at a rate of diminishing returns. For example, the genes shr and scr had been studied 
as developmental mutants in roots for decades before it was discovered that they were also 
involved in the development of Kranz anatomy in leaves (9,10). One of the original apetala 
mutations, ap2-1, has altered floral organ formation when examined at different temperatures: at 
26℃ the second whorl forms stigmatic structures but tissues resembling leaves are formed in this 
whorl at 16℃ (11). In both cases the new experimental conditions lead to the discovery of 
significant new phenotypes for the mutation of interest.  
 Lgn-R is an excellent example of a mutation that was studied for years and well understood 
in the context of one inbred background and one set of environmental conditions only to reveal a 
slew of new phenotypes upon diversification of these conditions. Lgn-R was originally studied in 
the B73 genetic background of maize and was thoroughly explored in the context of other ligule-
less mutants including double mutant analysis with liguleless1 and liguleless2 (5). However, novel 
facets of the mutation were revealed when it was crossed to the Mo17 background: a severe 
developmental phenotype in B73 translated into a near wild-type phenotype in Mo17. 
Furthermore, when the plants were grown in diverse field conditions another new aspect of the 
phenotype, temperature sensitivity, was observed.     
 One method that is helpful for investigating extreme background differences is the 
generation of a Near Isogenic Line (NIL). Useful NILs can be generated by crossing a mutation of 
interest into the maize IBM lines (6) and repeatedly backcrossing to one of the original parents 
while selecting for the trait of interest. The end result is a maize line with most of the genetic 
background derived from the backcrossed parent and small segments of the other parent genome 
remaining. In the case of Lgn-R, we created a NIL that is predominantly B73, the inbred that 
produces a severe Lgn-R phenotype, with small portions remaining of the rescuing inbred, Mo17. 
Lgn-R plants with Mo17 in a region on chromosome 1 had much more rescued phenotypes than 
siblings that were exclusively B73.  
 To further explore the expressivity of Lgn-R we crossed the mutation into additional inbred 
lines. To-date the mutation has been analyzed in the B73, Mo17, Ms71, CML228, CML247, 
Nc350, Nc358, Tzi8, and M162W backgrounds. Of all of the lines analyzed only B73 is from the 
stiff stalk genetic background. Mo17, Ms71, and M162W all have non-stiff stalk genetics, IL14H 
is a sweetcorn, and all of the other inbreds analyzed fall into the tropical/subtropical category (12). 
Exploration of the Lgn-R mutation in these chosen lines covers a large amount of diversity found 
within the maize populations while also allowing for the comparison of very closely related lines 
such as Nc350 and Nc358. 
 In terms of environmental diversity, a number of different conditions were tested in order 
to discover new phenotypes of Lgn-R. These include exploring the phenotype under different 
temperatures and watering regimes, in germination assays, and a variety of additional analyses. 
The temperature treatments were most successful in revealing new facets of the Lgn-R phenotype 
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and were initially attempted due to observations of variation between our fields located in 
Lafayette, Indiana, and Davis and Albany, California. Experiments such as the water-withholding 
regimes were less successful, though similarly motivated. Overall each of these sets of conditions 
have been able to refine or disprove working hypotheses or lead to new ideas regarding the 
molecular role and networks of lgn.  
 

Results 
The Near Isogenic Line dampens the Lgn-R mutant phenotype 

To investigate the difference in expressivity between B73 and Mo17, we created near 
isogenic lines (NILs) that were made by first crossing Lgn-R to the IBM recombinant inbreds (6) 
and then back-crossing the least severe Lgn-R individuals to B73 for multiple generations. We 
refer to the Mo17 Sol locus as Sol-M and the B73 locus as Sol-B. The segregating phenotypes were 
assessed in Lgn-R heterozygotes, and plants were either Sol-M/Sol-B (NIL) or Sol-B/Sol-B (B73).  

We grew Lgn-R NIL plants over multiple seasons to determine the effect on plant 
architecture in comparison with Lgn-R in B73 and in Mo17 (Figure 1A-C). Whereas Lgn-R Mo17 
has nearly the same height and leaf width as the Mo17 inbred, both height and width are reduced 
in the NIL, and most severe in B73 (Figure 1D-G, Supplemental Figure 1A,B). In Albany, CA, 
non-mutant plants averaged 179.4 cm (±10.5) in height and 10 cm (±0.6) in leaf width, Lgn-R NIL 
plants averaged 147.4 cm (±10.2) in height and 7.5 cm (±0.9) in leaf width, and Lgn-R B73 
averaged only 102.4 cm (±22.4) for plant height and 4.1 cm (±0.7) for leaf width. Ear development 
was also restored in Lgn-R NIL plants compared to Lgn-R B73 (Figure 1A). Non-mutant B73 and 
Mo17 plants as well as Lgn-R Mo17 mutants had morphologically normal ligules and auricles 
located between distinct blade and sheath regions. The ligule in Lgn-R NIL plants formed across 
the leaf but the auricle was only partially restored and, as previously described (8), Lgn-R B73 
never developed a complete ligule or auricle (Figure 1B, C).  

We also compared blade cell identities of Lgn-R in the two genetic backgrounds using 
scanning electron microscopy. The abaxial side of the blade lacks the specialized cell types of the 
adaxial surface, such as bulliform and hair cells, and instead is composed of rows of stomates and 
crenulated intercostal cells (13). In Lgn-R B73 plants, the cells across the blade were unevenly 
spaced with perturbed shapes and identities. The cellular perturbations were widespread and 
include stomatal defects, ectopic hairs, ectopic sheath cells, and uneven rows of malformed 
intercostal cells. The shape and distribution of the abaxial intercostal cells were predominantly 
restored in both Lgn-R Mo17 and Lgn-R NIL. Stomatal density was also restored in both 
backgrounds but ectopic hairs remained on blades of the NIL while this phenotype was recovered 
in Mo17 (Figure 1H). In summary, one copy of Sol-M is capable of partially restoring the plant 
height, leaf width, ligule development and cell differentiation defects of Lgn-R.  

To elucidate the dosage effect of Sol-M on Lgn-R in the B73 background we self-pollinated 
the Lgn-R NIL and analyzed the segregating genotypes in the greenhouse (Figure 1I,J). We see a 
significant dosage effect from Sol-M for both plant height and leaf width in Lgn-R homozygotes. 
Two copies produce, on average, the tallest plants with the widest leaves for this mutant genotype. 
Having only Sol-B leads to the most severe phenotype and plants heterozygous at Sol have an 
intermediate phenotype that is significantly distinct from both extremes. Lgn-R heterozygotes, 
however, did not show a strong dosage effect in these genetic backgrounds under greenhouse 
growth conditions. Both Sol-M/Sol-B and Sol-M/Sol-M plants have significantly rescued heights 
and widths compared to Sol-B/Sol-B siblings but they are not significantly different from each 
other. For all pair-wise significance comparisons see Supplemental Figure 1 C,D. Intriguingly, the 
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widths of Sol-B/Sol-B Lgn-R heterozygotes are not significantly different from Sol-M/Sol-M Lgn-
R homozygotes. (Figure 1I, J). This implies that the effect of the Sol locus, at least in terms of leaf 
width, can compensate for an entire functional copy of Lgn-R in B73. Sol-M is also capable of 
having a strong effect on the mutant phenotype and displays a clear dosage effect under certain 
conditions.    

Additionally, a line containing an AC transposon insertion in the 5’ untranslated region of 
Lgn had been maintained by the lab for years and grown in both the Albany and Davis, Ca fields. 
A mutant phenotype, however, had never been observed even in plants that genotyped positively 
for the insertion. The only time a phenotype was seen was a single plant in which Ac excised and 
left a footprint in the 5’ region. Unfortunately, that plant did not survive to set seed (5). I performed 
a western blot using protein extractions from whole seedling tissue of plants that did and did not 
contain the insertion. Using a LGN antibody, minimal differences in protein accumulation were 
observed between the two genotypes. This observation supports our phenotypic data (Figure 1K).  

 
Sol rescues temperature-dependent Lgn-R lethality 

A genotype by environment (GxE) effect was observed when the original Lgn-R x IBM 
lines were analyzed in West Lafayette, IN and Albany, CA (6). To explore the underlying cause, 
plants were grown in different temperature and water conditions.  Lgn-R NIL plants segregating 
for Sol-M were grown in Davis, CA, where average daytime summer temperatures are 33.1°C 
compared to that of West Lafayette, IN at 29.0°C and Albany, CA at 23.2°C (data available at 
http://www.ncdc.noaa.gov).  Nights have similar temperatures in Davis and Albany and are 
slightly warmer in West Lafayette.  

Lgn-R plants showed significant GxE effects between the Albany, CA and Davis, CA 
fields. A one-way ANOVA with a Tukey Posthoc test (95% CI) found significant effects from 
genotype (p = 2e-16), location (p = 2e-16), and genotype by location interaction (p = 1.4e-11) 
when comparing the Lgn-R B73 and Lgn-R Mo17 populations as well as significant effects from 
genotype (p = 2.7e-11), location (p = 0.0019), and genotype by location interaction (p = 4e-7) 
when comparing Lgn-R NIL to Lgn-R B73 siblings (Figure 1F,G). All pairwise comparisons can 
be found in Supplemental Figure 1A, B. During the 2015 Davis field season, 17 out of 19 Lgn-R 
plants that were homozygous B73 at the Sol locus died within five weeks post-germination. In 
contrast, only 1 out of 10 Lgn-R NIL plants died. None of the Lgn-R plants died in Albany. The 
Lgn-R NIL plants that survived in Davis were shorter and had narrower leaves compared to their 
Albany counterparts. Non-mutant plants survived at both locations, and were, in fact, taller in 
Davis (Figure 1F). 

 
Additional NAM lines vary in their ability to affect the Lgn-R phenotype 

We crossed Lgn-R in B73 to the NAM Founder lines (14) to determine which additional 
lines rescued the Lgn-R mutation at the Sol locus, and which lines resulted in a severe phenotype. 
20 F1 Lgn-R hybrid populations were grown in Indiana, where Lgn-R in B73 is severe. One Lgn-
R hybrid, Ms71/B73, showed a lethal phenotype. All other hybrids rescued the Lgn-R phenotype 
to some extent, though the rescued phenotype is not necessarily due to the Sol locus. Eight of the 
hybrids were successively back-crossed a minimum of three generations to B73 using the most 
rescued Lgn-R plant in each generation. Given the severe phenotype of Lgn-R in the Ms71/B73 
hybrid, we also crossed Lgn-R in the Mo17 background to Ms71 and back-crossed to Ms71 at least 
two generations prior to analysis.  To assess environment and background effects, we planted these 
segregating families in Davis and Albany during three field seasons. We determined plant height, 
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leaf width and the genotype of Sol for each family. We determined that a line rescued Lgn-R if it 
displayed increased plant height and leaf width when heterozygous at the Sol locus compared to 
Sol-B/Sol-B or Sol-Ms71/Sol-Ms71 siblings. 

Of the NAM founder lines examined, four did not rescue Lgn-R at Sol (Ms71, CML228, 
CML247, and Nc358) and three lines displayed rescued phenotypes (Nc350, Tzi8, and M162W) 
(Figure 2A-G, Supplemental Figure 1E-K).  Of the severe lines, Lgn-R in the Ms71 inbred behaved 
similarly to Lgn-R B73. The average plant height and leaf width measurements for Lgn-R Sol-
Ms71/Sol-Ms71 in Albany were 144.2 cm (±35.7) and 5.5 cm (±1.1) and in Davis they averaged 
40.7 cm (±43.5) and 3.2 cm (±1.8) compared to the Lgn-R Sol-M/Sol-Ms71 measurements of 156 
cm (± 30.6) and 8.9 cm (± 0.7) in Albany and 112.4 cm (± 26.4) and 5.1 cm (± 1.3) in Davis 
(Figure 3C). A one-way ANOVA followed by a Tukey Posthoc test (95% CI) found significant 
effects from genotype (p = 8.8e-7), location (p = 0.0004), and genotype by location interaction (p 
= 0.007) for the family (Figure 2A). The significance for individual comparisons can be found in 
Supplemental Figure 1E. CML228 was also not capable of rescuing Lgn-R at Sol. Sol-
CML228/Sol-B plants have heights and widths that are not statistically different from Sol-B/Sol-B 
relatives at either field, though significant GxE effects were still observed for individuals within a 
given genotype (Figure 2B; Supplemental Figure 1F). This same relationship holds true for the 
inbred lines CML247 and NC358 (Figure 2C,D; Supplemental Figure 1G, H).   

In contrast to the severe lines, three additional lines rescued the Lgn-R phenotype when 
heterozygous at Sol. Average plant heights and leaf widths for the Sol-Nc350/Sol-B heterozygotes 
were, respectively, in Albany 141.6 cm (±14.22) and 6.7 cm (±0.7) and in Davis 72.0 (±23.5) and 
3.5 cm (±1.0). These averages are all greater than their Sol-B/Sol-B counterparts which measured 
116.4 (±13.4) and 5.3 cm (±0.7) in Albany and 52.5 (±14.7) and 1.75 cm (±.5) in Davis. A one-
way ANOVA followed by a Tukey Posthoc test (95% CI) found significant effects from genotype 
(p = 2e-16), location (p = 0.0002), and genotype by location interaction (p = 1.6e-11) for the family 
(Figure 2E, Supplemental Figure 1I). These same measurements for Sol-Tzi8/Sol-B heterozygotes 
were 158.5 cm (±15.4) and 6.5 cm (±0.4) in Albany and were significantly increased over their 
Sol-B/Sol-B relatives which measured 120.4 cm (± 12.5) and 4.9 (± 0.4), with the same trends in 
Davis. A one-way ANOVA followed by a Tukey Posthoc test (95% CI) found significant effects 
from genotype (p = 1.1e-11), location (p = 6.4e-13), and genotype by location interaction (p = 
5.0e-11) for the family (Figure 2F, Supplemental Figure 1J). The third rescuing line, M162W, 
showed a similar pattern (Figure 2G, Supplemental Figure 1K). Full Lgn-R plant phenotypes of all 
inbred lines analyzed, with the exception of Ms71, can be found in Figure 2H-M.     

 
Growth Chamber Experiments Confirm Temperature-Sensitive Phenotype 

Previous growth chamber experiments that mimicked cycling day and night temperatures 
in Davis, Ca had indicated a heat sensitive phenotype in Lgn-R. To determine whether growth at 
high temperature is sufficient to trigger Lgn-R lethality, we grew segregating Lgn-R NIL families 
at either a constant 17°C or 30°C. Significant reduction in plant height and leaf width was seen 
across all genotypes at 30°C compared to 17°C with Lgn-R B73 the most strongly affected by the 
30°C condition. Intriguingly, some of the phenotypic differences seen under normal field 
conditions were eliminated in the 17°C growth chamber experiment. Although leaves are still 
narrower in Lgn-R B73 compared to NIL and non-mutant siblings, plant height was not 
significantly different between any of the genotypes at this temperature and ligule development 
was restored in Lgn-R B73 plants at 17°C (Figure 3A-D, Supplemental Figure 1D). In summary, 
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Lgn-R phenotypes are more severe at higher temperatures and rescued at cooler temperatures and 
in the presence of the Mo17 allele of Sol. 

Additional Conditions Reveal New Growth Phenotypes in Lgn-R 
In order to monitor germination, seeds from a family segregating 1:1 for Lgn-R/+ B73 were 

surface sterilized, germinated on wet paper towels, and photographed every few days from the 
same position. Time of root and shoot germination and subsequent root growth was then assayed 
using the distance tool in ImageJ (15). Lgn-R B73 plants displayed significant delays in 
germination compared to non-mutant siblings in terms of both roots and shoots (Figure 3E).    

I also tracked leaf initiation rates in a family segregating 1:1 for Lgn-R/+ B73 in the Albany, 
Ca field and found significant differences between the genotypes. Leaf count was measured at 
three successive time points beginning 14 days post planting. Initial measurements were made 
when plants averaged between 3 and 5 leaves, depending on genotype and environmental 
microcosms. Although there were no significant differences in leaf count at the very first time 
point both of the later time points indicated significantly increased leaf initiation in Lgn-R plants 
compared to non-mutant siblings (Figure 3F).    

Irrigation method was also considered as a possible factor affecting differences in growth 
between Albany, which used a drip system, and Davis, which relied on furrow irrigation. Roots 
are smaller in severe mutant backgrounds, which could impact the efficiency of water uptake in 
these plants. To test if watering regime differences could be an additional component of the GxE 
effect, we conducted a greenhouse water deprivation experiment: plants were either continually 
well-watered or not watered 2.5 weeks after planting. Lgn-R B73 plants were, in fact, more resilient 
to this water deprivation treatment, as they had statistically higher relative water content (RWC) 
than their non-mutant siblings (Figure 3G-J).   
 As an additional component to the water withholding experiments, we analyzed the cell 
wall composition in watered and stressed plants of mutant and non-mutant genotypes. Leaf tissue 
was collected three weeks into the water deprivation. This tissue was then fixed and analyzed by 
collaborators as dried cell wall extract in order to calculate relative monosaccharide composition 
and levels of crystalline cellulose. For the relative composition calculations a wide array of sugars 
were analyzed in each sample and, although the values for each make sense for commelinid cell 
walls, the standard deviation values are large and obstruct identification of any meaningful trends 
(Figure 3K,L).  

