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Abstract

Foundational Research Towards Plant Microbiome Engineering Capability

by

Grady Pierroz

Doctor of Philosophy in Plant Biology
University of California, Berkeley

Doctor Peggy G. Lemaux, Co-Chair
Professor Lewis J. Feldman, Co-Chair

With the threat of climate change becoming more apparent in recent years, it is
clear that the increased severity and regularity of extreme weather events will inevitably
impact our ability to maintain agricultural productivity in the future. One relatively
unexplored avenue towards increasing plant health and resiliency has also recently
emerged, however, as the microbes which live in and around plant roots have been
shown to influence biomass and yield, as well as resistance to both biotic and abiotic
stresses. Therefore, an ability to manipulate and engineer these microbial communities,
referred to as the plant microbiome, has the potential to help ensure food security
amidst environmental turmoil.

Unfortunately, this dream of an engineered, beneficial plant microbiome has yet
to be realized. This is in large part due simply to the nascency of the field of research as
a whole, with large gaps in our basic understanding still needing to be addressed. Work
must be done to generate a more complete understanding of the microbes themselves
and the processes by which they are regulated by plant hosts, but also towards
developing more robust and efficient plant engineering capabilities in order to realize the
potential real-world benefits of an engineered microbiome. The research presented in
this dissertation was undertaken in an effort to address these current shortcomings, and
hopefully contribute to future efforts aimed at harnessing and utilizing the plant
microbiome for societal gain.

First, this work investigates factors influencing the fungal microbiome assembly
in a forest tree, the coast redwood Sequoia sempervirens. Because most research has
been performed in model or crop species in agricultural or fully artificial conditions,
investigating patterns of microbiome structure in a gymnosperm growing in a natural
forest setting will allow us to assess the universality of previously reported phenomena
related to the plant microbiome. We found that, as expected, soil chemistry and pH in
particular is a strong determinant of root-associated fungal communities. We also
demonstrated that forest continuity and heterogeneity influence the soil microbiome,
which shows that principles of landscape ecology can indeed be useful in deepening
our understanding of microbial ecology. Finally, we discovered that redwoods have
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specialized organs which function to morphologically compartmentalize symbiotic
arbuscular mycorrhizal fungi, which serves to highlight the need for holistic assessment
of factors influencing the plant root microbiome rather than a narrow focus on, for
instance, singular -omic techniques.

To build upon the theme of holistic rather than narrow microbiome investigations,
this research goes on to summarize an ambitious holo-omic characterization of how
sorghum and its microbiome interact with drought stress. Termed the EPICON Project,
this undertaking serves as an exemplary case-study of using multiple -omic techniques,
termed holo-omics, in order to better understand complex interactions governing
microbiome assembly and development. Specifically, this work highlighted the
correlation between a key metabolite, glycerol-3-phosphate (G3P), as well as
transcriptional response to reactive oxygen stress (ROS) mitigation, with reproducible
shifts in the sorghum root microbiome under drought. These findings serve as
testaments to the power of holo-omic studies in progressing the field of plant
microbiome research towards the ultimate goal of being able to engineer desired
phenotypes relevant to world agriculture as it faces climate change-induced challenges.

Finally, we used the lessons learned through holo-omic investigation of the
sorghum root microbiome in conjunction with novel plant transformation techniques and
the CRISPR-Cas9 gene editing system in order to provide a framework for future efforts
aimed at microbiome engineering. Although significant progress was made in improving
overall transformation efficiency in sorghum through the use of the morphogenic genes
Babyboom (BBM) and Wuschel (WUS), the successful editing of our target genes
remained elusive. Nonetheless, we hope that this work has helped lay the groundwork
for future efforts towards realizing an engineered plant root microbiome.
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Motivation

Unless significant changes and technological advancements are made, the
current food system could well collapse by 2050. Several intersecting emergencies are
due to converge right around the middle of this century: fishery collapse (Worm et al.
2006; Holsman et al. 2020), mineral phosphorus exhaustion (Smil 2000; Steen 1998;
Cordell, Drangert, and White 2009), groundwater depletion (de Graaf et al. 2019),
topsoil erosion (Dubois and Others 2011), and of course the greatest threat of all, rapid
anthropogenic climate change (Rosenzweig and Parry 1994; Asseng et al. 2015;
Hasegawa et al. 2018; Ray et al. 2019). As terrifying as this is, fretting over the future of
societal food supply is not a 21st century invention. Over two hundred years ago
Thomas Malthus was the first to envision a possibility where exponential population
growth outstrips arithmetic increases in agricultural production (Malthus 1809). Thus far
humanity has managed to avoid this fate thanks to scientific and technological
advances, most notably in the 1960s when classical breeding methods led to the
development of high yielding grain varieties during what is now referred to as the Green
Revolution (Khush 1999). The most important cultivars developed during this time are
the semi-dwarf varieties of rice and maize, which have been shown to possess
loss-of-function mutations in their gibberellic acid transduction pathways, leading to their
characteristically short stature and improved harvest index (Hedden 2003).

Although the breeding of these semi-dwarf high yielding varieties was
undoubtedly a landmark achievement in plant biology as well as a humanitarian
triumph, the process of finding noteworthy mutants and breeding them repetitively into
agricultural cultivars is a slow and laborious process. Today, these exact same mutants
could be generated much more rapidly with the application of genetic engineering,
which includes both transgene insertion and CRISPR/Cas9 editing. Sequence-specific
targeted gene editing utilizing CRISPR/Cas9 endonuclease technology allows for the
deletion of specified regions of the genome (Jinek et al. 2012), and can be used to
cause frame-shift knockouts in genes of interest. This means that the semi-dwarf
phenotype of the Green Revolution can be replicated with ease in a fraction of the time
it took to breed it into cultivars. The ability to edit genes has also expanded our ability to
investigate genes of unknown function, as they can be selectively knocked out in order
to observe phenotypic changes and provide the basic science groundwork for future
genetic engineering and breeding projects. This exploration is pivotal, as new
engineering technologies also require new engineering targets. Excitingly, the recent
breakthroughs in genetic engineering have coincided with advances in DNA sequencing
technology which allow for the investigation of a relatively unexplored yet increasingly
prominent aspect of plant biology: the microbiome (Caporaso et al. 2012).