Crystalline cellulose is the main load-bearing component of the cell wall and helps 
determine shape. Under drought stress a leading hypothesis is that less cellulose is being deposited 
because cells are not expanding. Non-mutant Mo17 plants did show significantly lower levels of 
crystalline cellulose when water stressed. However, in our analysis no significant differences were 
seen in the B73 population, regardless of genotype or treatment. And, even more surprising, Lgn-
R Mo17 plants actually seem to show the opposite pattern in that water-stressed Lgn-R tissue had 
significantly greater cellulose than stressed non-mutant samples and it is also trending towards 
having more than Lgn-R well-watered samples. Unfortunately, large standard deviations in this 
latter population prevent these trends from being significant (Figure 3M,N).   
 

Discussion 
 Although the Lgn-R mutation was originally classified in 2005 (16), many crucial aspects 
of its phenotype remained obscure. These recent explorations into new genetic backgrounds and 
environmental conditions revealed a dynamic phenotypic expressivity that has crucial implications 
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for how this gene functions. Admittedly, some of the new environments and conditions that were 
tested did not reveal new phenotypes, but this also aids our understanding of the mutation by 
defining the boundaries of its effects. Previously unknown phenotypes that were discovered by 
altering the mutant’s environment include temperature sensitivity, increased leaf initiation rates, 
and delayed germination. These additional phenotypes are a testament to how extensive a 
pleiotropic phenotype can be and highlight the importance of thorough mutant characterization. 
However, it would be naïve to assume that all of the phenotypic consequences of Lgn-R are now 
fully characterized. Additional experiments, such as examination of root growth, will continue to 
yield new information.  
 Most intriguing of these new phenotypes is the pattern of temperature sensitivity seen 
within all of the inbred lines. The observed genotype by environment effect is extreme: high 
temperatures in Davis, Ca can mean the difference between life or death in our severe mutant lines 
and cold temperatures can restore the growth of an entire organ: the ligule. So far there are no 
established molecular connections between Lgn-R and temperature sensing. However, previous 
studies in our lab found a locus, lucifer (lcf), in our Sol QTL mapping populations that was fixed 
for the B73 allele in all RIL lines chosen for continued analysis. Since B73 was the parent used 
for backcrosses, this locus remained invariant throughout. This locus has been shown to have a 
significant genetic interaction with Sol and is potentially contributing to the temperature sensitive 
phenotype (Beuscher ref). Analyzing the segregating version of this allele in a population that is 
also segregating for Lgn-R, in both hot and cool fields, would help to elucidate the involvement of 
this locus. Additionally, qRT-PCR experiments to test the expression of Lgn at these different 
temperatures would help to elucidate if it is directly responsive to temperature changes or if another 
element in its network is what generates the temperature sensitivity.  
 The water-withholding experiment was an attempt to establish all of the field conditions 
that were leading to the death of severe Lgn-R mutants in Davis. From these experiments we were 
able to determine that the severe Lgn-R B73 mutants are less affected by the lack of water than 
their non-mutant siblings whereas Lgn-R Mo17, a rescued line, behaves similarly to its non-mutant 
siblings. This behavioral shift minimally indicates that lack of water is not enough to kill the 
mutant plants once they have had a few weeks of growth to establish themselves. The increased 
water retention seen in the mutants is probably due to size differences in these plants: they need 
less water than non-mutant plants because they are so much smaller. However, these experiments 
do not imply that very young mutant seedlings do not struggle to acquire water in the Davis fields 
immediately following germination, especially given the delayed germination and smaller roots 
observed in Lgn-R plants (Figure 3F). Therefore, water could still be a limiting factor at 
unobserved developmental timepoints.    
 Crossing the Lgn-R mutation to a subset of the NAM founder lines opened up a number of 
exploratory routes for further research. Minimally they were useful in proving what gene is the 
modifier and showing that the expressivity of the mutant phenotype was not dependent on the 
overall genetic lineage of the inbred line. For example, two of our most severe inbred backgrounds 
are B73, a stiff stalk, and Ms71, which has non-stiff stalk genetics. Furthermore, Nc350 and Nc358 
are very closely related inbred lines and both have tropical/subtropical genetics, but only Nc350 is 
capable of rescuing the Lgn-R mutation.  
 Explanations for some of these newly observed phenotypes are purely speculative but both 
the increased leaf initiation and delayed germination could be stress responses or possibly 
indicative of downstream hormone miss-regulation. Specifically, the leaf initiation data indicates 
a lack of significant differences in the juvenile stage of development, but the differences become 
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severely pronounced following the juvenile to adult transition. This correlates with severity of the 
ligule defects as well, which are predominantly observed in adult leaves. Perhaps the 
developmental pathway that Lgn impacts is only significant after this well-characterized transition. 
Additionally, although there is an interesting trend seen in crystalline cellulose content in the Mo17 
samples, these data are difficult to interpret without additional molecular clues. It seems likely that 
further testing conditions will continue to reveal new phenotypes of Lgn-R. The best means of 
moving forward is to use the new phenotypes as a basis for forming new molecular hypotheses 
and, in turn, using new molecular clues to search for additional phenotypes.  
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Figure 1. The Sol-M modifier rescues the Lgn-R phenotype.  
(A) Mature plant phenotypes pictured from left to right: Mo17, B73, Lgn-R Mo17, Lgn-R NIL, 
Lgn-R B73. Ears are circled in red. (B) Adaxial view of ligules from leaf six. Lgn-R B73 ligule in 
red box. (C) Abaxial view of ligules from leaf six in same order as (B). Auricles marked by red 
angles. (D-G) Plant height and leaf width measurements.  Plants that died are represented on graphs 
with 0 cm height and 0 cm width. Number of dead is shown with n values. (D) Plant height 
measurements for Lgn-R segregating 1:1 in Mo17 and in B73. A one-way ANOVA with a Tukey 
Posthoc test (95%CI) showed that Lgn-R B73 is statistically more severe than Lgn-R Mo17 in 
Albany, Ca (p < 1e-7). In Davis, the proportion of dead plants/genotype was found to be 
statistically significant by z-test for Lgn-R B73 plants compared to Lgn-R Mo17 (z = -35.0, p < 
0.00001). (E) Plant leaf width measurements for Lgn-R segregating 1:1 in Mo17 and in B73. A 
one-way ANOVA with a Tukey Posthoc test (95%CI) showed that Lgn-R B73 is statistically more 
severe than Lgn-R Mo17 in Albany, Ca (p < 1e-7). (F) Plant height measurements for Lgn-R 
segregating 1:1 in NIL (Sol-B/Sol-M) and B73 (Sol-B/Sol-B) backgrounds. A one-way ANOVA 
with a Tukey Posthoc test (95% CI) showed significant differences between Lgn-R NIL and Lgn-
R B73 plants (p = 0.02). In Davis, the proportion of dead plants/genotype was found to be 
statistically significant by z-test for Lgn-R NIL plants compared to Lgn-R B73 (z = -8.25, p < 
0.00001) (G) Plant leaf width measurements for Lgn-R segregating 1:1 in NIL and B73 
backgrounds. A one-way ANOVA with a Tukey Posthoc test (95% CI) showed significant 
differences between Lgn-R NIL and Lgn-R B73 plants (p = 3.5e-6). (H) SEMs of abaxial leaf 
tissue. Arrows indicate ectopic hairs. (I) Leaf width measurements for a family segregating for 
Lgn-R and Sol. A one-way ANOVA with a Tukey Posthoc test (95% CI) found significant 
differences between heterozygous and homozygous Lgn-R regardless of Sol genotype. Within Lgn-
R heterozygotes, the NIL and Sol-M/-M plants have greater leaf widths than their B73 siblings (p 
< 2e-4; p < 2e-6) but there are not significant differences between the NIL and Sol-M/-M 
individuals. Among the Lgn-R homozygotes, the NIL has statistically shorter heights and smaller 
widths than Sol-M/Sol-M plants (p < 0.02, p < 9e-4), and significantly larger heights and greater 
widths than Sol-B/Sol-B plants (p < 0.007, p < 0.004). (J) Western blot of total protein extract from 
four plants homozygous for the AC insert in the Lgn 5’ UTR and three wild type B73 plants. Anti-
LGN is shown in the 60s and 120s exposures and anti-tubulin levels are shown in the same gel at 
the 300s exposure.  
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Figure 2. Analysis of the Sol locus in NAM founder lines.  

(A) Family segregating at Sol locus for Mo17 and Ms71 alleles; heterozygotes are significantly 
rescued compared to homozygotes. A one-way ANOVA with a Tukey Posthoc test (95% CI) found 
a significant difference in leaf width in Albany, Ca (p = 1.3e-4). A z-test performed on the 
proportion of dead in Davis, Ca also found significant differences (z = -11.8, p<0.00001).  (B) 
Family segregating at Sol locus for B73 and CML228 alleles; heterozygotes are not statistically 
different from homozygotes at either location. (C) Family segregating at Sol for B73 and CML247; 
heterozygotes are not statistically different from homozygotes at either location. (D) Family 
segregating at Sol for B73 and Nc358; heterozygotes are not statistically different from 
homozygotes at either location. (E) Family segregating at Sol for B73 and Nc350 alleles; 
heterozygotes display a significant rescued phenotype at both locations compared to homozygotes. 
A one-way ANOVA with a Tukey Posthoc test (95% CI) found a significant difference in leaf 
width in Albany, Ca (p = 0.01). A z-test performed on the proportion of dead in Davis, Ca also 
found significant differences (z = -27.5, p < 0.00001). (F) Family segregating at Sol for B73 and 
Tzi8 alleles; heterozygotes display a significant rescued phenotype at both locations compared to 
homozygotes. A one-way ANOVA with a Tukey Posthoc test (95% CI) found a significant 
difference in leaf width (p = 1.5e-5) and plant height (p = 7.3e-4) in Albany, Ca. A z-test performed 
on the proportion of dead in Davis, Ca also found significant differences (z = -11.8, p < 0.00001).  
(G) Family segregating at Sol for B73 and M162W. A one-way ANOVA with a Tukey Posthoc 
Test (95% CI) found a significant difference in leaf width (p = 0.01) in Albany, Ca. A z-test 
performed on the proportion of dead heterozygotes compared to homozygotes in Davis, Ca also 
found significant differences (z = -14.9, p < 0.00001). (H-M) Full plant phenotypes of families 
grown in Berkeley, Ca in the inbred backgrounds CML228 (H), CML247 (I), Nc358 (J), Nc350 
(K), Tzi8 (F), and M162W (G). All show non-mutants on the right and Lgn-R/+ plants on the left.  
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Figure 3. Lgn-R plants survive the heat with the Sol-M modifier.  

(A) Plant heights and leaf widths for a family grown at a constant 17°C compared to 30°C. A one 
way ANOVA revealed significant differences in height between the non-mutant and Lgn-R B73 
siblings at 30°C (p < 0.01) but not 17°C whereas significant differences in leaf width were seen at 
both temperatures when comparing Lgn-R in B73 to the NIL (p < 1e-4; p  < 5e-3) and non-mutant 
siblings. (B) The change in plant height and leaf width observed per genotype in 17°C conditions 
compared to 30°C conditions. Two-tailed t-tests showed that Lgn-R B73 plants were most 
significantly altered between the two temperature regimes compared to both non-mutant and NIL 
siblings in terms of both height (t(25) = 4.4 p < 2e-4 ; t(13) = 2.5 p < 0.03) and width (t(25) = 2.3 
p < 0.03; t (13) = 3.1 p < 8e-3). Lgn-R NIL lines were not significantly different from their non-
mutant siblings. (C) Full plant phenotypes for Lgn-R and non-mutant plants grown at 26°C or 
17°C. (D) Adaxial view of the ligule of leaf six when plants are grown at a constant 17°C and 
30°C. (E) Average total root growth of all B73 non-mutant and Lgn-R plants. Lgn-R has 
significantly delayed root germination and growth compared to siblings (Day 5 t(6) = 3.0, p < 0.03; 
Day 7 t(6) = 4.5, p < 0.004; Day 11 t(6) = 3.8, p < 0.01; Day 17 t(6) = 4.5, p < 0.01). (F) Average 
leaf initiation rates of B73 non-mutant and Lgn-R plants. Lgn-R has statistically faster rates at 30 
(t(12) = 2.4, p < 0.03) and 44 (t(12) = 2.89, p < 0.007) days after planting (DAP) (S. (G) Relative 
Water Content (RWC) of B73 non-mutant and Lgn-R siblings 4 weeks into drought. Non-watered 
Lgn-R plants had significantly greater RWC than their non-mutant counterparts. (H) Relative 
Water Content (RWC) of Mo17 non-mutant and Lgn-R siblings 4 weeks into drought. Lgn-R Mo17 
plants were not statistically distinct from their non-mutant counterparts. (I) Leaf initiation rates of 
B73 plants under separate watering regimes. (J) Leaf initiaion rates of Mo17 plants under separate 
watering regimes. (K) Mol percentage cell wall composition of each sugar for B73 plants under 
well-watered and drought conditions. (L) Mol percentage cell wall composition of each sugar for 
Mo17 plants under well-watered and drought conditions. (M) Crystalline cellulose content under 
separate watering regimes for B73 plants. (N) Crystalline cellulose content under separate watering 
regimes for Mo17 plants. (B,E,F,G,H,K,L,M,N) Error bars represent standard error. 
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Materials and Methods 
Genetic material and crossing schemes: 
Lgn-R heterozygotes in a B73 background were crossed to the IBM lines and NAM founder lines 
(14) and scored in Indiana (6). The tallest Lgn-R plants were back-crossed to B73 three to six times 
for mapping and evaluation. In earlier generations the most rescued Lgn-R plant in each population 
was blindly used for the cross but later generations used genotyping at Sol with the primers 
IDP1489F and R. Because Lgn-R is very severe in an Ms71/B73 hybrid, Lgn-R in a B73 
background was first crossed to Mo17 two times and then crossed to Ms71.  
 
Field and Phenotypic measurements: 
Three weeks after planting, plants were numbered and tissue collected for DNA.  Plants were 
scored at 5 weeks for a phenotypic assessment. Plant height was taken at maturity. Leaf width was 
measured at the mid-point of the blade on the leaf above the ear node. This leaf was consistently 
the longest and widest leaf for the non-mutants and usually leaf 6 counting down from the top of 
the plant.  When Lgn-R plants did not make ears, the leaf measured was the 6th down from the top. 
In Davis, many of the Lgn-R plants died prior to maturity. For one season Lgn-R B73, when still 
visible, were measured for plant height before they died. The average high temperature for the 
months of June through August in Davis, CA is 33.1°C and 23.2°C in Albany, CA (data from 
http://www.ncdc.noaa.gov). The GPS coordinates for the Albany and Davis, CA fields are, 
respectively, (37.887, -122.300) and (38.535, -121.771).  Oneway ANOVAs and Tukey Posthoc 
tests were conducted in R. In a number of families, the amount of dead plants in Davis did not 
allow for adequate statistical analysis via ANOVA. In these instances, Z statistics were calculated 
according to the formula:  

𝑧𝑧 = (𝑝𝑝1 − 𝑝𝑝2) �𝑝𝑝′ ∗ (1 − 𝑝𝑝′) ∗ �
1
𝑛𝑛1

+
1
𝑛𝑛2�

��  

 
Where p1 and p2 are the proportions for each genotype (ie dead plants in genotype/total plants in 
genotype), p’ is the combined proportion (ie all dead plants/total plants analyzed) and n1, n2 are 
the number of individuals analyzed /genotype.  
 Scanning electron microscopy was performed on adaxial leaf tissues as previously 
described (41) and cells types were quantified using the “count” function in ImageJ (42). 
 
Western Blotting: 
Whole protein extracts from four-week-old plants of either the WT or confirmed AC genotypes 
were analyzed. Western-blot analysis was performed on an acrylamide membrane using an 
antibody to LGN at 1:1,500 dilution. Guinea pig anti-mouse HRP secondary antibody was used at 
1:5,000 (w/v) dilution. 
 
Growth chamber conditions:  
Plants were grown in 16 hours light 500um/m/s, 8 hours dark. In an attempt to mimic field 
condition temperatures, treatments included the intervals of 15°C -32°C and 11°C -21°C, where 
high and low temperatures for each condition were matched to light and dark respectively. A 
further experiment maintained the plants at a constant 17°C or a constant 30°C. Watering was 
maintained sufficiently to maintain soil moisture, and up to 1 cm standing in each tray immediately 
after watering. Soil humidity probes were used to verify consistent hydration between temperature 
conditions.   

http://www.ncdc.noaa.gov/
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Water deprivation conditions:  
Plants were grown from seed in one-gallon pots under greenhouse conditions at a light intensity 
of 215 um/m/s. The families that we assessed segregated for Lgn-R in either the B73 or Mo17 
backgrounds. Irrigation was stopped 2.5 weeks after planting while well-watered plants continued 
to receive 850mL water/day through drip emitters. Leaf initiation rate was assessed weekly by 
counting the number of leaves with exposed ligules and final Relative Water Content was 
measured at 7 weeks after planting. Relative Water Content was measured following the method 
in (57).  
 