Outside of the laboratory, no plant lives in isolation. Every individual plant in both
natural and agricultural systems is in constant contact and communication with a
diverse community of microbes - bacteria, fungi, archaea, viruses, and protists. This
community of plant-associated microbes is known collectively as the microbiome, and it
works in concert with the host plant to provide what is essentially a pool of additional
genomic possibilities. Because of the sheer diversity of soil microbes and their
participation in nutrient acquisition (Salas-González et al. 2020; Jacoby et al. 2017), the
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root microbiome presents a particularly dynamic and consequential interface of
plant-microbe interaction, often being compared to the human gut microbiome in terms
of both function and importance. Research has shown that the root microbiome has a
significant effect on plant health and productivity, being capable of protecting plants
against biotic stressors like pathogens (Compant et al. 2019; Saikkonen, Nissinen, and
Helander 2020) as well as abiotic stressors such as drought (Rodriguez et al. 2019; Xu
et al. 2018). Changes to the root microbiome can also directly modulate plant
development by influencing biomass accumulation (Santoyo et al. 2016;
Orozco-Mosqueda et al. 2018) and even flowering time (Panke-Buisse, Lee, and
Kao-Kniffin 2017). Therefore, the ability to engineer the microbiome, either through
genetic modification of the plant host or manipulation of the microbes themselves, has
the potential for multiple real-world applications, especially in agriculture. However, due
to technical limitations in addition to a dearth of basic biological knowledge, the
engineering of a microbiome to produce repeatable, desirable plant phenotypes has
remained elusive. During my thesis work, I attempted to move the field forward in three
areas I believe are foundationally crucial to both plant and microbiome engineering that
must be addressed before this lofty goal can be achieved. These are: 1) understanding
of the microbiome and the abiotic processes influencing it, 2) understanding how the
plant exerts control over its microbiome, and 3) developing tools to allow us to
genetically engineer more species of plants more easily in order to develop a more
informed understanding of the plant-microbiome relationship.

Understanding the Microbiome

The first knowledge gap that must be overcome on the path towards an
engineered microbiome is straightforward: we need a better understanding of the
microbiome itself. In particular, researchers need a more complete view of the microbial
taxa present in the microbiome as well as the elucidation of abiotic forces shaping their
community structure. To date, most plant microbiome research has been more focused
on discovering who is there, leveraging molecular techniques such as 16S and ITS
sequencing to determine which microbial taxa live with certain plants or in certain places
(Brunel et al. 2020; Griffiths et al. 2011; Terrat et al. 2017). Even nascent, purely
descriptive studies have already revolutionized plant biology and microbiology, revealing
an intricate ecosystem with thousands of taxa, many of which were completely unknown
until the advent of community metagenomics. We have learned that the soil harbors the
most complex microbial ecosystem on earth, and a multitude of these microbes interact
with and oftentimes live inside plants in the environment (Compant et al. 2019;
Fitzpatrick et al. 2020).

Recently, there has been more focus shifted towards investigating why those
taxa are present in particular environments, and how abiotic factors might influence
microbial community structure. For instance, (Xu et al. 2018) showed that the root
microbiome of sorghum (Sorghum bicolor (L.) Moench) undergoes predictable shifts in
bacterial community structure when the plant is subjected to drought stress, with
monoderm bacteria like Actinobacteria becoming more abundant while diderm bacteria
become less so. However, the fact that the discovery of such a dramatic effect was
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groundbreaking reveals that there is still a huge amount of basic research yet to be
done in order to expand our limited knowledge about the plant microbiome.

Nonetheless, cutting edge molecular techniques have begun to be applied to
plant microbiome research in order to more fully characterize and dissect the
interactions therein. In addition to their presence and abundance (Antunes et al. 2016),
metatranscriptomics, for instance, has allowed researchers to investigate the
transcriptional activity of microbes in an environment . This has led to the discovery of
novel regulatory mechanisms involved in microbial recruitment, such as iron
homeostasis (Xu, Dong, et al. 2021). Additionally, techniques have been developed to
extract complete microbial genomes from environmental samples, which should in the
future give researchers a better idea of the functions these organisms are performing
(Chen et al. 2020).

However, because plant microbiome research has been built on the foundation of
basic genetic research in plants, many pre-established biases have appeared in this
emerging field. For example, while model and agriculturally important crops have been
relatively well studied in artificial and manipulatable environments, only a few studies
have investigated the microbial communities interacting with long-lived plants in the
wild. Although drought-induced Actinobacterial enrichment has now been shown in a
diverse array of angiosperm species such as sorghum, rice, millet and arabidopsis as
well as chicory, amaranth, cinquefoil, asparagus, and other non-model organisms
(Fitzpatrick et al. 2018; Naylor et al. 2017), this pattern has only very recently been
reported in a gymnosperm species along a natural precipitation gradient at the
ecosystem scale (Willing et al. 2020). This study supports the idea that this
phenomenon of Actinobacterial enrichment under drought is a conserved response
universal to the entire plant kingdom, not just unique to angiosperms living in artificially
irrigated conditions. It also shows that while the lack of focus on long-lived and
wild-grown plants is excusable in plant molecular genetic research due to technical
limitations, many of these limitations do not actually apply to microbiome studies.
Generation time is immaterial, for example, since cross-breeding is not necessary. Plant
height is no longer an issue if the organisms are not being grown in greenhouses or
growth chambers. Because microbiome studies can be performed on any kind of
sample, I would argue that one of their greatest strengths is the fact that researchers
are now able to apply molecular genetic techniques to plant species previously
inaccessible to such studies, particularly large forest trees in their natural habitats.

Expanding the scope of plant microbiome research beyond easily manipulatable
artificial habitats will also allow the field to begin to address important unanswered
questions in plant-microbe interactions that simply do not apply to agricultural systems.
For instance, how does habitat loss and fragmentation impact the microbiome present
across an ecosystem? While an answer to this question will most likely not result in
direct agricultural yield increases, it might help ensure the health and functionality of the
world’s forests, which act as a carbon sink to help mitigate global climate change
(Sohngen and Mendelsohn 2003) while also being particularly vulnerable to the
detrimental effects of said climate change (Gauthier et al. 2015).

Clearly, a better understanding of how microbiomes interact with abiotic forces
has implications for agriculture as well as conservation and climate change mitigation
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and response, but another important question to be addressed is the amount of control
the plant exerts on its own microbiome structure. Any patterns of abiotic influence over
the microbiome will be out of context without being able to assess their interplay with
the physiology and genetics of the plants acting as hosts and carbon sources, so a
better understanding of the plants themselves is invariably required as well.