Paper Towel Germination Conditions:  
Seeds and glassware were surface sterilized by soaking in 10% bleach for thirty minutes. Seeds 
were placed on moist paper towels within glass containers and securely sealed inside with plastic 
wrap. Seeds were grown in daylight at room temperature over the course of 17 days and 
photographed in the same position every 2-3 days.  
 
Cell Wall Analysis 
The monosaccharide composition of the hemicelluloses (1 mg) hydrolyzed with 2 
Mtrifluoroacetic acid (TFA) was analyzed by high‐performance anion‐exchange chromatography 
with pulsed amperometric detection (HPAEC–PAD) (Dionex, Sunnyvale, CA, USA) on a 
CarboPac PA20 column with post‐column addition of 300 mM NaOH, using following gradient 
conditions: 0–0.05 min, 12 mM NaOH; 0.05–26 min, 0.65 mM NaOH; 26.1–46 min, 1–
300 mM NaOH; 46.1–55 min, 12 mM NaOH. Monosaccharide standards were purchased 
from Sigma‐Aldrich, and included L‐Fuc (L‐fucose), L‐Rha (L‐rhamnose), L‐Ara (L‐arabinose), D‐
Gal (D‐galactose), D‐Glc (D‐glucose), D‐Xyl (D‐xylose), D‐Man (D‐mannose), D‐GalA (D‐
galacturonic acid) and D‐GlcA (D‐glucuronic acid). 
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Chapter 2: Mapping and Characterizing the Liguleless narrow modifier: Sympathy for the 
ligule 

 
Introduction 

The expressivity of a mutant phenotype is often dependent on other genes. These second 
site modifiers have been identified through mutagenesis screens and crosses to different genetic 
backgrounds. These methods have found modifiers for developmental pathways as diverse as 
tomato fruit size and Drosophila bristle number (17, 18). The high genetic diversity found in maize 
inbreds makes it a rich source for discovery of modifiers. Examples of background dependent 
modifiers in maize include those for seed protein content (19), lesion mimic expressivity (20), and 
virescence (21). Few modifiers that affect pleiotropic phenotypes, however, have been analyzed 
at the molecular level.  
 One of the greatest benefits to this type of analysis is the ability to begin gathering 
functional data on the scale of entire networks. When identifying modifiers, it is intrinsic to their 
very definition that they interact in the same or interacting phenotypic pathways as the original 
mutation and, oftentimes, this is a way to identify interacting and epistatic proteins. Maize is a 
particularly rich source for modifiers due to the high levels of diversity found within the inbred 
lines. The coding sequence variation between two maize inbreds is as great as the coding sequence 
variation between humans and chimpanzees (7), and the noncoding intergenic space is also 
remarkably variable between inbreds. However, much of this diversity remains unexplored within 
modern germplasm. Exploring the diversity within these lines allows us to find meaningful and 
potentially beneficial new alleles that exist within this important crop.   

In Lgn-R, the phenotypic differences are shockingly extreme depending on what 
background it is in, ranging from a barely fertile, dwarfed mutant to a functional, near wild type 
phenotype. To investigate this difference, a QTL analysis was carried out after crossing Lgn-R in 
B73 to the intermated Mo17xB73 recombinant inbred lines (IBM lines) (22). Sympathy for the 
ligule (Sol) was identified as a main effect QTL on chromosome 1 (6) and recombinant mapping 
allowed us to further narrow the mapping interval. Given that syntenic genes are most likely to be 
expressed as proteins (23), we identified four maize genes in our recombinant interval that have 
orthologs in sorghum, rice, Setaria and Brachypodium by using the Comparative Genomics 
Website (CoGe) (24). These genes included GRMZM2G075262, a gene of unknown function, 
GRMZM2G072892, a putative LUNG-7 transmembrane receptor, GRMZM2G049211, a putative 
vacuolar sorting receptor precursor, and GRMZM2G119850, a putative receptor-like kinase. 

Through a mutagenesis screen and association analysis we were able to narrow this 
candidate list and have identified Sol as GRMZM2G075262, a maize homolog of the Arabidopsis 
gene ENHANCED DISEASE RESISTANCE4 (EDR4). This gene has been computationally 
identified in a number of related species and, most recently, was annotated as a homolog in the 
Mo17 maize genome. However, it has only been studied at the molecular level in Arabidopsis, 
where EDR4 binds to ENHANCED DISEASE RESISTANCE1 (EDR1), a MAP kinase kinase 
kinase and localizes it to the site of hyphal penetration pegs (25). Identification of Sol as a modifier 
both broadens our understanding of the networks that our original mutation, Lgn-R, is involved in 
and highlights crucial differences in how these networks have evolved within our inbred 
backgrounds.   

 
Results 

Sequence Analysis of Interval Genes Points to a Likely Candidate 
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Analysis of SNP data from Panzea (26) for the genes in the Sol mapping interval suggests 
that variation in GRMZM2G075262 is responsible for rescuing Lgn-R phenotypic defects. We 
compared the B73 and Mo17 alleles of the four syntenically conserved genes in the interval. Of 
these, the GRMZM2G049211 alleles were identical, GRMZM2G072892 had a single synonymous 
single nucleotide polymorphism (SNP), GRMZM2G119850 had 4 nonsynonymous SNPs and 18 
synonymous SNPs, and GRMZM2G075262 had the most differences, with 12 nonsynonymous 
SNPs, 26 synonymous SNPs, and 8 indels. The indels were discovered upon direct sequencing of 
the coding region of this gene in Mo17, B73 and the inbred lines used in the crosses detailed in 
Chapter 1. We then asked whether sequence variation correlated with a line’s ability to rescue Lgn-
R. We found no informative correlations based on the SNPs in GRMZM2G119850. In contrast, 7 
of the 12 nonsynonymous SNPs in the GRMZM2G075262 alleles correlated with the ability of 
Sol to rescue Lgn-R and 4 of the 8 Indels correlated with rescuing ability. Indeed, lines that could 
rescue Lgn-R had the Mo17 version of these SNPs and indels while the lines that could not rescue 
had the B73 versions (Figure 4A).  CML228 and CML247 are exceptions to this pattern: they have 
Mo17-like sequences but do not rescue Lgn-R when heterozygous with B73 at Sol. 

Using these sequenced coding regions and MegaX, I was able to construct a phylogenetic 
tree of this gene in the inbred lines (Figure 4B). The tree has two distinct clades, one containing 
only three inbreds: B73, Ms71, and Nc358. None of these inbred lines are capable of rescuing Lgn-
R. The second clade contains the remainder of the inbreds, which is composed of those lines that 
carry the segregating sequence differences observed in Mo17. Again, all of these lines are capable 
of rescuing Lgn-R with the exceptions of CML228 and CML247. Overall, the inbred relationships 
reflected in this tree do not agree with published trees that take into account sequence diversity 
across the entire genome. Neither do the relationships match the overall genetic classifications of 
the inbreds. For example, Nc350 and Nc358, two closely related inbreds, are in completely 
separate clades of the Sol tree and Mo17, a non-stiff stalk, and Tzi8, a tropical line, have two of 
the most similar Sol sequences (12).    
 In order to continue exploring GRMZM2G075262, the original SNP analysis was 
expanded into all of the NAM founder lines and a number of teosinte lines, the wild ancestor of 
maize. Analysis was done using the HapMap V2 data from Panzea and extended to all of the SNPs 
that differed between Mo17 and B73, not just the segregating SNPs highlighted in Figure 4A. Most 
lines analyzed had either the B73 or Mo17 SNP at the studied loci and very few had SNPs that 
introduced new amino acids. Intriguingly, the SNPs seem to reveal two distinct regions of the gene, 
one more variable than the other. The first of these regions only spans the first 600 base pairs of 
the gene, or 100 amino acids of the protein, but contains the most SNPs, 15 (3 synonymous, 12 
nonsynonymous). Within this region, the majority of backgrounds exclusively have only the B73 
or only the Mo17 versions of the SNPs. The second region spans the rest of the gene, corresponding 
to the remaining 514 amino acids, and only contains 14 SNPs, 8 of which are synonymous. This 
region contains much greater variability in SNP inheritance, meaning one SNP could match the 
B73 sequence and the following SNP match the Mo17 sequence (Figure 4 C,D). This implies that 
the region of the gene with the most overall conservation has much less continuity in terms of 
background. 

Furthermore, when comparing the inbred sequences to the thirteen analyzed teosinte lines 
we continue to see these two distinct regions in five of the lines. Three of these lines carry the 
Mo17 SNPs within the first 600bp and two carry the B73 SNPs. The remaining lines contain more 
diversity within the first 600bp than seen in most of the maize inbreds. Across the entire length of 
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the gene there is only one teosinte line that contains Mo17 SNPs at every observed base pair 
(TIL11). No lines completely match the B73 sequence in this way (Figure 4D).     
 Additionally, sequence analysis was extended to the promoter region of this gene of 
interest. I found that there was a much greater variation within the promoter regions than the coding 
sequence, which is to be expected. However, this made amplification of the region much more 
difficult in the inbred lines that lack published genomes and not all lines have been thoroughly 
characterized. With better sequence data, there is presumably a wealth of information to be gleaned 
from this regulatory region. In this initial analysis the most interesting observation was of a series 
of binding sites for TGA transcription factors. In the non-rescuing lines (B73, Ms71, and Nc358) 
we observe three intact TGA binding sites with the sequence TGACG. However, in the rescuing 
lines Mo17, Tzi8, Nc350, and M162W there was a SNP in two of the three binding sites that 
substituted a guanine for the cysteine, turning two of the sequences into TGAGG. However, yet 
again, the non-rescuing lines CML228 and CML247 also contain the Mo17 versions of these SNPs 
(Figure 4E).  

   
Gene Expression Analysis Further Supports Our Candidate Gene 

We investigated the expression of the four genes from the Sol QTL interval via RT-qPCR. 
This analysis revealed that GRMZM2G075262 transcript levels are significantly higher in Lgn-R 
B73 shoot apices, compared to the Lgn-R NIL and non-mutant siblings. None of the other three 
syntenic genes in the interval had trends in expression levels that directly correlated with severity 
of the Lgn-R phenotype (Figure 5A). 

To investigate why CML228 and CML247 have GRMZM2G075262 sequences similar to 
Mo17 but fail to rescue, we carried out RT-qPCR in populations segregating for Lgn-R in these 
families. For comparison, we used Ms71, which has the B73 Sol haplotype and results in a severe 
Lgn-R phenotype, and Nc350, which has the Mo17 Sol haplotype and rescues Lgn-R (Figure 4A). 
As hypothesized, Sol is induced in Lgn-R plants in the Ms71 background, but not in Lgn-R plants 
in a Sol-Nc350/Sol-B background (Figure 5B). We found that Sol transcripts are increased in lines 
that are Lgn-R and CML228/Sol-B. This result shows that Sol-Nc350, like Sol-M, is capable of 
reducing Sol-B expression in the heterozygous condition, but that Sol-CML228 is not despite the 
similarity in sequence to Sol-M. Results with CML247 were more confounding and require further 
analysis. Tentatively, it appears that allelic differences in regulation of gene expression may help 
to contribute to variation at Sol.  

A Mutagenesis Screen Confirms Our Sol Candidate 
A mutagenesis screen supported our hypothesis that GRMZM2G075262 is the locus 

responsible for the Sol modification of Lgn-R.  Lgn-R plants that had been backcrossed three times 
to Mo17 were mutagenized with EMS and crossed onto B73. The resulting 2,000 kernels were 
planted in the field and scored for Lgn-R phenotypes. Whereas almost all of the 1,000 Lgn-R plants 
showed partial rescue of plant height and leaf width, we identified one plant with a more severe 
Lgn-R phenotype that, when sequenced at GRMZM2G075262, contained a G489E missense 
mutation in Sol-M (Figure 5C). We did not observe any developmental phenotypes of Sol-G489E 
without Lgn-R in the background. 

 
Sol is a Homolog of ENHANCED DISEASE RESISTANCE 4 

GRMZM2G075262, henceforth referred to as Sol, encodes a homolog of A. thaliana 
ENHANCED DISEASE RESISTANCE4 (EDR4). We used BLASTp to identify similar proteins in 
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representative plant species, including several grasses and eudicots, and constructed a phylogenetic 
tree to describe the relationship of these proteins. SOL and AtEDR4 are in a monophyletic clade 
of closely-related proteins, confirming that the two are homologs (Figure 6A). AtEDR4 and SOL 
share 61.36% identity across 42% of the protein which includes a C-terminal Zn ribbon 12 domain 
and an N-terminal Zn finger-like domain.  The N-terminal Zn finger-like domain, which is highly 
conserved between SOL and EDR4 (Figure 6B), is not annotated in all EDR4-like proteins, but 
four Zn-coordinating cysteine residues in this domain are conserved in EDR4-like orthologues. 
The maize genome includes another three EDR4-like genes within the same clade as Sol, however 
these have no assigned function and have not been previously investigated. The only EDR4-like 
protein that has been intensively studied is AtEDR4 (25). 

Alignments of Sol and EDR4 as well as comparisons between Sol across a number of grass 
species show strong conservation of the zinc finger domains with highly variable regions 
interspersed throughout the rest of the protein. In both of the zinc fingers there is 100% 
conservation of all four of the coordinating cysteine residues in all species as well as much greater 
conservation of surrounding amino acids than is seen across most of the protein. Even within the 
closely related grass species of Sorghum, Brachypodium, and Setaria there are multiple indels 
within each species interspersed with regions of higher conservation (Figure 6C). Most of these 
conserved regions within the grasses are not found in AtEDR4. There is, however, one additional 
amino acid sequence close to the end of the protein, LHRLMGYS, that is completely conserved 
in all species examined. There are six additional serine residues nearby that are also conserved 
within all species. As of yet this is not the sequence of an understood domain but is presumably 
functionally important in some respect. This unknown domain actually falls at the very end of 
AtEDR4 while the examined grass homologs all have an additional hundred or so amino acids 
following this site. Within the grasses, this Carboxy terminal domain is one of the most conserved 
regions in the protein though it is not seen within Arabidopsis. This could be indicative of a new 
function for this protein in the grasses (Figure 6B,C).   

With the modifying protein identified, one of the first relevant questions was whether or 
not it directly interacted with LGN. For Bimolecular Flourescence Complementation (BiFC), the 
versions of SOL from both the B73 and Mo17 backgrounds were cloned into constructs containing 
an N-terminal partial YFP tag while LGN was cloned into a construct containing the C-terminal 
portion of the YFP molecule. Both versions of the SOL constructs were independently co-
transformed into Nicotiana benthamiana leaves with the LGN construct via Agrobacteria 
mediated transformations. Unfortunately, fluorescence was only observed in cells where DAPI 
staining was also irregular, which is common in dead cells. This result, although not conclusive, 
does not provide any evidence that LGN physically interacts with either version of SOL (Figure 
6D).    

 
Sol expression is induced by elicitors of innate immunity 

AtEDR4 expression shows induction one hour after treatment with the bacterial elicitors flg22 
and HrpZ (18). To test if Sol is also transcriptionally induced in response to pathogen elicitors, 
we measured Sol transcript levels 10, 30, 60 minutes, and 24 hours after treatment with chitin (a 
fungal elicitor) or water (control). PATHOGENESIS-RELATED4 (PR4), known to be induced in 
maize by chitin and other elicitors (19), was used to confirm the efficacy of the treatments. By 
RT-qPCR, we found that Sol was strongly increased in expression within one hour after 
treatment with chitin in B73 (wild-type) leaves (Figure 7A). We also treated B73 with flg22 (a 
bacterial elicitor), and treated Lgn-R B73 tissue with chitin, flg22, or water and collected samples 
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at the 60-minute timepoint. We found that Sol in B73 was also induced by flg22 at the 60-minute 
time point, whereas Sol levels were not statistically induced in Lgn-R after treatment with chitin 
or flg22 (Figure 7B) presumably because mock-treated Lgn-R leaves already showed significant 
induction levels compared to the non-mutant B73 controls. In fact, we observed a significant 
reduction in Sol expression at the 60-minute time point in Lgn-R tissue treated with chitin 
compared to the control. The induction of Sol by elicitors indicates conservation of this particular 
transcriptional response across species, supporting its identity as a homolog of EDR4.   
 

Discussion 
 Through sequence and expression analysis and mutagenesis screens we were able to 
identify Sol, the Mo17 modifier of Lgn-R, as a maize homolog of AtEDR4. The first clue we 
received when attempting to finish mapping our modifier came from the diversity in the maize 
inbred lines. Exploring the sequence diversity within the recombinant mapping locus revealed one 
gene out of the four candidates that had a strikingly large number of SNPs and Indels. When 
combined with phenotypic data I found that many of these sequence differences correlated with 
modifying ability. Exploring expression of the four genes in the locus further highlighted the 
uniqueness of Sol. Continued analysis of this gene in the inbreds again revealed distinct 
correlations between expression and ability to rescue the mutant phenotype. These associations 
combined with the EMS screen, confirmed the identity of Sol as the Mo17 Lgn-R modifier.  

Continued exploration of the sequence of Sol throughout the inbred lines also begins to 
hint at distinct regions within the gene. This could have functional implications, particularly when 
combined with known data on AtEDR4. EDR4 has one known interacting partner, EDR1. In 
Arabidopsis they were able to show that EDR4 is required for EDR1 localization to sites of hyphal 
penetration. Then they showed that EDR4 specifically needs its first 150 amino acids for this 
localization to occur (25). The N-terminal zinc-finger domain that is conserved across all species 
examined and all inbreds sequenced so far is within the first 100 amino acids, and the majority of 
Sol sequence diversity found between the maize inbreds centers around this region as well. This 
data leads to the hypothesis that Sol has at least two distinct sets of binding partners, corresponding 
to the two distinct sequences typified by Mo17 and B73. The zinc finger domains could be what 
function in the interaction but the surrounding sequences would be what determine the specificity 
of binding partner.  

These differences in sequence are not the only way that Sol could have alternate functions 
within the inbred lines. The induced gene expression observed in most severe mutant backgrounds 
as well as the previous finding in our lab, that Sol-M localizes only to the cell periphery while Sol-
B localizes to both the periphery and nucleus (29), are also both potential causes for the varied 
responses to Lgn-R. Our results suggest a number of avenues for further investigation, all of which 
are potentially related. For example, the amino acid differences could lead to different binding 
partners which in turn lead to alternate localization and expression levels. Co-Ip experiments using 
the two distinct version of the protein could go a long way towards revealing unique aspects of the 
relevant networks in the inbred lines. 

Unfortunately, BiFC experiments did not find an interaction between either SOL-B or 
SOL-M and LGN-R. Luckily, the identification of Sol still has highly suggestive implications 
regarding the relevant networks involved in the Lgn-R phenotype. As a homolog of ENHANCED 
DISEASE RESISTANCE 4, which was originally identified in a screen for the phenotype its name 
describes, and the mapped modifier of the Lgn-R phenotype, Sol is the first link between Lgn-R 
and the plant immune system. Whether or not this implied role is distinct from its developmental 



23 
 

role or if the two are intrinsically linked is a question that requires further study. It is important to 
note, however, that there are a number of significant differences between the maize and 
Arabidopsis sequences and there is minimal evidence for functional overlap between the two 
versions at this time.  

One potential hint is the fact that one known TGA transcription factor is lg2, a gene 
required for growth of the ligule. Initial attempts at promotor analysis imply that Sol may at some 
times and in some backgrounds be regulated by TGA transcription factors as well, implying that 
perhaps similar regulatory networks connect ligule development and immune responses. A yeast 
one hybrid analysis of the promoter regions from Sol-M and Sol-B would be incredibly useful in 
terms of unearthing the regulatory circuits that control Sol. Identification of this modifier begins 
to clarify the distinctions between the B73 and Mo17 inbred backgrounds with respect to Lgn-R, 
but many questions remain unanswered regarding exactly how Sol functions in these lines.  
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Figure 4 
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Figure 4. Sol Contains Evolutionarily Informative Sequence Diversity 

(A) Full length alignment of sequenced coding regions in all analyzed inbred lines. The Zinc-finger 
domains are boxed in purple, pattern specific amino acid substitutions are boxed in orange and 
pattern specific Indels are boxed in red. The site of the EMS induced point mutation in boxed in 
blue. (B) A maximum likelihood gene tree within the maize inbreds based on nucleotide sequence. 
It was generated using MegaX and values indicate scores from 100 bootstraps. (C) Synonymous 
SNPs between Mo17 and B73 analyzed across the inbred lines and some sequenced Teosinte 
varieties using data available from Panzea, HapMap V2 (26). (D) Non-synonymous SNPs between 
Mo17 and B73 analyzed across the inbred lines and some Teosinte varieties using data available 
from Panzea, HapMap V2. (C,D) Purple indicates the Mo17 version of a SNP, green indicates the 
B73 version, pink indicates a novel base pair and black is when data was unavailable.  (E) Cartoon 
of the promoter region of Sol with putative TGA binding sites highlighted. 
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Figure 5 
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Figure 5. Sol Expression is dependent on Genetic Background 

(A) Normalized fold expression of syntenic genes in the Sol QTL interval according to 
background. All treatments represent at least three biological replicates. (B) qRT-PCR results 
examining Sol expression in mutant and non-mutant siblings in severe (CML228, Ms71) and 
rescued (Nc350) backgrounds. Two-tailed t-tests found Sol expression to be statistically higher 
only in the severe mutant backgrounds (CML228: t (2) = 29.9, p = 0.001; Ms71: t (4) = 2.3, p = 
0.05) (A, B) Error bars represent standard error. (C) Plant heights and leaf widths at maturity in an 
EMS mutagenized Lgn-R population. The plant that was found to contain a point mutation in 
GRMZM2G075262 is shown in red. (D, E) Plant height and leaf width measurements for two 
families segregating for Lgn-R and Sol Mu. Sol Mu does not seem to have a significant effect on 
the Lgn-R phenotype.  
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Figure 6. Sol is a Maize Homolog of EDR4 

(A) SOL protein tree. SOL and EDR4 indicated with red stars. Tree generated with MEGA X using 
species: Zea mays, Brachypodium distachyon, Sorghum bicolor, Oryza sativa japonica, Setaria 
italica, Arabidopsis thaliana, Brassica rapa, Gossypium raimondii, Solanum lycoperscum, 
Populus trichocarpa. Note that the bottom four branches represent collapsed nodes. (B) Full amino 
acid alignment of SOL and EDR4. Conserved zinc-finger domains are in purple boxes. Alignment 
generated using MUSCLE. (C) Full amino acid alignment of Sol homologs found within the 
grasses. There is much greater sequence conservation within the grasses compared to with EDR4. 
Alignment generated with MUSCLE. (D) Failed BiFC attempts with tagged LGN and SOL. 
Fluorescence was only observed in instances where DAPI stain was also behaving irregularly, 
presumably in dead cells. 
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Figure 7 
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Figure 7. Sol Expression is Induced by PAMP treatment 

(A) Sol and Pr4 normalized fold expression as determined by RT-qPCR at four different time 
points throughout chitin exposure. Two-tailed t-tests found Sol expression to be statistically greater 
in the treatment versus the control at the 10 min (t (5) = 2.59, p = 0.05), 30 min (t (3) = 2.3, p = 
0.01), and 60 min (t (5) = 3.4, p = 0.02) timepoints. t-tests found Pr4 induction to be significant at 
the 30 min (t (3) = 3.2, p = 0.05) and 60 min (t (3) = 3.5, p = 0.04) timepoints. (B) Sol and Pr4 
induction at 60-min time points in B73 and Lgn-R B73 backgrounds. Two tailed t-tests found 
significant Sol induction in non-mutant samples treated with flg22 (t (3) = 4.5, p = 0.02) and Lgn-
R B73 samples treated with chitin showed significant repression of Sol (t (5) = 2.7, p = 0.04). T-
tests also found significant Pr4 induction in non-mutant B73 treated with flg22 (t (4) = 4.3, p = 
0.01) and Lgn-R B73 treated with chitin (t (4) = 8.3, p = 0.001) and flg22 (t (3) = 3.4, p = 0.03.). 
(A,B) Error bars represent standard error. 
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Materials and Methods 
Inbred Sequence Analysis:  
The original SNP dataset used to analyze the four syntenic genes in the Sol QTL interval was the 
Maize HapMapV2 data found at Panzea.org (17). Using the Genotype Search Tool, SNPs were 
identified from all relevant inbred lines in the interval on chromosome 1 spanning the coding 
region of all interval genes. B73 RefGen_v3 mapping locations were used. SNPs present in 
intronic sequences were ignored. The coding region of GRMZM2G07562 was also directly 
sequenced in all studied inbred lines using primers described in Supplemental Table 4.   
 
Phylogenetic analysis:  
Sequences were curated via a BLASTp search against the non-redundant protein sequence 
collection using the maize SOL sequence. All non-redundant matches with an e value less than or 
equal to 0.001 and a minimum of 15% coverage were selected, downloaded and aligned using 
MUSCLE (58). Sequences were manually curated to remove redundant sequences submitted with 
non-redundant names and any obvious protein fragments that were less than 100 amino acids in 
length. This alignment was fed into MEGAX (59), which we used to compute a Maximum 
Likelihood Tree with 75 bootstrapping replicates. A Jones-Taylor-Thornton model and Nearest 
Neighbor Interchange ML Heuristic were used while assuming uniform evolutionary rates between 
sites. 
 
PAMP treatment and RT-qPCR analysis:   
Leaf 4 tissue of 4-week-old plants was collected and PAMP or mock treatments were applied 
according to the method previously described (60). The PAMPs used include flagellin 22 
(GenScript) and Hexa-N-acetylchitohexaose (Cayman Chemical Company). Total RNA was 
extracted from these tissues using Trizol Reagent (Invitrogen) according to the manufacturer’s 
specifications and cDNA was generated using the ThermoFisher Superscript III Kits with OligoDt 
following the manufacturers recommendations. Two step RT-qPCR (98°C 0.2s, 55°C 0.5s) was 
conducted on a BioRad CFX96 Real-Time System using primers for the housekeeping gene Gapdh 
to normalize the expression of our target genes: Sol and Pr4, our positive control. All primers are 
listed in Supplemental Table 4. Expression levels of the analyzed genes were calculated according 
to the equation E = Peff (−ΔCt), where Pef is the primer set efficiency calculated using LinRegPCR 
(Ramakers et al. 2003) and ΔCt was calculated by subtracting the cycle threshold (Ct) value of the 
housekeeping gene from the Ct values of the gene analyzed. Fold changes were calculated between 
the ratios of the expression levels of PAMP-treated and mock samples, and expression levels were 
calculated for three biological replicates.  
 
BiFC: 
Coding regions of Sol-M, Sol-B and Lgn were amplified using primers listed in Supplemental 
Table 4, cloned into the pENTR vector (Invitrogen), and transferred to BiFC vectors pB7WGYN2 
or pB7WGYC2. These BiFC constructs were introduced into Agrobacterium tumefaciens strain 
GV3101. Agroinfiltration into Nicotiana benthamiana leaves was performed as described 
previously (43). Two to three days later, infiltrated leaves were observed under LSM710 confocal 
microscopy (Zeiss) with 470-nm excitation and 535-nm emission filters. Nuclei were stained with 
4′,6-diamidino-2-phenylindole. 
 
EMS Mutagenesis: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5466031/#def2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5466031/#def2
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EMS mutagenesis was carried out on pollen from Lgn-R heterozygotes backcrossed to Mo17 twice 
and used to pollinate B73 ears. Approximately 2000 kernels were planted in the field and Lgn-R 
plants were observed. Severe Lgn-R plants were crossed to B73 and non-mutants were self-
pollinated in a winter nursery to create lines that were homozygous for the Sol-M allele. The 
following summer, families were identified that were segregating for Sol-M and individuals that 
were homozygous were sequenced using GRMZM2G075262 primers in Supplemental Table 4. 
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Chapter 3: Use of Large Datasets and Comparative Analyses Significantly Expand the 
Lgn-R Network 

 
Introduction 

Advances in technology and computing power drastically expand our ability to characterize 
the molecular phenotypes found in a mutation. Since genes do not exist in voids understanding 
them necessitates the ability to determine upstream and downstream portions of signal transduction 
cascades, interacting and regulatory factors, and a vast array of other molecular interactions. This 
level of analysis requires generating, interpreting, and comparing large amounts of data. RNAseq, 
Co-IPs, phosphoproteomics, DAPseq, methalomics, ATA-seq: these techniques examine genome-
, transcriptome-, and proteome-level data with the ultimate goal of gaining an understanding that 
ranges from individual genes to networks to tissue and whole-organism level biology. Myriad 
other techniques such as these exist, with new ones arising each year.   

These large-scale approaches are particularly useful when analyzing the functions of 
specific types of proteins and phenotypes. Transcription factors, for example, can function in 
regulating the expression of thousands of genes. Kinases and phosphatases can have hundreds of 
substrates and are crucial to many signal transduction cascades and enzymatic processes by 
controlling the activity of their protein targets. Additionally, pleiotropic phenotypes that affect 
multiple tissues on multiple scales cannot be fully comprehended without understanding the 
pathways that lead to them and how they interact.  

For these reasons and more, Lgn-R is an ideal candidate for network analysis via large scale 
datasets. LGN is a protein serine/threonine kinase and kinase assays have verified that the mutation 
eliminates its ability to phosphorylate targets, though the protein is still produced. Presumably this 
mutation leads to a number of un-phosphorylated targets that in some way lead to the severe 
pleotropic phenotype. To investigate this, we performed a phosphoproteome that compared wild 
type B73 plants to Lgn-R B73. A number of significant modifications were observed, some with 
homologs with studied developmental phenotypes in Arabidopsis. We also see evidence of the 
induction of an immune cascade when analyzing the data with a targeted approach.   

 This targeted phosphoproteomic analysis was based on a previously generated RNAseq 
dataset (29) that compared three-week-old shoot apex tissue in Lgn-R with a predominantly B73 
background to non-mutant siblings. The analysis revealed 1,568 Differentially Expressed Genes 
(DEGs, FDR < 0.05) in Lgn-R shoot apices compared to non-mutant siblings, of which 1,119 were 
induced and 448 were repressed (29). A large number of the Lgn-R DEGs are related to disease 
resistance, including induction of genes that encode receptor-like kinases (RLKs), WRKY 
transcription factors, several classical PATHOGENESIS-RELATED PROTEINS, and nucleotide-
binding leucine-rich repeat Nod-Like Receptors (NLRs). This transcriptional signature suggests 
that an innate immunity signaling cascade is activated in Lgn-R mutants in the absence of pathogen 
infection. Therefore, we hypothesize that loss of LGN activity causes activation of an 
“autoimmune syndrome” that may or may not be directly related to the developmental phenotypes 
(29). This interpretation was useful to keep in mind while examining a number of other large-scale 
datasets, such as the phosphoproteome.    

Of course, for a geneticist, one of the most practical places to begin an investigation is at 
the level of single mutants and the slow expansion of the network via methods such as double 
mutant analysis, screens for second site modifiers, and specific tests, like BiFC, for individual 
interacting partners. Mapping Sol was the first step in this type of expansion for Lgn-R, but the 
direct molecular connections between these two genes and proteins remains unclear. Another gene 



35 
 

previously characterized by the lab, narrow odd dwarf (nod), is, in these molecular respects, the 
perfect counterpart to Lgn-R. The phenotype of this mutant and published RNAseq datasets of nod 
in the B73 and A619 backgrounds are thoroughly detailed in a previous publication (30). There 
are a significant number of DE genes that overlap between these datasets and the Lgn-R RNAseq 
dataset. The two mutants also have many overlapping phenotypes, including dwarf and leaf 
developmental phenotypes, epidermal and stomatal defects, and background expressivity that 
ranges from most severe in B73 to most rescued in Mo17. nod is identified as both a maize mid-
complementing activity (MCA) homolog and the previously studied cell number regulator 13 
(CNR13) (31,32,33). Its Arabidopsis homolog was originally identified in a screen for genes that 
complemented calcium deficient phenotypes in a yeast mutant background. Thus, it potentially has 
a role in calcium uptake, though this has not been experimentally verified in maize. nod is recessive 
and has a developmental phenotype which closely resembles the homozygous Lgn-R phenotype in 
B73. There remain, however, distinguishing characteristics including the unique chlorotic patches 
and extreme reactive oxygen species (ROS) production in nod leaves (30). Regardless, 
unpublished proteomic analyses show that the two genes are intimately related. NOD and LGN 
physically interact and LGN is capable of phosphorylating NOD at multiple sites. Additionally, 
both seem to have some effect on auto-immune cascades as well as developmental pathways, and 
they could be interacting through the same network or, possibly, be facilitating crosstalk between 
separate ones.  

Combined, these large- and small-scale methods for expanding the Lgn-R network yield 
results that are simultaneously distinct and capable of complementing one another. The RNAseq 
datasets were, for example, the first convincing clue that the nod and Lgn-R phenotypes were 
caused by partially overlapping pathways. Then, double mutant analysis revealed synergistic 
phenotypes in the A619 and Mo17 backgrounds. At this point, the Lgn-R network analysis has 
expanded to include many potentially useful targets, including nod, in both developmental and 
immune pathways.        
 