Understanding the Plant

As with any symbiosis, plant-microbiome interactions are bidirectional. The
microbial community can elicit phenotypic changes in the plant while the plant also
exerts some control over the microbes inhabiting the soil surrounding the root system as
well as the microbes living inside the roots themselves. While some obvious
microbe-induced phenotypes have been described, especially with regards to growth
promotion (Glick et al. 1999; Olanrewaju, Glick, and Babalola 2017; Santoyo et al.
2016) and disease suppression (Compant et al. 2005; Pascale et al. 2019), relatively
little is known about the mechanistic causes of these observed phenotypes. A handful of
high-profile plant-microbe interactions are well characterized at a molecular level, such
as with legume root nodule-inducing Rhizobia spp. (Oldroyd 2013; Qi Wang, Liu, and
Zhu 2018). Additionally, some speculation has been made about the role of plant
hormones either induced or produced by microbes influencing plant growth and vitality
(Foo et al. 2019; Spaepen 2015), but this phenomenon is neither fully understood nor
universally applicable. A better understanding of the microbial processes which elicit
desirable plant phenotypes would therefore facilitate more reproducible and consistent
elicitation of these phenotypes through human intervention, with the application of
engineered synthetic communities for example. However, because the
plant-microbiome symbiosis is bidirectional, it is equally important to investigate the
ways in which plant biochemistry, physiology, and morphology influence and exert
control over the composition of the microbiome.

With regards to biochemistry, the ability of plants to shape their microbiome
through the production and exudation of certain molecules has in fact been studied in
depth. This phenomenon is referred to as rhizodeposition, and it encompasses the
release of both primary and secondary metabolites into the surrounding soil.
Carbohydrates are a major component of these deposited compounds, taking the form
of sugars either exuded from the roots (Kawasaki et al. 2016; Traoré et al. 2000) or
traded endophytically with specific microbes like arbuscular mycorrhizal fungi (AMF) in
exchange for mineral nutrients (Roth and Paszkowski 2017),  as well as cell wall debris
sloughed off of the root cap as it penetrates the soil matrix (Dennis, Miller, and Hirsch
2010). The carbohydrates released from plants in these manners are not insignificant,
with some estimating up to 20% of a plant’s fixed carbon being exuded into the soil
(Sasse, Martinoia, and Northen 2018). Plants also exude amino acids (Moe 2013),
organic acids (Qin, Hirano, and Brunner 2007), fatty acids (Jiang et al. 2017), and other
secondary metabolites from their roots as well (Badri et al. 2008; Korenblum et al.
2020), all of which have the potential to influence plant microbiome composition and
function. Some of these secondary metabolites, particularly strigolactones, are even
known to be signalling molecules specifically used to attract beneficial microbes and
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establish symbioses (Lanfranco et al. 2018; Rehman et al. 2018; Oldroyd 2013).
Despite being relatively well studied, the biochemical influence on root microbiome
structure remains too convoluted to be fully understood, itself being influenced by plant
genotype but also abiotic factors such as drought as well as plant age, development,
and physiology.

Therefore, plant physiology and development are also becoming increasingly
recognized as important regulators of microbiome structure in their own right. Research
has shown for instance that the microbiome develops in a predictable way throughout
the life of a plant, but that this directional development is interrupted by the onset of
drought (Xu et al. 2018). Studies have also suggested that root architecture (Saleem et
al. 2018), the thickness of the suberized layer of the endodermis (Salas-González et al.
2020), and the nutritional status of the plant (Caddell, Deng, and Coleman-Derr 2019)
can all influence the root microbiome community composition. Interestingly, all of these
factors are also heavily influenced by abiotic factors such as drought (Redillas et al.
2012; Franke and Schreiber 2007; Y. Hu and Schmidhalter 2005), adding another layer
of complexity to the poorly understood confluence between plant physiology and the
microbiome.

In addition to biochemical and physiological factors shaping the root microbiome,
plant morphology has long been known to exert especially precise control over
endophytic microbes in particular. For instance, it is well understood that certain plants
produce specialized organs in their root systems called nodules which foster symbiotic
endophytes. Such root nodules have been shown to house Rhizobium spp. in legumes
(Oldroyd and Downie 2008), Frankia spp. in alders (Baker, Torrey, and Kidd 1979),
cyanobacteria in certain cycads (Gutiérrez-García et al. 2019), and AMF in southern
hemisphere conifers (Dickie and Holdaway 2011; Padamsee et al. 2016). Some
microbe-related morphological changes are even more subtle than these, such as the
transition to dichotomous root branching induced by ectomycorrhizal fungi (EMF) in
Pinus spp. (Heller et al. 2012). Additionally, some plant pathogens are known to elicit
macro-scale morphological changes in their hosts, one example being the induction of
pseudoflowers in Arabis spp. by the rust fungus Puccinia monoica (Roy 1993). With the
exception of root nodules in legumes, the underlying genetics behind these myriad
microbe-induced morphological changes are very poorly understood, as are their
contributions to overall plant health. What is more, because these morphological
microbiome-filtering mechanisms are often subtle and underground yet pervasive
across the plant kingdom, while encompassing microbial partners across multiple
kingdoms, it stands to reason that more of these specialized structures exist and are
waiting to be discovered.

Truly, the ability to interrogate and understand the genetic bases underlying the
biochemical, physiological, and morphological strategies plants use to shape their
microbiomes is of utmost importance, as this will allow researchers the ability to
engineer microbiomes by engineering the plants. Considering what we know about the
importance of the microbiome to plant health, many agricultural applications of this
technology already exist, as well as await discovery. Unfortunately however, an
oftentimes extreme genotype dependency halters current plant transformation
capabilities, with even important crop species such as maize having only a few specific
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cultivars which can be transformed (Yadava et al. 2016). Because many agriculturally
relevant cultivars are therefore unable to be transformed, expanding the number of
genotypes amenable to transformation is necessary to engineer plant microbiomes
which are themselves agriculturally relevant.

Ability to modify difficult-to-engineer plants

As stated previously, genetic engineering through plant transformation is a
technology that can be used to develop new cultivars with agriculturally relevant
phenotypes, but this technology is also equally impactful in terms of studying unknown
gene function in order to lay the groundwork for future crop improvements. For instance,
Agrobacterium tumefaciens-induced gene transformation has been utilized to develop
the most complete T-DNA knockout library available to the plant biology community in
the model dicot plant, Arabidopsis thaliana (Berardini et al. 2015). This resource has
allowed researchers the ability to investigate the function of every single gene in the
Arabidopsis genome in order to make hypotheses about gene function across the plant
kingdom. This monumental contribution to the field was made possible in part by the
fact that Arabidopsis is among the easiest plant species to transform, thanks to its
amenability to the floral dip method (Clough and Bent 1998). Unfortunately, the vast
majority of plant species have proven infinitely more difficult to genetically engineer,
especially when considering monocot species such as cereal crops (Cheng et al. 2004).
This is due at least in part to Agrobacterium’s native range as a plant pathogen being
limited almost exclusively to eudicots (De Cleene and De Ley 1976). However,
additional factors, such as the strain of Agrobacterium, the choice of selection methods,
the appropriate explant type, the composition of culture media, and the availability of
amenable plant genotypes, have caused Agrobacterium-mediated gene transformation
success in monocots to lag far behind its application in eudicots (Hiei, Ishida, and
Komari 2014).

Moreover, because the monocot genotypes actually amenable to transformation
have until recently not been the elite lines grown agriculturally, any engineered
phenotypes must be repetitively backcrossed into those lines in order to achieve any
real-world impact. This significantly dampens the benefit of genetic engineering in terms
of accelerating the production of new agriculturally relevant cultivars. Nevertheless, a
recent breakthrough in transformation technology incorporating the developmental
regulators Babyboom (BBM) and Wuschel (WUS) has the potential to greatly expand
the range of monocot genotypes amenable to transformation, with the added benefit of
greatly decreasing the amount of time required to generate engineered lines (Lowe et
al. 2016).

Both BBM and WUS are transcription factor master regulators of cell
proliferation. BBM controls cell proliferation during embryogenesis (Boutilier et al. 2002),
while WUS is integral to the maintenance of a reservoir of pluripotent stem cells within
the shoot apical meristem (Laux et al. 1996). The tightly regulated overexpression of
these two genes in maize led to the spontaneous generation of somatic embryos
growing directly from cells on the outer surface of the explant tissue (Lowe et al. 2016).
This strategy not only obviated the need for a lengthy tissue culture process progressing
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through a callus phase that often leads to somaclonal variation (Bregitzer, Halbert, and
Lemaux 1998), it has also allowed for the transformation of maize and sorghum
genotypes which were previously recalcitrant (Mookkan et al. 2017; Che et al. 2018;
Lowe et al. 2018). The BBM/WUS-assisted strategy of plant transformation therefore
has revolutionized plant genetic engineering as well as gene function investigations,
which are crucial for understanding the large number of genes of unknown function.
Consider the fact that sorghum has numerous sequenced genomes, but around half of
its genes lack any kind of functional annotation whatsoever. The ability to manipulate
and study its genes, outside of the constraints of genotype dependence in
transformation, would pave the way for future basic research as well as improved
cultivars for agriculture.

Although the tools used to study the microbiome are plant genotype agnostic, the
microbiome itself is undoubtedly influenced by plant species and cultivar differences
(Simonin et al. 2020; Stopnisek and Shade 2021; Cregger et al. 2018)). The ability to
study and engineer plants, therefore, needs to be possible regardless of plant genotype
if researchers are to be able to engineer the plant microbiome in the pursuit of food
security. Overcoming limitations to the plant transformation process therefore truly
represents one of the last hurdles in the way of engineering the root microbiome.

Conclusion

The confluence of a panoply of dire threats to humankind’s food system in the
21st century requires a coordinated effort by the scientific community to imagine
creative solutions aimed at mitigating their effects in order to ensure the survival of our
species and society. In less than a decade, the emerging field of plant microbiome study
has shown exceptional potential for the discovery of novel avenues towards increased
food security. Considering what we already know about the impact the microbiome can
have on plant health and fitness, the ability to engineer reproducible microbial
community phenotypes would help translate theoretical understandings into
agriculturally relevant solutions. Presently however, three distinct aspects of plant and
microbial biology still need further investigation before engineered microbiomes can
become a reality. Put simply, we need to know what microbial taxa comprise the
community, determine what biotic and abiotic signals determine their presence, and also
acquire the technical ability to modulate these signals and affect desired plant
phenotypes. My thesis work addresses all three of these avenues aimed towards an
engineered microbiome. Specifically, investigating abiotic influences on the coast
redwood (Sequoia sempervirens) fungal microbiome reveals correlations between forest
connectivity and microbiome community structure. However, the characterization of a
previously unknown nodule-like structure housing symbiotic fungi found along redwood
roots also reminds us that plants have multiple mechanisms to select for beneficial
microbes and buffer against abiotic factors influencing their microbiome structure
(Chapter 2). The use of multiple -omic techniques to identify genes and metabolites
potentially involved in microbiome structuring in sorghum illustrates the utility of
holo-omics and the necessity to renew focus on integrating various investigatory
platforms to develop more complete and evidence-based hypotheses around plants’
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control over their microbiomes, particularly under adverse conditions such as drought
(Chapter 3). Finally, development of the BBM/WUS developmental gene transformation
method in sorghum to radically enhance transformation speed and efficiency paves the
way for being able to genetically transform a much wider spectrum of plant genotypes
and facilitate future exploratory studies aimed at gene function as well as attempts to
engineer microbiome-relevant plant phenotypes (Chapter 4).
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Chapter 2
Keep your friends close: Host compartmentalization of microbial communities

facilitates decoupling from patterns of island biogeography
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Contributions
The contents of this chapter are derived from a collaboration with Dr. Claire Willing, a
former graduate student in the lab of Dr. Todd Dawson. The entire chapter represents a
manuscript currently in review that I am listed as co-first author with Dr. Claire Willing.
The full citation for said manuscript is as follows: Willing, C. E.*, Pierroz, G.*, Guzman,
A., Anderegg, L.D.L., Gao, C., Coleman‐Derr, D., Taylor, J, Bruns, T.D, and Dawson, T.
E.. Keep your friends close: Host compartmentalization of microbial communities
facilitates decoupling from patterns of island biogeography. In revision at Ecology
Letters; (“*”indicates co-first authorship). The contributions of each co-author are as
follows: C.E.W., G.P., T.D.B., and T.E.D. planned and designed the research. C.G.,
D.C.D., and J.W.T all contributed substantially to the design of molecular methods and
A.G. and L.D.L.A contributed substantially to statistical design and spatial methods used
to assess landscape heterogeneity. C.E.W. conducted field and lab work for the
biogeography aspects of the study and C.E.W. and G.P. performed field and lab work
for the rhizonode component of the study. C.E.W. analyzed and interpreted the data
with important contributions from G.P., A.G., L.D.L.A, and C.G.. The manuscript was
written by C.E.W. and all coauthors provided important contributions and critical
revisions. All authors approve of the final version of this manuscript. In the next section,
I more fully outline in narrative style my specific contributions to this work.