Results 
A Lgn-R Phosphoproteome Indicates an Immune Signature 

To identify possible substrates of Lgn-R, we took a global phosphoproteomic approach.  
Three biological replicates of shoot apex tissue were collected from Lgn-R B73 and non-mutant 
siblings. We detected phosphopeptides in proteins encoded by 3,000 different maize genes across 
all samples. 63 proteins were phosphorylated in at least two wild-type samples and not at all in 
any of the Lgn-R samples (Supplemental Table 1). These could therefore be peptides that are 
uniquely phosphorylated by LGN or downstream of LGN signaling. There is no clear pattern 
among these potential substrates, although these proteins include a number of transcription factors, 
chromatin remodeling factors, proteins involved in cell wall synthesis, and cell cycle regulators 
that could impact Lgn-R phenotypes. Two of the genes in this category, GRMZM2G131482 and 
GRMZM2G072569, both have homologs with well-studied developmental phenotypes in 
Arabidopsis. Mutations in both TOUGH (TGH) and BARELY ANY MERISTEM (BAM), 
respectively, lead to severely dwarfed plants with altered leaf development. In contrast 127 
proteins were only phosphorylated in the mutant samples (29). These are presumably proteins that 
are phosphorylated by kinases other than LGN as a response to the mutation. There are no 
significantly defining GO categories or clear patterns within these proteins either.  

Due to the current state of phosphoproteomic techniques many low abundance proteins 
remain undetected and, oftentimes, it is phosphorylation at specific sites that determines the 
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functional capabilities of a protein. With these caveats in mind, we mined the data for specific 
phosphorylation sites that are typically detected when Arabidopsis immune cascades are activated 
and found evidence of differential phosphorylation at many homologous regions. Although not 
statistically significant, we did identify putative differentially phosphorylated sites on homologues 
of BIR3, BAK1, CDG1, BSU1, SHAGGY, MAP3K (YODA-like), MAP2Ks, MAPKs, and 
WRKYs that are consistent with activation of an innate immunity signaling cascade in Lgn-R, but 
not in non-mutant siblings (Supplemental Table 2). Alignments of the shared phosphosites in 
BAK1, BSU1, and SHAGGY-Like BIN2 between maize and Arabidopsis are shown in Figure 8 
A-C. Another canonical MAPK substrate, MKP1, is also hyperphosphorylated in Lgn-R, further 
indicating that LGN regulates MAPK signaling (34). Thus, we suggest that LGN could act as an 
upstream repressor of a BAK1-SHAGGY-MAPK signaling network that induces expression of 
pathogen defense genes. This may be related to or completely distinct from its role in development.  

In Arabidopsis, SHAGGY is a glycogen synthase kinase3 (GSK3)-like kinase that is 
related to the brassinosteriod mediator, BIN2. It is known to be an upstream regulator of MAPK3/6 
activity that controls immune responses in Arabidopsis. Mutations in family members have also 
been shown to have developmental phenotypes such as regulating stomatal development through 
phosphorylation of MAPKKs (35). In an attempt to verify the observed, though statistically 
insignificant, phosphorylation differences seen in SHAGGY in the phosphoproteome, I conducted 
a western blot using a phosphosite-specific antibody that targets the S199/Y200 phosphopeptides. 
These are known to inactivate the protein when phosphorylated (36). Analysis with ImageJ 
software (15) shows an approximate 20% increase in intensity in the band located at 46kD in the 
WT samples compared to the Lgn-R samples. This requires taking into account differences in 
intensity observed in the Coomassie stains, also calculated with ImageJ (Figure 8D). Additional 
replicates of this experiment are necessary to verify these trends but so far evidence is suggestive 
of greater activation of this protein in the Lgn-R background compared to WT B73.     

 
Comparisons Between Additional Datasets Expands Network Analysis 

 A collaborator generated a co-expression network based on multiple RNAseq datasets for 
both Sol-B and Sol-M in their respective inbred backgrounds. There are many more published 
datasets for B73 than Mo17, but in a global analysis that looked at gene expression in wild type 
conditions only ten genes were statistically enriched for co-expression with Sol-B and twenty-three 
for Sol-M (Figure 8 E,F). The majority of the genes in both datasets were uncharacterized, though 
one in the Sol-B dataset, a PIC17 homolog, is characterized as an NB-ARC domain containing 
disease resistance gene. The only gene studied gene in the Mo17 dataset is grassy tillers1 (gt1), 
which is known to affect tiller outgrowth (37). In the B73 background additional tissue and 
condition specific analyses were possible and this expanded the genes within the Sol-B co-
expression network to a total of 121. The most significant number of these new genes came from 
the abiotic stress specific network, which included 31 genes (Figure 8G). More of the genes in this 
network have characterized homologs than the previous two. Again, we see PIC17, as well as a 
WRKY, a MAPK, an NLR, and various other genes related to immune responses. The only other 
examined category that brought a number of new genes to the analysis was the leaf tissue specific 
network, though none of these had any recognizable connections to known phenotypes (Figure 
8H). Overall only one gene was found that overlapped the Sol-B and Sol-M networks, a homolog 
of the rice gene OsWAK10d, which is known to be induced by and play a role in drought responses 
(38). Interestingly, the corresponding protein is one of the significantly differentially 
phosphorylated targets in our phosphoproteome. It is a potential target of LGN since it is only 
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found phosphorylated in non-mutant samples and is worthy of further analysis. When compared 
to the Lgn-R RNAseq analysis, only 4 genes from the Mo17 networks and 21 genes from the B73 
networks overlapped with the approximately 1,500 DE genes.  
 The ligule-specific developmental defects found in Lgn-R are some of the most unique and 
not commonly observed in autoimmune mutants. To further investigate specificity at this tissue, 
our RNAseq data was compared to the previously published RNAseq analysis of microdissected 
pre-ligule, pre-blade, and pre-sheath tissue (39). A total of 42 genes overlapped between the Lgn-
R dataset and the 245 genes that were significantly increased in expression in the pre-ligule region 
compared to the pre-blade and pre-sheath regions. 29 of these genes were also increased in 
expression in the Lgn-R dataset. A handful of these genes had roles in categories such as stress 
responses, RNA processing, lipid metabolism, and cell wall integrity. A total of 45 genes 
overlapped with those that are significantly decreased in expression in the pre-ligule region 
compared to its nearby leaf counterparts. Here, only 19 genes also exhibit decreased expression in 
the Lgn-R dataset. We see the same functional categories as in the previous ligule comparison with 
the addition of genes involved in the ethylene and auxin pathways. Although none of the genes 
discovered in this analysis have previously studied ligule-specific roles, the overlap between the 
dataset based on developmental region and the dataset involving a severe mutant phenotype in that 
region is a good place to look for new candidates (Supplemental Table 3).  
  There is a recessive mutant studied in our lab, nod, that bears a striking resemblance to 
Lgn-R homozygotes in terms of developmental phenotypes and background-dependent 
expressivity. Due to this initial resemblance I compared the Lgn-R RNAseq dataset, done in a 
predominantly B73 background, with the previously published nod RNAseq analysis done in both 
the B73 and A619 backgrounds (30). The RNAseq analyses were all done using shoot apex tissue 
on plants that were approximately 3-5 weeks old, though the comparisons are between Lgn-R 
heterozygotes and nod homozygotes. The Venn diagram comparing all three datasets can be seen 
in Figure 9A. A total of 978 genes were found to overlap between the nod B73 and Lgn-R datasets. 
This leaves only 489 genes uniquely differentially expressed in the Lgn-R dataset. AgriGO (40) 
was used to assign these genes into GO categories and those in the overlapping dataset contained 
all of the crucial molecular functions from kinase and phosphatase activity to all of the significant 
transcription factors found in the Lgn-R dataset. Defense responses, response to stimulus, response 
to stress, and a number of other phenotypically relevant categories represent genes that are 
significantly increased in expression in both datasets. Conversely of the approximately 500 genes 
unique to Lgn-R the only significant GO category is oxidoreductase activity. There are, however, 
over 7,000 genes unique to the nod B73 dataset. This also corresponds to the most severe 
phenotype and, perhaps, the similar Lgn-R homozygous B73 phenotype would have additional 
overlap with these unique genes. Overall these additional dataset comparisons greatly expanded 
the number of genes to consider in the Lgn-R network and the overlap with the nod datasets has 
the potential to yield the most fruitful results.       
                   

Lgn-R and nod have Comparable Epidermal Phentoypes 
 Based on the significant overlap in molecular and gross developmental phenotypes 
between Lgn-R and nod, additional mutant comparisons were the next logical step, focusing on 
some of the more subtle nod phenotypes. The epidermal layers of leaf 5 were examined in all 
genotypes with both scanning electron microscopy and light microscopy (Figure 1H, Figure 9F-
P). Significant decreases in both cell and stomatal density are observed in nod and Lgn-R and the 
percentage of deformed stomata is significantly increased in all of the mutant backgrounds (Figure 
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9B-D). Examples of deformed stomata are shown in Figure 9G,H. Staining of the mutant leaves 
in A619 with the ROS markers NBT and DAB showed that Lgn-R does not seem to have the strong 
ROS response that has been previously reported for nod. Even the extreme homozygous Lgn-R 
B73 leaves do not show staining for ROS with either chemical (Figure 9O,P).   
 Due to certain phenotypes observed in both mutants such as stunted height and stomatal 
defects as well as the delayed germination phenotype of Lgn-R, I conducted experiments testing 
responses to the ABA synthesis inhibitor, abamine. Additionally, both the RNAseq and 
phosphoproteome had shown significant perturbations in genes and proteins known to be involved 
in ABA responses such as components of the ABA receptor complex (41). Either the inhibitor or 
a control of water with 5% glycerol was applied to the central whorl of 3-week-old single mutant 
Lgn-R and nod as well as non-mutant plants. Treatment was applied every three days over the 
course of four weeks and final height and leaf width measurements were collected. Although slight 
trends in the measured phenotypes were observed, no genotypes were uniquely impacted by the 
treatment (Figure 9Q,R). 
 

Lgn-R and nod Generate Synergistic Double Mutant Phenotypes 
The next obvious step was double mutant analysis. Crosses were made first between Lgn-

R heterozygotes and nod homozygotes in both the A619 and Mo17 backgrounds, these families 
were then selfed and scored for double mutants (Sarah Hake, unpublished work). The double 
mutants seem to show a synergistic effect in that they are significantly more severe than either of 
the single mutants in both backgrounds. Individually, both mutations have moderate to rescued 
phenotypes in A619, which was analyzed in the greenhouse, and Mo17, which was analyzed in 
our Mexico field. The Mexico field is hotter than Berkeley, Ca but cooler than Davis, Ca and the 
plants display intermediate phenotypes in this field compared to the California extremes. In the 
Mexico field, the nod and Lgn-R individual genotypes do not show significant phenotypic 
differences, though Lgn-R is significantly more rescued than nod in A619 (Figure 9S,T).   

I also analyzed relevant leaf phenotypes in the double mutant in A619. The plants seem to 
have a slight response to the NBT stain, which is specific for H2O2-, but initial analyses show no 
reaction to the DAB stain, for O2-. Although quantification of stain intensity via ImageJ has been 
calculated with some statistical accuracy for the single mutants compared to non-mutant siblings, 
additional replicates of the analysis are necessary to quantify the double mutants. Epidermal peels 
and light microscopy do seem to show that double mutants have more severe irregularities in cell 
shape and size than either single mutant in this background and, although quantification is 
necessary, it appears that there is a high frequency of stomatal defects in these mutants as well 
(Figure 9U-X).   

In order to understand the molecular pathways underlying Lgn-R and nod in a truly 
comparable context shoot apex tissue was collected from the segregating A619 double mutant 
population for use in RNAseq analysis. Individual shoot apices from thirteen samples of each 
genotype (non-mutants, Lgn-R/+;+/+, +/+;nod/nod, and Lgn-R/+;nod/nod) were collected, 
extracted, and each individually made into a library that was subsequently sequenced. Initial 
reviews of the data look promising but full comparisons of the DE genes is still ongoing and awaits 
future publication.  

     
Discussion 

 With the help of collaborators, the lgn network expanded in both the realms of gene 
expression and protein phosphorylation. These networks hint at a number of new players involved 
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in the Lgn phenotype. Development and immune signaling pathways, both potentially mediated 
through MAPK cascades, are both heavily implicated in all of the datasets. One of the most 
significant new players to come from these analyses is nod, another maize mutant with 
autoimmune and developmental phenotypes. Since nod is somehow involved in calcium 
regulation, the two proteins clearly have unique molecular functions but the phenotypic and 
molecular overlap cannot be ignored. Exploring connections between them leads to many exciting 
new hypotheses and avenues for ingress into these agronomically crucial networks.     
 Many of the potential targets and responses revealed in the Lgn-R phosphoproteome are 
worth following up, both with slow genetic analyses and in vitro and in vivo protein work. This is 
especially true for the proteins with Arabidopsis homologs with known roles in development. 
Although unpublished Co-IPs in our lab have shown that LGN and NOD interact and kinase assays 
have shown that NOD is an in vitro target of LGN, it did not show up in our phosphoproteome. 
This implies that crucial targets are probably being missed in our dataset due to limitations in the 
technology. This adds some validation to our technique of hand-picking immune targets from the 
phosphoproteome. Evidence for many of these phosphosites exists but it is not significant given 
our stringent standards of being found in all three replicates of one genotype and possessing a 
greater than 3x fold change. However, for example, for some SHAGGY peptides we see consistent 
increases in phosphorylation in WT as opposed to Lgn-R B73. The SHAGGY western bears further 
replication, also possibly under different conditions. However, it is important to stress that there 
can always be complications when extrapolating data across species. No maize immune response 
genes are well understood at the phosphoproteomic level and there is little evidence to indicate 
that these proteins function the same across species.  
 Despite this, there does seem to be clear evidence of autoimmune signatures in both Lgn-
R and nod. The two mutants do seem to activate overlapping networks, including most of the ones 
crucial to the Lgn-R phenotypes. Few autoimmune mutants, however, are characterized in maize 
and so additional comparative analyses cannot be conducted with community data at this time. The 
double mutant phenotypes in these normally rescued backgrounds are just as a severe as the single 
mutants in the B73 background. This, minimally, implies crucial background differences in the 
signal transduction cascades that these proteins control. Perhaps rescued inbred lines like Mo17 
have some way to safe-guard the auto-immune response in single mutants that severe lines lack 
but this pathway is no longer effective in the double mutants. The double mutant RNAseq should 
help to clarify a lot of underlying questions with respect to these two genes, namely whether or 
not they are involved in overlapping pathways or facilitate crosstalk between pathways. 
Additionally, comparisons between the forthcoming A619 datasets should distinguish whether or 
not the single mutants in these rescued backgrounds are simply showing developmental 
phenotypes and only the double mutants induced immunity, or some alternate combination of 
possibilities.  
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Figure 8 
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Figure 8. Datasets Explore Networks Related to Lgn-R and Sol 

(A-C) Alignment of regions surrounding the studied phosphosites in Arabidopsis and the maize 
homologs found in the phosphoproteomic data set for BSU1 (A), BAK1 (B), and SHAGGY-like 
BIN2 (C). Examples of observed maize phosphosites and any conserved Arabidopsis counterparts 
are highlighted in red. (D) Western blot using S199/Y200 phospho-site specific SHAGGY 
antibody in full protein extract from 3 Lgn-R B73 plants and 3 WT B73 plants. Red arrows indicate 
46kD bands, the appropriate size for our GSK3 homolog of interest. (E-H) Sol RNAseq networks 
generated for: a global non-mutant Mo17 approach (E), a global non-mutant B73 approach (F), 
B73 under abiotic stress (G), and B73 with leaf tissue specificity (H).    
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Figure 9. Lgn-R and nod double mutants display a synergistic phenotype. 