The California coast redwood (Sequoia sempervirens) is an iconic, relictual tree
species which represents an economically important timber species that is also listed as
endangered by the International Union for the Conservation of Nature (Farjon and
Schmid 2017). For these two reasons, ensuring the health and productivity of redwood
forests, especially in the face of rapid anthropogenic climate change, is of utmost
importance. A growing body of research has revealed that the plant root microbiome is
a critical determinant of plant health, being shown to promote growth in the face of biotic
(Compant et al. 2019; Saikkonen, Nissinen, and Helander 2020) as well as abiotic
stress (Rodriguez et al. 2019; Xu et al. 2018). Therefore, in order to characterize the
redwood root microbiome, my collaborator Dr. Claire Willing sampled root and soil
samples from eight sites encompassing the entirety of the redwood’s natural range, and
she extracted microbial DNA from these samples. She used this DNA to amplify and
sequence an ITS2 amplicon sequencing library to assess the fungal component of the
microbiome, while I used the same DNA samples to amplify and sequence a 16S
amplicon sequencing library to assess the bacterial component of the microbiome. Initial
analysis of the 16S amplicon data revealed that a Bradyrhizobium sp. was the most
abundant taxon in the community. Because some Bradyrhizobium spp. are known to
nodulate certain legume species, we decided to investigate the nodule-like structures,
hereafter referred to as “rhizonodes”, present on redwood roots in greater detail.

Upon learning from my collaborator Dr. Willing that redwood roots harbor these
rhizonodes, I set out to determine whether they were in fact morphologically distinct. I
collected tissue samples from redwood trees growing outside the Plant Gene
Expression Center (PGEC) in Albany, CA and imaged them under a dissecting
microscope. Because the rhizonodes did indeed appear distinct from true lateral roots
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even at low magnification (Fig. 4a), I collected additional samples and washed,
embedded, fixed, sectioned, stained, and imaged them on a compound microscope to
analyze anatomical differences. This analysis revealed that the rhizonodes lacked a root
cap and appeared determinate, i.e. all of the cells were differentiated and fully
expanded and there was no remaining meristematic tissue at the rhizonode tips (Fig
4b-c). Microscopic investigation also revealed an abundance of fungal hyphae within the
cortices of the rhizonodes in addition to Glomeromycotina-type spores, both of which
were lacking from any root samples that were imaged (Fig. 4d-f). These initial
observations provided rationale for designing metagenomic experiments to assess
potential differences in the fungal microbiome composition between rhizonodes and true
roots.

A pilot program was carried out in which I collected three samples from three
redwood trees again outside the PGEC in Albany. These tissue samples were washed,
and the rhizonodes were manually separated from the roots. DNA was extracted from
the roots and separated rhizonodes, and both 16S and ITS2 amplicon sequencing was
carried out. Although the 16S sequencing did not yield any exciting results, the ITS2
results demonstrated that rhizonodes contained a much higher proportion of reads
assigned to the Glomeromycotina, and indeed nearly all of the reads assigned to the
Glomeromycotina were exclusively present in rhizonode samples. We therefore
hypothesized that the rhizonodes function as morphologically distinct domiciles of
symbiotic arbuscular mycorrhizal fungi (AMF).

In order to test this hypothesis using a more robust dataset from a natural,
redwood-dominated forest, Dr. Willing and I returned to a site she had sampled
previously, the Big Creek UC Reserve in Big Sur, CA. There we collected four root,
rhizonode, and soil samples from six different trees. These samples were subsequently
processed, amplified, and sequenced to provide ITS2 amplicon sequencing results for
the roots, rhizonodes, and soil. This final dataset reflected the previous results, but with
much higher statistical and methodological certainty. Once again, the rhizondes
contained a much higher proportion of AMF-assigned DNA reads and over 90% of all of
the AMF reads from the entire study were found in rhizonode samples (Fig. 6a). All of
this evidence led us to the conclusion that rhizonodes are indeed morphologically
distinct structures which have evolved to house symbiotic AMF. They may even function
to compartmentalize these important fungi and provide a specialized environment to
facilitate symbiotic nutrient exchange between the tree and the fungus, analogous to the
well-characterized rhizobium-associated nodules of various legume species in the
Fabaceae.
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Abstract

Root-associated fungal communities modify the climatic niches and even
competitive ability of their hosts, yet how the different components of the root
microbiome are modified by habitat loss remains a key knowledge gap. Using principles
of landscape ecology, we tested how free-living versus host-associated microbes might
differ in their response to landscape heterogeneity. Further, we explore how
compartmentalization of microbes into specialized root structures might filter for key
fungal symbionts. Our study demonstrates that free-living fungal community structure
correlates with landscape heterogeneity, but that host-associated fungal communities
depart from these patterns. Specifically, biotic filtering in roots, especially via
compartmentalization within specialized root structures, decouples the biogeographic
patterns of host-associated fungal communities from the soil community. In this way,
even as habitat loss and fragmentation threaten fungal diversity in the soils, plant hosts
exert biotic controls to ensure associations with critical mutualists, helping to preserve
the root mycobiome.

Introduction

Island biogeography theory (IBT) has greatly enhanced our understanding of
fungal ecology in recent decades. Seminal work has demonstrated the importance of
forest “island” size in predicting the number of fungal species observed (Peay et al.
2007). However, while IBT introduces ideas of area and isolation as important factors in
determining diversity, global change (including deforestation) necessitates that we move
beyond IBT to consider the “quality” of islands (Laurance 2008). Few studies have
explicitly considered the role of landscape fragmentation or host-availability in the
structure of microbial communities, nor whether host-associated versus free-living
microbial communities respond to the same landscape-level drivers (Vannette, Leopold,
and Fukami 2016; Mony, Brunellière, et al. 2020). Root microbiomes in particular play a
critical role in expanding host climatic niche and biogeographic distribution (e.g. the
mutualistic niche; (Afkhami, McIntyre, and Strauss 2014; Peay 2016), and the different
components of microbiomes (e.g. saprotrophs, symbiotrophs) may be governed by
different drivers of community assembly and have different functional consequences for
plants. Incorporating landscape heterogeneity into fungal ecology therefore provides an
opportunity to advance our understanding of both fungal and plant ecology (Mony,
Vandenkoornhuyse, et al. 2020).

Some fungi exist as free-living or facultative associates with plant hosts whereas
others are obligately host-associated, depending on hosts for growth and reproduction.
Therefore, free-living fungi are likely filtered by the abiotic soil environment (e.g. nutrient
availability), while host-associated fungi occupy a somewhat buffered habitat where
biotic filtering (e.g. host selection) plays an additional role in structuring these
communities (Nuccio et al. 2016, 2020; Coleman-Derr et al. 2016; Goldmann et al.
2016). As a result, we predict that host-associated symbiotrophic fungal communities
demonstrate some degree of decoupling from biogeographic patterns observed for
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free-living fungal communities. However, few studies have tested whether these filtering
processes for free-living versus host-associated fungi are ultimately shaped by changes
in the surrounding landscape, such as habitat loss and fragmentation (Vannette,
Leopold, and Fukami 2016; Mony, Brunellière, et al. 2020). For plant hosts, processes
that result in the loss of fungal diversity, especially among fungal mutualists, may have
negative consequences for their competitive ability (Peay 2018).