(A) Venn diagram describing the overlap of DE genes found within the published nod B73 and 
A619 datasets and the Lgn-R B73 dataset. (B-D) Data calculated from analysis of epidermal 
images in mutant and non-mutant backgrounds using the ImageJ cell counting tool to calculate 
cell density (B), stomatal density (C), and percent deformed stomata (D). (E) DAB stain intensity 
calculated with ImageJ from close-up sections of leaves. (F-J) Epidermal peels stained with TBO 
from an A619 family in non-mutant (F), Lgn-R (G, H), and nod (I, J) backgrounds. (K-M) NBT 
stains of non-mutant (K), Lgn-R (L), and nod (M) leaf 5 sections. (N-O) NBT (N) and DAB (O) 
stains of Lgn-R homozygous leaf 5 sections. (P) DAB stains of, from left to right, non-mutant, nod 
and Lgn-R B73 plants. (Q,R) Quantification of diverse plant phenotypes when treated with either 
abamine or the control in Lgn-R (Q) and nod (R). There are no significant differences of interest. 
(S) Plant height and leaf width measurements for a family segregating for both Lgn-R and nod in 
A619. According to a one-way ANOVA followed by a Tukey Posthoc Test (95% CI) found that 
all genotypes are statistically significant from one another with p values < 0.00000 for all height 
and most width comparisons. (T) Plant height and leaf width measurements for a family 
segregating for both Lgn-R and nod in Mo17. Lgn-R and nod plants are not significantly different 
from one another but a one-way ANOVA followed by a Tukey Posthoc Test (95%CI) found that 
both are significantly different from the double mutant in terms of height and width (nod: p < 1e-
6, p < 2e-4; Lgn-R: p < 3e-5, p < 4e-4). (U, V) Epidermal peels of Lgn-R/+;nod/nod double mutants. 
(W) NBT and (X) DAB staining of Lgn-R/+;nod/nod double mutant leaves. 
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Materials and Methods 
Phosphoproteome: 
Each pool had approximately 9 grams of shoot tissue iSolated from three-week-old plants 
segregating for Lgn-R in the B73 background.  Two grams of frozen tissue were ground in liquid 
nitrogen by a mortar/pestle for 15 minutes to fine powder then transferred to a 50ml conical tube.  
Proteins were precipitated and washed by 50 ml -20oC acetone three times, then by 50 ml -20oC 
methanol with 0.2mM Na3VO4 three times.  Protein pellets were aliquoted into four 2ml Eppendorf 
tubes per sample and dried in a SpeedVac at 4 oC.   
 Ground tissue powders were suspended in extraction buffer (8M Urea/100mM Tris/5mM 
Tris(2- carboxyethyl)phosphine (TCEP)/phosphatase inhibitors, pH 7). Proteins were precipitated 
by adding 4 volumes of cold acetone and incubated at 4oC for 2 hours.  Samples were centrifuged 
at 4,000xg, 4oC for 5 minutes. Supernatant was removed and discarded.   Proteins were re-
suspended in Urea extraction buffer and precipitated by cold acetone. Protein pellets were washed 
by cold methanol with 0.2mM Na3VO4 to further remove non-protein contaminants.  Protein 
pellets were suspended in extraction buffer (8M Urea/100mM Tris/5mM TCEP/phosphatase 
inhibitors, pH 7). Proteins were first digested with Lys-C (Wako Chemicals, 125-05061) at 37oC 
for 15 minutes.  Protein Solution was diluted 8 times to 1M urea with 100mM Tris and digested 
with trypsin (Roche, 03708969001) for 4 hours. Reduced cysteines were alkylated by adding 
10mM iodoacetamide and incubating at 37oC in the dark for 30 minutes. 

 Phosphopeptide enrichment was performed using CeO2 affinity capture.  1% colloidal 
CeO2 (Sigma, 289744) was added to the acidified peptide Solution (3% TFA, CeO2:peptide w:w 
ratio = 1:10).  After brief vortexing, CeO2 with captured phosphopeptides was spun down at 1,000g 
for 1 minute.  Supernatant was removed and the CeO2 pellet was washed with 1ml of 1% TFA.  
Phosphopeptides were eluted by adding eluting buffer (200mM (NH4)2HPO4, 2M NH3.H2O, 
10mM EDTA, pH 9.5, same volume as the added 1% colloidal CeO2) and vortexing briefly.  CeO2 

was precipitated by adding 10% formic acid with 100mM citric acid (same volume as the added 
1% colloidal CeO2) to a final pH of 3.  Samples were centrifuged at 16,100 g for 1 minute.  
Supernatant containing phosphopeptides was removed for mass spec analysis.  

 An Agilent 1100 HPLC system was used to deliver a flow rate of 600 nL min-1 to a custom 
3-phase capillary chromatography column through a splitter. Column phases are a 30 cm long 
reverse phase (RP1, 5μm Zorbax SB-C18, Agilent), 5 cm long strong cation exchange (SCX, 5μm 
PolySulfoethyl, PolyLC), and 20 cm long reverse phase 2 (RP2, 2.5 μm BEH C18, Waters), with 
the electrospray tip of the fused silica tubing pulled to a sharp tip (inner diameter <1 μm).  Peptide 
mixtures were loaded onto RP1, and the 3 sections were joined and mounted on a custom 
electrospray adapter for on-line nested elutions. Peptides were eluted from RP1 section to SCX 
section using a 0 to 80% acetonitrile gradient for 60 minutes, and then were fractionated by the 
SCX column section using a series of 18 step salt gradients of ammonium acetate over 20 min, 
followed by high-reSolution reverse phase separation on the RP2 section of the column using an 
acetonitrile gradient of 0 to 80% for 120 minutes.  One 2D-nanoLC-MS/MS run took 46 hours to 
finish. 

 Spectra were acquired on LTQ Velos linear ion trap tandem mass spectrometers (Thermo 
Electron Corporation, San Jose, CA) employing automated, data dependent acquisition. The mass 
spectrometer was operated in positive ion mode with a source temperature of 325 °C and a spray 
voltage of 3,000V. The maximum ion injection time is 50ms for MS and 100ms for MS/MS.  As 
a final fractionation step, gas phase separation in the ion trap was employed to separate the peptides 
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into 3 mass classes prior to scanning; the full MS scan range was divided into 3 smaller scan ranges 
(400–750, 750–1,000, and 1,000–1,800 Da) to improve dynamic range. Each MS scan was 
followed by 5 MS/MS scans of the most intense ions from the parent MS scan. A dynamic 
exclusion of 1 minute was used to improve the duty cycle. 

 Raw data were extracted and searched using Spectrum Mill vB.06 (Agilent 
Technologies). MS/MS spectra with a sequence tag length of 1 or less were considered to be poor 
spectra and were discarded. The remaining MS/MS spectra were searched against maize B73 
RefGen_v2 5b Filtered Gene Set downloaded from www.maizesequence.org. The enzyme 
parameter was limited to full tryptic peptides with a maximum mis-cleavage of 1. All other search 
parameters were set to SpectrumMill’s default settings (carbamidomethylation of cysteines, +/- 
2.5 Da for precursor ions, +/- 0.7 Da for fragment ions, and a minimum matched peak intensity of 
50%). Ox-Met, n-term pyro-Gln, and phosphorylation on Serine, Threonine, or Tyrosine were 
defined as variable modifications for phosphoproteome data. A maximum of 2 modifications per 
peptide was used. A 1:1 concatenated forward-reverse database was constructed to calculate the 
false discovery rate (FDR).  The tryptic peptides in the reverse database were compared to the 
forward database, and were shuffled if they matched to any tryptic peptides from the forward 
database. Common contaminants such as trypsin and keratin were included in the protein database. 
There are 127,108 protein sequences in the protein database.  Peptide cutoff scores were 
dynamically assigned to each dataset to maintain the false discovery rate (FDR) less than 0.1% at 
the peptide level. Phosphorylation sites were localized to a particular amino acid within a peptide 
using the variable modification localization (VML) score in Agilent’s Spectrum Mill software.  
Proteins that share common peptides were grouped using principles of parsimony to address the 
protein database redundancy issue. Thus, proteins within the same group shared the same set or 
subset of unique peptides.  Protein abundance and phosphorylation levels were quantified via 
spectral counting.  Mass spectrometry runs (replicates) were normalized so that the total number 
of spectral counts was equal for each run.  Spectral counts from technical replicates, when present, 
were then averaged to get the spectral counts for each biological replicate at the protein level. 
 
Histology: 
Blades of adult, mature leaves were stained to detect hydrogen peroxide or superoxide ROS (44). 
Leaf tissue was fixed in FAA and digested in 0.1% pectolyase in dH2O for up to two days. The 
epidermis was then peeled from the leaf and stained with 0.5% TBO and viewed with light 
microscopy. Quantification of cell densities and stomatal abnormalities was conducted in Image J 
with the “Cell Counter” tool, using images of leaves 4 and 5. Two hundred stomata from two 
leaves from different plants per genotype were analyzed. Stomatal density was measured in six 
regions of individual leaves. 
 
Abamine Treatment:  
Plants were treated with either 100uM abamine (MolPort-039-314-170) or a control of water with 
5% glycerol through direct application of 50uL to the central whorl. Treatment began 14 DAP and 
continued every three days for three weeks. Measurements were taken immediately following the 
final treatment and there were a minimum of 7 plants per genotype per treatment group.  
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Chapter 4: The Importance of CLEAR Science Communication 
 

Introduction 
 Science outreach and communication are necessary to combat anti-science sentiment, 
thereby helping to secure future funding. Unfortunately, not many scientists receive training in 
these areas, and, although the NSF requires outreach as a component of many grants, it is rarely a 
priority. This is particularly problematic in a world where distrust of science is one of the few 
things that easily crosses political lines. Anti-vaccine voices have undoubtedly helped contribute 
to the recent large-scale measles outbreaks in across the west coast (8). Climate change deniers 
threaten any possible proactive and preventative measures we might take now to prepare for the 
fallout of this ongoing crisis. There is even a recent rise in people who believe, against all reason, 
that the earth is flat.  
 To combat these harmful trends, the world needs groups such as CLEAR (Communication, 
Literacy, and Education in Agricultural Research), of which I am an inaugural member. This group 
spans the University’s of California at Berkeley, Davis, and San Diego with the goals of 
engendering open and honest communication between scientists and the public and reigniting the 
public’s enthusiasm for science. To this end the group has established a number of interactive, in-
person events such as monthly displays at farmers markets and pub-science talks. We also attend 
numerous annual events, like the Bay Area Science Festival, and have partnerships with local 
science outreach groups such as Community Resources for Science and the Berkeley Public 
Library’s “Popping the Science Bubble” series. Depending on the event, we aim to appeal to all 
ages and design activities such as DNA extractions and make-your-own microscopes. Creation of 
online content including a blog and Instagram allow us to reach even wider audiences with accurate 
information on complicated topics. The group consistently receives positive responses and has 
expanded dramatically throughout the course of my PhD.  
 With help from CLEAR, a number of us have been able to branch out and create projects 
of our own. I am the founder of the La Escuelita Science Project, an outreach group that works 
with a particular Oakland Middle and Elementary School, La Escuelita. Focusing on the middle 
school students, my group aims to broaden diversity in STEM by creating excitement and 
familiarity with science at an age when natural scientific enthusiasm typically begins to waiver. 
One component of the program is a ten-week collaboration that allows students to design their own 
science projects under the supervision of recruited graduate student and postdoctoral volunteers. 
This is supplemented with shorter activities such as a three-day science triathlon and a day of ice 
cream making. The first portion of the project is loosely structured after Mary Wildermuth’s 
successful Be a Scientist Program that operates in Berkeley Middle Schools. Overall students 
thoroughly enjoy the experience, both in terms of mentorship and over-all scientific curiosity. 
Programs such as CLEAR and the La Escuelita Science Project aim for personal approaches in a 
field that is oftentimes stereotyped as cold and distant. They are necessary additions to the 
scientific field and the approaches we use are worthy of continued study, iterative improvement, 
and expansion.  
 

Results & Discussion 
 The majority of CLEAR’s events take place on a face-to-face basis, but with a growing 
online presence the group is capable of facilitating science communication on both large and small 
scales. A majority of my in-person experiences with CLEAR take place in informal settings such 
as weekend farmers markets in the streets of Berkeley and Oakland, Ca. We meet a vast diversity 
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of people at these events, each with dramatically different perspectives on science. But they all 
want to be treated with respect and to have their ideas heard. This is especially true when discussing 
publicly controversial and scientifically complex issues, like climate change and genetic 
modification. Studies have shown that facts alone do little to change peoples’ minds but a human 
connection can be a powerful tool. For these reasons we always patiently listen to all number of 
interesting questions, theories, and complaints from the public and want to support them and the 
fact that they care enough to think about these topics. We strive not just to provide the most 
accurate information possible, but also to present our own feelings and reasoning processes on the 
topics. What food you eat and what medicines go into your children are very personal subjects and 
education on these topics demands a personal, human methodology. Of course, in the age of the 
internet, online content is still the most effective way to reach the largest and most diverse 
audiences. To this end, CLEAR maintains a website, blog and Instagram account. For my part, I 
lead a team in the writing and creation of a five minute video on Monoculture that currently has 
over 11,000 views on YouTube (https://www.youtube.com/watch?v=VH_wt8xBrm4&t=1s). These 
broader efforts aim to provide clear content on confusing topics of public concern.  

From personal experience I can claim that this approach is also highly beneficial to the 
scientist. Communicating with the public helps me to understand other people’s perspectives and 
give me ample opportunity to educate myself and others on areas of interest outside of maize 
genetics. As a bench scientist I strive to improve crops, but it is only through CLEAR that I have 
been able to meet with a large variety of farmers and learn their different needs, concerns, and 
hopes. My science would not exist without these professionals and, cyclically, their work can be 
greatly improved by research like mine. Thus, consistent communication must exist between these 
groups. Throughout my time in CLEAR I also gave a number of talks within the group on topics 
such as regulation in the organic industry and the WHO reclassification of glyphosate with all of 
the resulting fallout. It was fantastic to apply my expertise to these diverse research questions and 
track the real-time politics of the bodies that govern my research.    
 Inspired and funded by CLEAR, I was able to begin my own outreach program, the La 
Escuelita Science Project. Throughout the course of two years I worked with a group of ninety 
middle school students in sixth through eighth grade in order to encourage their scientific 
enthusiasm and show them that anyone can be a scientist. La Escuelita is a struggling school in the 
Oakland district with students who are predominantly from underprivileged backgrounds that are 
underrepresented in STEM. With this program, groups of students were able to design their own 
science projects, defining their hypotheses and variables, and then actually execute the 
experiments and collect data. I was able to recruit and briefly train a number of graduate students 
to help mentor the students throughout this 10-week experience. It was both fun for the students 
to actually get to know real scientists and to perform experiments of their own creation. At the 
beginning and end of each year the students filled out a worksheet that attempted to evaluate their 
perspective on scientists (Supplemental Figure 2). In the fall, it was clear from responses to this 
worksheet that few of the students had ideas about scientists outside of pop culture references and 
generally considered them to be anonymous creatures encased in lab coats and gloves. When asked 
if they could name a scientist, some put Einstein but most wrote nothing at all. The final question 
is “You have done experiments! Are you a scientist?” and at the beginning of the year an average 
of less than two students per class answered “yes” to this. But at the end of both years, after 
executing the scientific method with “real” scientists, the number went up to at least half of each 
class. In the sections that asked them to name and draw a scientist I began to see the names of my 
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peers and cartoons of these new mentors. I can only hope that this will have a lasting impact on 
some of these students and encourage them to continue to engage with science in the future.   

Non-experts cannot be expected to sift through vast numbers of studies on every possible 
subject that could concern a family on a daily basis. Therefore, scientists need to be capable of 
translating their research into approachable, and, if possible, entertaining content for the benefit of 
all involved. And regardless of science background, everyone deserves to be heard and have their 
unique questions addressed when it comes to the science that impacts them. With proper 
enthusiasm for science engendered at an early age, this becomes an even more reasonable goal. 
Programs such as CLEAR and the La Escuelita Science Projects strive to bring scientific literacy 
and enthusiasm to the world in order to make it a better place. These are the types of programs that 
all scientists need to support.  
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Conclusions 
 

 Further analysis of Lgn-R in new backgrounds and environments revealed a plethora of 
new phenotypes. A QTL study (6) followed by fine mapping, association analysis, and a 
mutagenesis screen identified Sol, a Mo17 Lgn-R modifier and homolog of AtEDR4. This gene is 
able to explain much of the Lgn-R expressivity differences in the studied inbred lines, though its 
mechanism remains ambiguous. Finally, generation of large datasets greatly expanded the Lgn-R 
and Sol networks and allowed us to place many of the mutant phenotypes within the context of 
development and immune responses. Of course, this research is meaningless in a society that does 
not value science. Therefore, clear and engaging science outreach and communication is just as 
valuable as the data itself.  
 Identification of Sol as one of the background dependent modifiers of Lgn-R opens up a 
number of intriguing possibilities for the evolution of the mutant’s regulatory networks. The Lgn-
R mutation has two distinct phenotypic categories when analyzed throughout the inbred lines: 
severe and rescued. Although there is evidence for additional modifiers in most of the lines, Sol is 
has a significant phenotypic effect in all of the inbreds examined to-date. This raises the question 
of exactly how the various alleles of Sol are functioning within these inbred backgrounds and how 
these differences evolved in the domestication of maize. Current molecular evidence indicates 
three key distinctions between the Sol alleles including sequence differences within the first 100 
amino acids of the proteins (Figure 4A), expression differences in the Lgn-R mutant backgrounds 
(Figure 5B), and localization differences when transiently expressed in N. benthamiana (29). All 
of these molecular phenotypes could be explained by unique binding partners, distinct regulators, 
or a combination of the two.  

Comparisons with AtEDR4 imply that Sol may have a function in localizing components 
of immune response pathways. However, it is dangerous to extrapolate from the Arabidopsis data. 
Although the zinc fingers are highly conserved between the homologs, there are many differences 
between the proteins, including an entire carboxy terminal domain that is unique to the grasses. It 
is clear that maize alleles of Sol have significantly distinct functional capabilities. Evidence, such 
as the co-expression networks, indicates that they may be expressed in completely different 
contexts. Therefore, it is likely that functional differences exist between the maize and Arabidopsis 
EDR4 homologs. Further experiments to determine if Sol-M is induced by PAMPs like Sol-B and 
if the two have distinct binding partners or are regulated by unique promoters will all help to clarify 
the gene’s modifying mechanism.  