Strong biotic selection, including through processes such as
compartmentalization, or the evolution of morphological structures that isolate
mutualists, may result in different patterns of fungal biogeography (Chomicki et al.
2020). By facilitating further discrimination among partners, the theory of
compartmentalization predicts that microbial communities sequestered into specialized
structures experience decreased competition and enhanced reproduction, which might
alter biogeographic patterns of microbial associates. For instance, the N-fixing bacteria
found in compartments (nodules) of Alnus species do not demonstrate classic
biogeographic patterns despite the broad geographic range of this host (Higgins and
Kennedy 2012). Additionally, in the presence of strong competition in the rhizosphere,
compartments may play a crucial role in ensuring colonization of hosts by particular
microbial mutualists. A number of tree species associated with symbiotic,
root-associated arbuscular mycorrhizal fungi (AMF) form nodule-like outgrowths on their
roots (Grand 1969; Beslow, Hacskaylo, and Melhuish 1970; Dickie and Holdaway 2011;
Schwendemann et al. 2011; Padamsee et al. 2016; Nunes et al. 2020), possibly
representing an additional example of compartmentalization, but their role in fungal
community assembly and biogeography has yet to be investigated.

The coast redwood forest represents a critical forest system threatened by
habitat loss, fragmentation, and climate change, where fungal community ecology
remains largely unstudied (Mejstrik, Kelley, and Others 1979; Noss 1999; Johnstone
and Dawson 2010; Van Pelt et al. 2016). As a foundational tree species, the coast
redwood (Sequoia sempervirens, D. Don) currently occupies its narrowest range in the
past 140 million years and logging has resulted in a 95% decline in redwood habitat
(Noss 1999). The present study tests how changes in the coast redwood habitat
structures fungal community composition in these forests (Mejstrik, Kelley, and Others
1979; Adams et al. 1990; Afek et al. 1994). In addition, we report for the first time that
swollen, nodule-like structures (herein “rhizonodes”) are present on redwood roots,
raising questions about their role in compartmentalization of fungal mutualists in the
face of habitat loss and fragmentation. Specifically, we address three hypotheses: (H1)
that the extent of redwood habitat cover (percent redwood cover) and habitat
fragmentation (edge density, EDG) will drive structure and richness of soil fungal
communities; (H2) that fungal community structure associated with redwood roots will
be decoupled from biogeographic patterns found for soil fungi as a result of strong biotic
filtering; and (H3) that compartmentalization will further facilitate biotic filtering of the
fungal community by enriching for symbiotrophic taxa in rhizonodes. Additionally, we
test if rhizonodes explicitly compartmentalize AMF, akin to a mycorrhizal version of an
N-fixing nodule.
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Materials and Methods

Site descriptions
The geographic range of S. sempervirens extends from the central California

coast, USA to just north of the Oregon border (36.08°N, 121.60°W to 41.77°N,
124.11°W) in a narrow band characterized by mild temperatures and coastal fog water
inputs. We sampled a transect of 8 sites spanning this range based on an established
plot network (Van Pelt et al. 2016). Further environmental information can be found in
the Supplemental Information.

Sampling description
We collected soil and root samples for the biogeographic component of this study

in fall of 2015 as previously described (Willing et al. 2020). Briefly, 16 soil cores (15 cm
deep and 8 cm diameter) were collected at each site between September and October
2015. Soil cores were collected in a nested design from four trees within each 100 m by
100 m plot and samples were taken in the four cardinal directions around each tree at 3
m from diameter at breast height (DBH) (see Fig. 1). Details, including our assessment
of soil chemistry, can be found in the Supplemental Materials. After repeatedly
discovering rhizonodes on root samples during initial sampling, we collected additional
samples for both morphological and molecular analysis of fungal communities. For
morphological characterization, root and rhizonode samples were collected from mature
redwood trees near Albany, CA in April 2018. Roots with attached rhizonodes were
immediately sonicated in epiphyte removal buffer (Simmons et al. 2018), then washed 3
times in sterile water. A subset of tissue was imaged immediately but most was
embedded in 7% agarose gel, fixed in formalin-aceto-alcohol (FAA) overnight, then
rehydrated the next day. To compare the fungal community between the different
components of the symbiotrophic system (root, rhizonodes, and soil), we collected
samples from Site 8 (Landels-Hill Big Creek Reserve) in November 2019 in an identical
manner as in the biogeographic component of the study except that the sampling was
expanded to include a total of 6 trees.

Landscape metrics
Several landscape metrics were calculated to quantify the availability of redwood

habitat around the sampling sites and the heterogeneity or patchiness of their spatial
distribution. To do this, 10 km radius buffer zones were calculated around the midpoint
of each plot in R version 4.0.0 (R Core Team 2020) based on the scale at which
dispersal limitation becomes important for fungi (Peay, Kennedy, and Talbot 2016).
Geodesic buffers were calculated using the geosphere (Hijmans 2019) and sp
(Pebesma and Bivand 2005)(Pebesma & Bivand 2005) packages in R. Landcover data
were then extracted for each of these buffer zones based on the National Land Cover
Dataset for California (National Terrestrial Ecosystems 2011 imagery), courtesy of the
U.S. Geological Survey. Metrics of landscape heterogeneity were calculated at 30 m by
30 m resolution using the landscapemeterics package in R (Hesselbarth et al. 2019).
Habitat cover was calculated as the percentage of redwood cover for each buffer area
to capture total redwood habitat available in the distribution zone, irrespective of spatial
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distribution. Edge density, the total length of habitat edges over the total area (perimeter
to area ratio), was used as a metric of habitat fragmentation for each buffer zone.
Largest patch index, the size of the largest patch comprised by a single habitat type,
was included as a measure of dominance. As the diversity of landcover types might
correspond to shifts in fungal diversity, landcover diversity indices (Shannon’s diversity,
Simpson’s diversity, landcover richness density) were calculated.

DNA extractions
Soil cores were sieved to 2 mm and 0.25 g of soil was collected into PowerSoil

buffer (MoBio, Carlsbad, CA, USA, now Qiagen). “Rhizosphere soil” generally refers to
the soil that is adhered to the outside of roots and “bulk soil” refers to soil proximate to
roots (e.g. (Nuccio et al. 2020)), thus our soil samples are considered bulk soils despite
their proximity to an abundance of roots in these soil cores. Soils were immediately
processed according to manufacturer’s instructions and soil DNA was stored at -80°C.
For the biogeographic component of this study, we collected fine roots (which included
rhizonodes) from the same core as soils and 0.70 g of roots were washed in running
distilled water 5 times to remove particles adhered to the root surface. Root samples
from the biogeographic component of the study contained both root and rhizonode
tissue (due to the abundance of these structures on redwood roots); we herein refer to
these samples as “root systems.” These samples were frozen at -80°C prior to DNA
extractions. We ground root systems in liquid nitrogen using mortars and pestles and
transferred them into PowerSoil buffer. For the rhizonode component of the study, we
manually separated rhizonodes from roots with sterilized forceps, then placed them into
1.5 mL tubes and flash-froze in liquid nitrogen. Rhizonode tissue was more limited due
to their small size, therefore we collected 0.25 g of soil, 0.25 g of root tissue and 0.10 g
of rhizonode tissue for comparisons of the fungal community across these samples.
Extractions were carried out according to manufacturer’s instructions. The concentration
of extracted DNA was quantified using a Nanodrop One/One (Thermo Fisher Scientific,
Waltham, MA, USA). Samples were randomized in 96-well plates (including negative
PCR controls and DNA extraction controls) and DNA was diluted to 10 ng/µL for the
biogeographic component of the study and 3.3 ng/µL for the rhizonode component of
the study (due to more limited tissue availability).

Molecular identification of species
The PCR primers used in this study target the ITS2 rRNA region with a fragment

length between 267-511 base pairs (BP) (Taylor et al. 2016); we specifically selected
these primers as they have successfully been used to study AMF communities (Gao et
al. 2019). In our study, the 5.8S-Fun and ITS4-Fun primers included heterogenicity
spacers (0-8BP) to improve the sequencing quality and contained 12 BP barcodes,
linkers, and pads for single step PCR (Lundberg et al. 2013). For PCR conditions,
please refer to the Supplementary Materials. Bioanalyzer traces were used to determine
products were of the correct length and purity. Paired-end (2 x 300 bp) sequencing was
performed on the Illumina Miseq V3 platform (Illumina, San Diego, CA, USA) at The
California Institute for Quantitative Biosciences (QB3) at the University of California,
Berkeley.
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Sequencing data were processed using the AMPtk pipeline (Jusino et al. 2019).
Briefly, we merged reads, trimmed primers, and removed PhiX. Reads were then
clustered into operational taxonomic units (OTUs) at 97% sequence similarity and
filtered to remove chimeric reads, singletons, and index bleed at a 0.005% rate as per
AMPtk standards. We assigned taxonomy using AMPtk’s hybrid approach, which uses
Bayesian methods to select consensus lineages between Global Alignment, UTAX, and
SINTAX (Jusino et al. 2019). To correct for over-splitting (especially important for AMF
taxa using the ITS2 region), the rhizonode data were then processed using the LULU
algorithm within the AMPtk pipeline (Frøslev et al. 2017). OTUs were parsed into
ecological guilds using FUNguild, with 49.3% of OTUs assigned to a guild (Nguyen et
al. 2016). Sequences were submitted to the National Center for Biotechnology
Information Sequence Read Archive under Accession no. PRJNA530796.

Statistics
All data were analyzed in R version 4.0.0 (R Core Team 2020). Phyloseq was

used to import sequencing data (McMurdie and Holmes 2013). Non-fungal reads (e.g.
plant DNA) were removed by filtering for reads that matched to Kingdom Fungi. After
filtering, we identified 4,334 OTUs in the biogeography portion and 2,420 OTUs in the
rhizonode portion of the study. Data were rarefied to 1000 sequencing reads per sample
for the biogeography study and 2000 reads per sample for the rhizonode study, which
allowed us to retain approximately 90% of our samples across the study. After
rarefaction, the biogeography component of the study retained 111 of 128 root system
samples and 118 of 128 soil samples. Two of 72 samples were dropped from the
rhizonode portion of the study after rarefaction.

To test our hypothesis (H1) that total habitat cover and fragmentation correlate
with community structure, we used generalized-dissimilarity modeling (GDM) to test the
strength of the relationship between fungal community structure and habitat cover and
fragmentation compared to biogeographic, climatic, and soil chemistry data (Manion et
al. 2017). GDM accounts for non-linear fits of community dissimilarity (Bray-Curtis
dissimilarity was used here) across individual environmental and geographic gradients
within a single model (Glassman, Wang, and Bruns 2017; Daws et al. 2020; Willing et
al. 2020). The full models included geographic distance, redwood cover (percent of
redwood cover in buffer zone), habitat fragmentation (edge density; EDG), actual
evapotranspiration (AET), minimum mean winter temperature (DJF) and maximum
mean summer temperature (JJA), soil pH, cation exchange capacity (CEC), C:N ratios,
phosphorus concentrations in soils, and climatic controls on decomposition rates (k);
see Supplementary Materials for a further description of soil chemistry determination.
Backwards elimination of GDM predictor variables was performed with the “gdm.varImp”
function (Manion et al. 2017) and the most parsimonious models are reported.
Non-metric multidimensional scaling (NMDS) was used to visualize differences in
community structure using rarefied data and Bray-Curtis distances. Nested
PERMANOVA using site of origin, sample type, and interaction between those factors
was used to test for differences in fungal community structure using the “adonis”
function in vegan (Oksanen et al., n.d.). FUNguild assignments were used to parse the
different fungi by trophic mode (saprotrophs, pathogens, and symbiotrophs) and we
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extracted the AMF component by filtering for fungal taxa that keyed to the Phylum
Glomeromycota (now Subphylum Glomeromycotina). GDMs were also constructed for
the different fungal trophic modes and for AMF specifically. The AMF community found
in the soil was at very low abundance, so we did not report these values as the GDMs
constructed were based on very sparse data.

To investigate patterns of fungal beta-diversity, we used the “beta.pair” function
with Jaccard dissimilarity from the betapart package, which partitions beta-diversity into
components of turnover (species replacement) and nestedness (species losses)
(Baselga 2012; Baselga et al. 2017). Shifts in beta-diversity are typically driven by either
species replacement (turnover) or predictable loss/gain of species (nestedness), where
species at less diverse sites are a consistent subset of the species found at sites with
greater diversity; the relative importance of these different processes has implications
for management and restoration practices (Socolar et al. 2016). Mantel tests compared
turnover and nestedness across shifts in redwood cover and geographic distance (the
two parameters that were retained in the GDM model) using the ecodist package in R
(Goslee and Urban 2017).