Identification of Sol as a homolog of AtEDR4, along with patterns observed in the large-
scale datasets and the mutant phenotypes of severe dwarfism, background-dependent expressivity 
and temperature sensitivity all indicate that Lgn-R is involved in an autoimmune response (45).  
Few autoimmune mutants are characterized in maize, and, though Lgn-R affects all of the same 
pathways as characterized mutations, it bears slight differences to many of the canonical patterns 
seen within these phenotypes. For example, many autoimmune mutants caused by lesions in NLR 
genes (or related pathways), including bonsai, chs3-1, chs2-1 and rpp4 in Arabidopsis and Rp1-
D21 in maize, are severe at low temperatures and rescued at higher temperatures (46-52). Lgn-R 
follows an opposite pattern in terms of temperature expressivity because its phenotypes are most 
severe at high temperature and rescued at lower temperatures. Differences such as these may be 
due to activation of a particular set of immune responses that are mediated by MAPKs, sometimes 
called “Pathogen-Triggered Immunity” or PTI. Mutants in these pathways are commonly active at 
high temperatures and suppressed at low temperatues, the inverse of NLR-mediated defenses. 
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Although the mechanisms by which temperature influences pathogenicity, NLR activity, and 
MAPK signaling remain unclear (53,54); future studies on the precise molecular functions of LGN 
under different temperatures could help illuminate how plant defenses are impacted by the 
environment in agricultural crops. 

We propose that LGN is capable of repressing PTI-type immune responses through 
upstream phosphorylation of a biotic defense signal transduction cascade (Figure 10A). LGN may 
also function to promote leaf development through an independent signaling network. The ligule 
and auricle defects found in Lgn-R are unique among auto-immune mutants and could be caused 
by a distinct developmental pathway affected in the Lgn-R mutants. Recent studies have linked 
MAPK signaling cascades to leaf angle phenotypes in rice (55) and proper stomatal development 
in Arabidopsis (35). Perhaps LGN affects multiple MAPK pathways, some leading to autoimmune 
responses and others leading to distinct developmental events. Sol is transcriptionally downstream 
of the immune signaling cascade controlled by LGN and becomes transcriptionally induced in the 
mutant background. We speculate that SOL-M has an similar function to AtEDR4 and is capable 
of suppressing the immune response. SOL-B is incapable of rescuing the Lgn-R phenotype, 
perhaps because it cannot suppress this immune response. Although it is unclear how temperature 
influences these pathways, the observed phenotypic patterns that we see are more closely 
associated with MAPK-based immune responses than other types of immune signal transduction 
cascades (56). Exactly how nod comes into play in this regulatory cascade is also unclear. 
Investigations into the double mutant RNAseq should go a long way in clarify if they are 
components of the same pathway or facilitate crosstalk between distinct networks. NOD is clearly 
involved in some aspect of the Lgn-R phenotype and may be a key player in the autoimmune 
activation observed in Lgn-R.  

The identification of the modifier Sol, with its significant genetic and molecular signatures 
among the maize inbreds, could guide future breeding efforts to balance pathogen defense with 
overall growth and yield. Further study of the developmental and immunity-related roles of LGN 
should reveal new players in the realm of plant resource allocation when under pathogen attack 
and unravel the complex signaling network underlying interactions between development and 
defense.  
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Figure 10 

 
 
 
 
 
Figure 10  
(A) LGN resides at the plasma membrane and signals through its kinase activity to promote leaf 
development and block a MAP-kinase immunity cascade. In the presence of the Lgn-R mutation, 
leaf development is compromised and the MAPK cascade is activated leading to a pathogen-
triggered immunity (PTI) response which can be dampened by cool temperatures or the presence 
of Sol-M. Development may be controlled by an entirely independent MAPK cascade or is 
potentially regulated by the same upstream components as the immune responses.  
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Supplemental Figure 1  
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Supplemental Figure 1. 95% Family-wise confidence intervals for genotype by location Tukey 
Posthoc tests. 
(A-B, E-K) The 95% confidence intervals from the Tukey Posthoc tests for all pair-wise 
comparisons for plant height and leaf width in the Albany (‘B’) and Davis (‘D’) fields from 
Mo17, B73 (A), the NIL (B), Ms71 (E), CML228 (F), CML247 (G), Nc358 (H), Nc350 (I), Tzi8 
(J), and M162W (K). (A) ‘Mho’ represents Lgn-R Mo17, ‘Bho’ represents Lgn-R B73 and ‘WT’ 
represents a combination of both non-mutant Mo17 and B73. (B, E-K). ‘Het’ represents Lgn-R 
plants heterozygous at Sol for the given inbred (Sol-Inbred/Sol-B), ‘Ho’ represents plants Lgn-R 
Sol-B/Sol-B and ‘WT’ represents all non-mutant plants segregating in the populations. (C,D) The 
95% confidence intervals for plant height (C) and leaf width (D) comparing Lgn-R homozygotes 
(‘Lgn-’) with Lgn-R heterozygotes (‘Lgn+’) when segregating at Sol for the NIL (‘H’), Sol-
B/Sol-B (‘B’), and Sol-M/Sol-M (‘M’). ‘WT’ represents all possible Sol genotypes. (L) The 95% 
condfidence intervals from the Tukey Posthoc tests comparing non-mutant (‘WT’), Lgn-R NIL, 
and Lgn-R B73 (‘SolB’) plants grown at 17℃ (‘C’) and 30℃ (‘H’). (M, N) Plants segregating 
for nod and Lgn-R in the A619 (M) and Mo17 (N) backgrounds. “dbl” represents the double 
mutant with an Lgn-R/+:nod/nod genotype. 
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Supplemental Figure 2  

What is a Scientist? 
Name:_______________________      Grade:_________ 

 

Finish each sentence. 

Scientists are ______________________________________________________________. 

Scientists use ______________________________________________________________.  

Scientists can ______________________________________________________________. 

The name of a scientist is _____________________________________________________. 

Describe what you think of when you think of a scientist: 
_____________________________________________________________________________________ 

_____________________________________________________________________________________ 

_____________________________________________________________________________________ 

_____________________________________________________________________________________ 

_____________________________________________________________________________________ 

_____________________________________________________________________________________ 

_____________________________________________________________________________________ 

_____________________________________________________________________________________ 

Draw a Scientist doing Science:  

 

 
 
 
 
 
 
You have done scientific experiments! Are you a scientist? Circle one:        YES              NO 
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Supplemental Table 1 Potential LGN Targets: Unphosphorylated in Mutant 
      Normalized Peptide Abundance 

Accession WT-4 WT-14 WT-24 
lgnR
-4 

lgnR
-14 

lgnR
-24 

Arabidopsi
s Symbols 

GRMZM2G092409_P01 
1.29
95 

6.143
6 

1.110
6 0 0 0 0 

GRMZM2G312365_P01 
1.29
95 

3.510
6 

3.331
9 0 0 0   

GRMZM2G025860_P01 
1.29
95 

1.755
3 

4.442
5 0 0 0   

GRMZM2G072569_P01 
3.89
86 0 

3.331
9 0 0 0  BAM1  

GRMZM2G152526_P01 
3.89
86 0 

3.331
9 0 0 0   

GRMZM2G032209_P02 
1.29
95 

0.877
7 

4.442
5 0 0 0 

 ATCDT1A, 
CDT1A, 
CDT1  

GRMZM2G070305_P02 
2.59
91 2.633 

1.110
6 0 0 0  PEX1  

GRMZM2G418604_P02 
5.19
82 0 

1.110
6 0 0 0   

GRMZM2G104377_P02 
2.59
91 

0.877
7 

2.221
2 0 0 0 0 

GRMZM2G137108_P01 
2.59
91 

1.755
3 

1.110
6 0 0 0 

 NIP4;1, 
NLM4  

GRMZM2G030280_P01 
1.29
95 

1.755
3 

2.221
2 0 0 0 

 TGA6, 
BZIP45  

GRMZM2G006297_P02 
3.89
86 0 

1.110
6 0 0 0   

GRMZM2G131482_P02 
3.89
86 0 

1.110
6 0 0 0  TGH  

GRMZM2G023285_P01 
2.59
91 0 

2.221
2 0 0 0 0 

GRMZM2G565140_P01 
2.59
91 

0.877
7 

1.110
6 0 0 0  PMH2  

GRMZM2G102760_P02 
2.59
91 

0.877
7 

1.110
6 0 0 0  LOX5  

GRMZM2G119287_P01 
1.29
95 

0.877
7 

2.221
2 0 0 0   

GRMZM2G310115_P02 
1.29
95 

0.877
7 

2.221
2 0 0 0   

GRMZM5G871463_P01 
1.29
95 

0.877
7 

2.221
2 0 0 0   

GRMZM5G817625_P01 0 
1.755
3 

2.221
2 0 0 0   

GRMZM2G083382_P01 0 2.633 
1.110
6 0 0 0 0 

GRMZM2G004349_P02 0 2.633 
1.110
6 0 0 0  BTI1  
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GRMZM2G039683_P03 0 2.633 
1.110
6 0 0 0  RecQl3  

GRMZM2G150160_P01 
2.59
91 

0.877
7 0 0 0 0   

GRMZM2G139441_P02 
1.29
95 

0.877
7 

1.110
6 0 0 0   

GRMZM2G409430_P02 
1.29
95 

0.877
7 

1.110
6 0 0 0   

GRMZM2G323912_P03 0 
0.877
7 

2.221
2 0 0 0   

GRMZM2G048806_P01 0 
0.877
7 

2.221
2 0 0 0   

GRMZM2G401308_P04 
1.29
95 

1.755
3 0 0 0 0 0 

GRMZM2G140590_P04 0 
1.755
3 

1.110
6 0 0 0   

GRMZM2G177596_P01 0 
1.755
3 

1.110
6 0 0 0   

GRMZM2G119261_P04 0 
1.755
3 

1.110
6 0 0 0 

 CHB3, 
ATSWI3D  

GRMZM2G148626_P01 0 
1.755
3 

1.110
6 0 0 0  POLD3  

GRMZM2G157296_P01 
1.29
95 0 

1.110
6 0 0 0   

GRMZM2G394722_P02 
1.29
95 0 

1.110
6 0 0 0 

 HAF01, 
HAF1, 
HAC13, 
GTD1, TAF1  

GRMZM2G067624_P01 
1.29
95 0 

1.110
6 0 0 0 0 

GRMZM2G129817_P01 
1.29
95 0 

1.110
6 0 0 0   

GRMZM2G420432_P01 
1.29
95 0 

1.110
6 0 0 0   

GRMZM2G168629_P02 
1.29
95 0 

1.110
6 0 0 0 

 CAND1, 
ATCAND1, 
ETA2, 
TIP120, 
HVE  

GRMZM2G128613_P01 
1.29
95 0 

1.110
6 0 0 0   

GRMZM2G062841_P01 
1.29
95 0 

1.110
6 0 0 0   

GRMZM2G036070_P02 
1.29
95 0 

1.110
6 0 0 0 0 

GRMZM2G322728_P01 
1.29
95 

0.877
7 0 0 0 0  ARK3  

GRMZM2G174240_P01 
1.29
95 

0.877
7 0 0 0 0 0 

GRMZM2G163717_P02 
1.29
95 

0.877
7 0 0 0 0   
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GRMZM2G352756_P09 
1.29
95 

0.877
7 0 0 0 0 0 

GRMZM2G057113_P01 
1.29
95 

0.877
7 0 0 0 0   

GRMZM5G897604_P01 
1.29
95 

0.877
7 0 0 0 0 0 

GRMZM2G127911_P08 
1.29
95 

0.877
7 0 0 0 0 

 ATHAL3A, 
HAL3A, 
HAL3, 
ATHAL3  

GRMZM2G091586_P02 
1.29
95 

0.877
7 0 0 0 0   

GRMZM2G329033_P03 
1.29
95 

0.877
7 0 0 0 0   

GRMZM2G314660_P01 
1.29
95 

0.877
7 0 0 0 0   

GRMZM2G155543_P03 
1.29
95 

0.877
7 0 0 0 0  PVA12  

GRMZM2G181519_P02 0 
0.877
7 

1.110
6 0 0 0   

GRMZM2G171595_P01 0 
0.877
7 

1.110
6 0 0 0   

GRMZM2G051247_P01 0 
0.877
7 

1.110
6 0 0 0   

GRMZM2G313027_P01 0 
0.877
7 

1.110
6 0 0 0   

GRMZM2G034639_P01 0 
0.877
7 

1.110
6 0 0 0   

GRMZM2G108829_P03 0 
0.877
7 

1.110
6 0 0 0   

GRMZM2G464393_P01 0 
0.877
7 

1.110
6 0 0 0   

GRMZM2G132868_P01 0 
0.877
7 

1.110
6 0 0 0 0 

GRMZM2G420789_P01 0 
0.877
7 

1.110
6 0 0 0  EMB1135  

GRMZM2G521862_P01 0 
0.877
7 

1.110
6 0 0 0 0 
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Supplemental Table 2. Phosphoproteomic Signatures Indicative of an Immune Response 
        Normalized Peptide Abundance 

Gene ID 
(by 
homology) 

Maize Gene 
ID Peptide 

WT 
replic
ate 1 

WT 
replic
ate 2 

WT 
replic
ate 3 

Lgn-
R 
replic
ate 1 

Lgn-
R 
replic
ate 2 

Lgn-
R 
replic
ate 3 

BIR3-LIKE 
grmzm2g167
280_t01 MAPGEGGDTsPFLK 2.60 1.76 2.22 0.00 1.67 0.00 

BIR3-LIKE 
grmzm2g167
280_t01 MAPGEGGDtSPFLK 2.60 0.88 2.22 0.00 2.51 0.00 

BIR3-LIKE 
grmzm2g167
280_t01 

GGsESGGGEDGSWWTE
R 0.00 0.00 0.00 0.00 0.84 0.00 

BIR3-LIKE 
grmzm2g167
280_t01 

RGGsESGGGEDGSWWT
ER 0.00 0.00 0.00 0.94 0.00 0.00 

BIR3-LIKE 
grmzm2g167
280_t01 

RGGSEsGGGEDGSWWT
ER 0.00 0.00 0.00 0.94 0.00 0.00 

BIR3-LIKE 
grmzm2g167
280_t01 mAPGEGGDTsPFLK 0.00 0.88 1.11 0.00 0.84 0.00 

BAK1-like 
grmzm2g115
420_t01 AVELsGPR 1.30 0.00 1.11 1.89 0.84 3.47 

BAK1-like 
grmzm2g115
420_t01 NDWIVDStYNLR 0.00 0.00 0.00 0.00 0.00 0.87 

BAK1-like 
grmzm2g115
420_t01 NDWIVDsTYNLR 0.00 0.00 0.00 0.00 0.00 0.87 

BAK1-like 
grmzm2g115
420_t01 DTHVttAVR 0.00 5.27 1.11 1.89 2.51 1.74 

BAK1-like 
grmzm2g115
420_t01 AVELsGPR 1.30 0.00 1.11 1.89 0.84 3.47 

BAK1-like 
grmzm2g115
420_t01 NDWIVDStYNLR 0.00 0.00 0.00 0.00 0.00 0.87 

BAK1-like 
grmzm2g115
420_t01 NDWIVDsTYNLR 0.00 0.00 0.00 0.00 0.00 0.87 

BAK1-like 
grmzm2g115
420_t01 DTHVttAVR 0.00 5.27 1.11 1.89 2.51 1.74 

CDG1-like 
grmzm2g026
767_t04 SYsTNLAYTPPEYLR 1.30 0.88 0.00 0.94 0.00 2.61 

CDG1-like 
grmzm2g026
767_t04 sYSTNLAYTPPEYLR 1.30 0.88 0.00 0.94 0.00 1.74 

CDG1-like 
grmzm2g169
080_t01 DGKSyStNLAYTPPEFLR 0.00 0.00 0.00 1.89 0.00 0.00 

CDG1-like 
grmzm2g169
080_t01 DGKSysTNLAYTPPEFLR 0.00 0.00 0.00 1.89 0.00 0.00 

CDG1-like 
grmzm2g169
080_t01 DGKsySTNLAYTPPEFLR 0.00 0.00 0.00 1.89 0.00 0.00 

CDG1-like 
grmzm2g169
080_t01 DGKSYstNLAYTPPEFLR 0.00 0.00 0.00 2.83 0.00 0.00 

CDG1-like 
grmzm2g169
080_t01 SYsTNLAYTPPEFLR 0.00 2.63 3.33 0.00 1.67 2.61 

CDG1-like 
grmzm2g169
080_t01 SYStNLAYTPPEFLR 0.00 2.63 3.33 0.00 1.67 2.61 

CDG1-like 
grmzm2g169
080_t01 DGKsYsTNLAYTPPEFLR 0.00 0.00 1.11 1.89 0.00 0.00 

CDG1-like 
grmzm2g169
080_t01 DGKsYStNLAYTPPEFLR 0.00 0.00 1.11 1.89 0.00 0.00 
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CDG1-like 
grmzm2g169
080_t01 sYSTNLAYTPPEFLR 0.00 1.76 2.22 0.00 1.67 1.74 

BSU1-like 
grmzm2g028
700_t01 qLsIDQFENEGRR 1.30 7.90 

31.1
0 6.61 5.02 3.47 

BSU1-like 
grmzm2g028
700_t01 mATESDsDSDAR 0.00 0.88 0.00 0.00 0.00 2.61 

BSU1-like 
grmzm2g028
700_t01 mATEsDSDSDAR 0.00 1.76 0.00 0.00 0.00 2.61 

BSU1-like 
grmzm2g028
700_t01 MATESDsDSDAR 0.00 1.76 1.11 0.00 1.67 1.74 

BSU1-like 
grmzm2g028
700_t01 qLsIDQFENEGR 5.20 0.00 0.00 0.00 0.00 4.34 

BSU1-like 
grmzm2g028
700_t01 QLsIDQFENEGR 0.00 0.88 2.22 0.00 2.51 0.87 

BSU1-like 
grmzm2g028
700_t01 MATEsDSDSDAR 0.00 1.76 1.11 0.00 0.00 2.61 

SHAGGY 
(BIN2)-like 

grmzm2g043
350_t01 GEANISyICSR 3.90 3.51 4.44 1.89 2.51 4.34 

SHAGGY-
like 

grmzm5g835
235_t03 GEPNIsYICSR 0.00 0.00 0.00 0.00 0.00 4.34 

SHAGGY-
like 

grmzm5g835
235_t03 GEPNISyICSR 

14.2
9 

13.1
6 

27.7
7 9.45 9.20 

21.7
1 

SHAGGY-
like 

grmzm5g835
235_t03 VLVKGEPNISyICSR 1.30 0.00 2.22 0.00 0.00 1.74 

SHAGGY-
like 

grmzm5g835
235_t03 VLVKGEPNIsYICSR 0.00 0.00 1.11 0.00 0.00 3.47 

SHAGGY-
like 

grmzm2g472
625_t02 VLIPGEPNISyICSR 2.60 1.76 2.22 0.00 0.00 1.74 

SHAGGY-
like 

grmzm2g472
625_t02 VLIPGEPNIsYICSR 1.30 0.00 2.22 0.00 0.00 0.00 

SHAGGY 
(EIN4)-like 

grmzm2g089
010_t02 TNFsGGYVCVK 0.00 0.00 0.00 0.00 0.00 0.87 

SHAGGY-
like 

grmzm2g075
992_t01 VLVQGEPNISyICSR 1.30 0.00 2.22 0.00 0.00 1.74 

SHAGGY-
like 

grmzm2g075
992_t01 VLVQGEPNIsYICSR 0.00 0.00 1.11 0.00 0.00 3.47 

SHAGGY-
like 

grmzm2g156
638_t02 TVYsYIQSR 0.00 0.88 0.00 0.00 0.00 0.00 

SHAGGY-
like 

grmzm2g156
638_t02 TVYSyIQSR 5.20 1.76 

11.1
1 3.78 1.67 4.34 

MAP3K4 
(YODA)-
like 

ac209208.3_
fgt001 TSsDITNSK 0.00 0.88 0.00 0.00 0.00 1.74 

MAP3K4 
(YODA)-
like 

ac209208.3_
fgt001 GTFADGYQSNLQsPR 0.00 0.00 1.11 0.00 0.00 0.87 

MAP3K4 
(YODA)-
like 

grmzm2g175
504_t01 SGGLAPESPTsR 0.00 0.00 0.00 0.00 0.00 0.87 

MAP3K4 
(YODA)-
like 

grmzm2g175
504_t01 SGGLAPESPtSR 0.00 0.00 0.00 0.00 0.00 0.87 

MAP3K4 
(YODA)-
like 

grmzm2g175
504_t01 VVSEADILsPQFR 1.30 0.00 0.00 0.94 0.00 0.00 
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MAP3K7-
like 

grmzm2g017
654_t02 sGQLDPSVLESCK 1.30 0.00 0.00 0.00 0.00 0.00 

MAP3K7-
like 

grmzm2g017
654_t02 HVsGQLDYVR 0.00 0.00 0.00 0.00 0.84 0.00 

MAP3K8-
like 

grmzm2g044
557_t01 DQGSELGLGGSVDsR 1.30 1.76 2.22 0.00 0.00 0.87 

MAP3K8-
like 

grmzm2g044
557_t01 ISGsVEGEVDELCR 1.30 1.76 2.22 0.94 0.00 0.87 

MAP3K8-
like 

grmzm2g044
557_t01 IsGSVEGEVDELCR 1.30 0.00 2.22 0.94 0.00 0.87 

MAP3K8-
like 

grmzm2g044
557_t01 sLDLAPGADLR 1.30 0.00 0.00 1.89 0.00 0.00 

MAP2K2-
like 

grmzm2g400
470_t03 FLTHSGtFTDGDLR 2.60 1.76 0.00 1.89 3.34 1.74 

MAP2K2-
like 

grmzm2g400
470_t03 FLTHSGTFtDGDLR 2.60 0.88 0.00 1.89 0.00 0.00 

MAP2K6-
like 

grmzm2g167
856_t01 FLTASGtFK 1.30 0.88 6.66 0.94 0.84 2.61 

MAP2K6-
like 

grmzm2g167
856_t01 FLTAsGTFK 0.00 0.00 2.22 0.00 0.00 0.87 

MAP2K6-
like 

grmzm2g167
856_t01 FLTASGtFKDGELR 

10.4
0 5.27 5.55 

11.3
4 5.02 8.68 

MAP2K6-
like 

grmzm2g167
856_t01 FLTAsGTFKDGELR 1.30 0.00 1.11 1.89 0.84 0.00 

MAPK16-
like 

grmzm2g089
484_t01 

AVGSVMQYsPCPAPAAE
R 0.00 0.00 0.00 0.00 0.84 0.00 

MAPK16-
like 

grmzm2g089
484_t01 

VAFNDTPTAIFWtDYVAT
R 0.00 0.00 0.00 0.00 0.00 0.87 

MAPK1-
like 

grmzm2g062
914_t03 GQFMtEYVVTR 0.00 0.00 3.33 0.00 0.00 0.00 

MAPK6-
like 

grmzm2g020
216_t01 TTSETDFMtEYVVTR 1.30 0.88 2.22 0.94 0.84 0.87 

MAPK9-
like 

grmzm2g306
028_t01 

ASFNDAPSAIFWtDYVAT
R 0.00 0.88 0.00 0.00 0.00 0.00 

MAPK9-
like 

grmzm2g306
028_t01 tTVSPPRSEDDDMSDVK 0.00 0.88 0.00 0.00 0.00 0.00 

MAPK9-
like 

grmzm2g306
028_t01 TtVSPPRSEDDDMSDVK 0.00 0.88 0.00 0.00 0.00 0.00 

MAPK9-
like 

grmzm2g306
028_t01 TTVsPPRSEDDDMsDVK 0.00 0.00 0.00 0.00 0.84 0.00 

MAPK9-
like 

grmzm2g306
028_t01 TtVSPPRsEDDDMSDVK 0.00 0.00 0.00 0.00 0.84 0.00 

MAPK9-
like 

grmzm2g306
028_t01 tTVSPPRsEDDDMSDVK 0.00 0.00 0.00 0.00 0.84 0.00 

MAPK9-
like 

grmzm2g306
028_t01 TTVsPPRsEDDDmSDVK 0.00 0.00 0.00 0.00 0.00 0.87 

MAPK9-
like 

grmzm2g306
028_t01 SAsISASK 0.00 0.00 0.00 0.00 0.00 0.87 

MAPK9-
like 

grmzm2g306
028_t01 TTVsPPRsEDDDMSDVK 0.00 0.88 2.22 0.00 2.51 0.87 

MAPK9-
like 

grmzm2g306
028_t01 TTVsPPRSEDDDMSDVK 0.00 2.63 0.00 0.00 0.84 1.74 

WRKY20-
like 

grmzm2g130
854_t01 STHMDIMPsPR 1.30 0.00 0.00 0.00 0.00 0.00 
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WRKY4-
like 

grmzm2g549
512_t01 LVNTEIVEsSTPTCELER 0.00 0.00 0.00 0.00 0.00 0.87 

WRKY4-
like 

grmzm2g549
512_t01 LVNTEIVESStPTCELER 0.00 0.88 0.00 0.00 0.00 3.47 

WRKY4-
like 

grmzm2g549
512_t01 LVNTEIVESsTPTCELER 0.00 0.88 0.00 0.00 0.00 2.61 

WRKY4-
like 

grmzm2g549
512_t01 DANsEsDKETTLK 0.00 0.88 1.11 0.00 1.67 0.00 

WRKY4-
like 

grmzm2g549
512_t01 DANSEsDKETTLK 0.00 0.88 3.33 1.89 0.84 1.74 

WRKY41-
like 

grmzm2g324
999_t01 

SSPDLASPLPAtGTGsPIS
SDAASDHPFR 0.00 0.00 0.00 0.94 0.00 0.00 

WRKY41-
like 

grmzm2g324
999_t01 

SSPDLASPLPAtGtGSPIS
SDAASDHPFR 0.00 0.00 0.00 0.94 0.00 0.00 

WRKY41-
like 

grmzm2g324
999_t01 

SSPDLASPLPATGtGsPIS
SDAASDHPFR 0.00 0.00 0.00 0.94 0.00 0.00 

MAPK 
PHOSPH
ATASE 
(MKP)1-
like 

grmzm2g005
350_t02 

SVsWSEAREPPPPAPPD
VAGGQSR 0.00 0.00 0.00 0.94 0.00 1.74 

MAPK 
PHOSPH
ATASE 
(MKP)1-
like 

grmzm2g005
350_t02 SVsWSEAR 0.00 0.88 0.00 0.94 1.67 0.00 

MAPK 
PHOSPH
ATASE 
(MKP)1-
like 

grmzm2g005
350_t02 

AGSDDVGEWPNPTtPGA
SR 0.00 0.00 0.00 0.00 0.84 0.00 

MAPK 
PHOSPH
ATASE 
(MKP)1-
like 

grmzm2g005
350_t02 

sVSWSEAREPPPPAPPD
VAGGQSR 0.00 0.00 0.00 0.00 0.00 0.87 

MAPK 
PHOSPH
ATASE 
(MKP)1-
like 

grmzm2g005
350_t02 VYsDSALMK 0.00 0.00 0.00 0.94 0.00 0.00 
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Supplemental Table 3. Overlapping Differentially Expressed Genes 

*The Gene ID’s highlighted in red overlap with the list of DE genes in the Lgn-R RNAseq dataset 

B73 Network* Mo17 Network* 

Overlap with genes 
Increased in 

Expression in Pre-
ligule region 

Overlap with genes 
Decreased in 

Expression in Pre-
ligule region 

GRMZM2G004160 GRMZM2G354834 GRMZM5G812272 GRMZM2G382569 

GRMZM2G090029 GRMZM2g050234 GRMZM2G028252 GRMZM2G349185 

GRMZM2G003715 GRMZM2G047851 GRMZM2G152981 GRMZM2G143494 

GRMZM2G163427 GRMZM2G305834 GRMZM2G056407 GRMZM2G066067 

GRMZM2G120320 GRMZM2G101409 GRMZM2G073805 GRMZM2G131409 

GRMZM2G012724 GRMZM2G103085 GRMZM2G079805 GRMZM2G105250 

GRMZM2G014071 GRMZM2G134279 GRMZM2G024476 GRMZM2G151542 

GRMZM2G024865 GRMZM5G838098 GRMZM2G079727 GRMZM2G031317 

GRMZM2G053987 GRMZM2G473152 GRMZM2G137329 GRMZM2G013448 

GRMZM2G043857 GRMZM5G849099 GRMZM2G305159 GRMZM2G079583 

GRMZM2G037422 GRMZM2G343157 GRMZM2G099454 GRMZM2G070825 

GRMZM2G144028 GRMZM2G005624 GRMZM2G402977 GRMZM2G177934 

GRMZM2G121565 GRMZM2G004160 GRMZM2G145579 GRMZM2G152975 

GRMZM2G029058 GRMZM2G057789 GRMZM2G040689 GRMZM2G382785 

GRMZM2G178356 GRMZM2G159700 GRMZM2G073044 GRMZM2G512113 

GRMZM2G310548 GRMZM2G051806 GRMZM2G027627 GRMZM2G085086 

GRMZM2G180870 GRMZM2G036288 GRMZM2G461159 GRMZM2G074097 

GRMZM2G460396 GRMZM2G101116 GRMZM2G070442 GRMZM2G142315 

GRMZM2G002173 AC186577.3_FG006 GRMZM2G137510 GRMZM2G125268 

GRMZM5G888196 GRMZM2G140674 GRMZM2G046601 GRMZM2G016958 
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GRMZM2G089619 GRMZM2G027726 GRMZM2G167637 GRMZM2G076810 

GRMZM2G170851 GRMZM2G122543 GRMZM2G153333 GRMZM2G098346 

GRMZM2G176630 GRMZM2G001715 GRMZM2G123029 GRMZM2G116658 

GRMZM2G066213  GRMZM2G148925 GRMZM5G845601 

GRMZM2G389567  GRMZM2G173536 GRMZM2G008106 

GRMZM2G360615  GRMZM2G097989 GRMZM2G106702 

GRMZM5G860632  GRMZM2G006370 AC231180.2_FG001 

GRMZM2G477139  GRMZM2G127123 GRMZM2G372074 

GRMZM5G851485  GRMZM2G079127 GRMZM5G887068 

GRMZM2G078164  AC231180.2_FG001 GRMZM2G105587 

GRMZM2G436593  GRMZM2G135359 GRMZM2G477325 

GRMZM2G030794  GRMZM2G179432 GRMZM2G111521 

GRMZM2G073755  GRMZM2G166524 GRMZM2G467069 

GRMZM2G077809  GRMZM2G121649 GRMZM2G303915 

GRMZM2G131099  GRMZM2G042181 GRMZM2G041636 

GRMZM2G429714  GRMZM2G057907 GRMZM2G173534 

GRMZM2G069018  GRMZM2G074946 GRMZM2G106408 

GRMZM2G318652  GRMZM2G027098 GRMZM5G809195 

GRMZM2G125762  GRMZM2G080650 GRMZM2G152796 

GRMZM5G868355  GRMZM2G137352 GRMZM2G055898 

GRMZM2G089736  GRMZM2G079440 GRMZM2G470075 

GRMZM2G065888   GRMZM2G392918 

GRMZM2G081175   GRMZM2G317743 

GRMZM2G417454   GRMZM2G064638 
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GRMZM2G451007    

GRMZM2G118409    

GRMZM2G061963    

GRMZM2G057113    

GRMZM2G314396    

GRMZM2G032602    

GRMZM2G071659    

GRMZM2G136085    

GRMZM2G119970    

GRMZM2G046846    

GRMZM2G127115    

AC189078.3_FG004    

GRMZM2G089750    

GRMZM2G135654    

GRMZM2G103805    

GRMZM2G057608    

GRMZM2G073498    

GRMZM2G028980    

GRMZM2G126646    

GRMZM2G145690    

GRMZM2G094602    

GRMZM2G042179    

GRMZM2G041645    

GRMZM2G152141    
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GRMZM2G414995    

GRMZM2G152908    

GRMZM2G136513    

GRMZM5G812926    

GRMZM2G147221    

GRMZM2G025924    

GRMZM2G320827    

GRMZM2G423884    

GRMZM2G025215    

GRMZM2G017159    

GRMZM2G078648    

GRMZM2G122628    

GRMZM2G014839    

GRMZM2G126860    

GRMZM2G061314    

GRMZM2G373040    

GRMZM2G043854    

GRMZM2G176397    

GRMZM2G702476    

GRMZM2G108874    

GRMZM2G092182    

GRMZM5G894016    

GRMZM2G434541    

GRMZM2G177781    
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GRMZM2G125411    

GRMZM2G366532    

AC213621.5_FG002    

GRMZM2G447632    

GRMZM2G086502    

GRMZM2G474769    

GRMZM5G880028    

GRMZM2G865212    

GRMZM2G175265    

GRMZM2G098301    

GRMZM2G140782    

GRMZM2G158308    

GRMZM2G309380    

GRMZM2G081816    

GRMZM2G447328    

GRMZM2G048165    

GRMZM2G162962    

GRMZM2G166455    

GRMZM2G162216    

GRMZM2G000483    

GRMZM2G072133    

GRMZM2G003944    

GRMZM2G135387    

GRMZM2G475296    
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GRMZM2G062160    

GRMZM2G053298    

GRMZM2G037831    

GRMZM2G486933    

AC193402.3_FG004    
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