Where habitat fragmentation was greater, we predicted more variation in fungal
community structure (beta-dispersion) (Anderson et al. 2011). We calculated
beta-dispersion using the “betadiver” function in vegan (Oksanen et al., n.d.).
Linear-mixed effects models were used to test which parameters corresponded to shifts
in beta-dispersion using the lme4 package in R (Bates 2010). First, full models were
compared using climatic controls on decomposition (k), EDG, redwood cover, and
latitude, including interactions of these variables with sample type (root systems versus
soils) and a random effect of site. Both Akaike information criterion (AIC) and Bayesian
information criterion (BIC) scores were compared for candidate models fit using the full
maximum likelihood. The most parsimonious models (those with the lowest AIC and BIC
scores) were selected and the full model was compared to reduced models using the
“anova” function in R. We then refit the most parsimonious model using restricted
maximum likelihood. Metrics of alpha diversity were calculated in phyloseq using the
“estimate_richness” function. Linear mixed effects models were used as described
above to compare patterns for both observed richness and Shannon diversity with EDG,
redwood cover, k, and soil pH.

To test our second hypothesis (H2) that fungal community structure associated
with redwood roots is more decoupled from biogeographic patterns found for soil fungi,
we used the same analyses (e.g. GDM and mixed effect models with landscape and
environmental predictors) as described for soil fungi but applied them to the root system
communities.

For our third hypothesis (H3), that compartmentalization will further facilitate the
biotic filtering of the fungal community by enriching for symbiotrophic taxa, we
compared the fungal community structure between soil, root, and rhizonode samples.
We visualized these data using NMDS based on Bray-Curtis dissimilarity. We then used
PERMANOVA as above with sample type (root, soil, rhizonode) and tree individual as
fixed effects. A post-hoc test was performed using the “pairwise.adonis2” function from
the pairwiseAdonis package in R (Arbizu n.d.). Species richness between these sample
types was compared as above. To test if rhizonodes explicitly compartmentalize AMF,
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the proportion of AMF between these different sample types was compared using an
ANOVA with the “aov” function. Differences across samples were assessed with a
post-hoc Tukey test. Lastly, we ran indicator species analyses using the IndVal function
from the labdsv package (Roberts and Others 2007). All reported statistics and figures
are based on rarefied data and Bray-Curtis dissimilarity, unless otherwise noted.

Results

Habitat cover and fragmentation drive soil fungal community structure
Throughout the redwood range, we identified 2304 fungal OTUs in soils. The

fungal community in soils differed significantly by site (PERMANOVA; F7,110=5.2339,
R2=0.250, P<0.001; Fig. S1). After rarefaction to 1000 reads per sample, we found an
average of 77 OTUs per rhizosphere soil sample. In support of our first hypothesis (H1),
we found that, in addition to geographic distance, redwood cover in the 10 km buffer
zones was an important predictor of soil fungal community structure (Fig. 2a, Table S2).
Additionally, habitat fragmentation (edge density; EDG) best predicted both observed
fungal richness (linear mixed effects; marginal R2= 0.069, slope=-0.190, P=0.071) and
the Shannon index of fungal diversity (linear mixed effects; marginal R2= 0.115,
slope=-0.001, P=0.002; Fig. 2b, Table S4).

After partitioning beta-diversity into components of turnover and nestedness, we
found that differences in fungal community structure were comprised in large part by
species replacement (turnover) across geographic distance and redwood cover (Mantel
R=0.491; p=0.001 and Mantel R=0.406; p=0.001, respectively). Species losses
(nestedness) accounted for a smaller but still significant portion of the differences in
community structure across shifts in redwood cover (Mantel R=-0.200, p=0.001) and
geographic distance (Mantel R=-0.233, p=0.001). While the saprotrophic community
showed strong geographic patterns of turnover (Fig. S2a; Table S5), the symbiotrophic
component of the soil community accounted for patterns of turnover associated with
shifts in redwood cover and EDG (Fig. 2a; Table S6). Particularly sharp rates of turnover
in the symbiotrophic community were observed both as redwood cover dropped below
20% and as redwood cover exceeded 50% in the 10 km buffer zones around each plot.
Interestingly, turnover in the pathogenic component of the community did not
correspond to either shifts in redwood cover or geographic distance, but rather with
habitat fragmentation (EDG) and annual precipitation (PPT) (Fig. S2b; Table S7).

Counter to our prediction, patterns of beta-dispersion were best predicted by
climatic controls on decomposition (k), where lower rates of decomposition
corresponded to higher rates of dispersion (linear mixed effects; marginal R2= 0.117,
slope=-0.200 P<0.001; Fig. 2c). This indicated that where rates of decomposition were
slowest, the structure of the soil fungal community was most variable.

Fungal communities in root systems do not follow patterns of habitat cover or
fragmentation

In root systems throughout the redwood range, we observed 1484 fungal OTUs.
After rarefaction to 1000 reads per sample, root samples averaged 54 OTUs per
sample. Root systems differed significantly by site (PERMANOVA; F7,103=3.678,
R2=0.200, P<0.001; Fig. S1, Table S8). However, in support of our second hypothesis
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(H2), patterns of fungal community structure in redwood root systems were not
predicted by metrics of landscape heterogeneity, but geographic distance was an
important predictor of shifts in root system community structure. While percent redwood
cover was an important predictor of fungal community in the soil, soil pH (but not
percentage redwood cover) emerged as an important predictor of root system
community structure (Fig. 3a, Tables S9-S10). The AMF component of the root systems
followed similar overall patterns to those observed for the total fungal community found
in roots (Fig. 3a). The difference in fungal community structure in root systems across
soil pH and geographic distance was driven by both species turnover (Mantel R=0.3764;
p=0.001 and Mantel R=0.3827; p=0.001, respectively) and, to a lesser degree,
nestedness (Mantel R=0.1942, p=0.001 and Mantel R=0.2150, p=0.001, respectively).

While habitat fragmentation was an important predictor of patterns of observed
species richness for soil fungi, neither landscape fragmentation (EDG) (P=0.984; Table
S11) nor soil pH (P=0.287) corresponded to patterns of fungal richness for root systems
(Fig. 3b, Table S3). The observed number of species and Shannon richness did differ by
site (F7,103=3.586, P=0.002 and F7,103= 4.916, P<0.001, respectively), however these
differences did not correspond to any of our predictor variables. As was observed in
soils, k best predicted patterns of beta-dispersion for root systems, where lower rates of
decomposition corresponded to higher rates of dispersion (linear mixed effects;
marginal R2= 0.117, slope=-0.200 P=0.002; Fig. 3c).

Compartmentalization facilitates biotic filtering and enriches for symbiotrophic
AMF taxa

Rhizonode compartments were determined to be morphologically distinct from
adjacent root tissue (Figs. 4a, S5a). Ranging from ovoid to conical and 1 to 5 mm in
length, rhizonodes were lighter in color than the adjacent root tissue. Microscopic
analysis revealed that rhizonode structures emerge from the endodermis and contain a
vascular cylinder like roots, but lack a root cap or root apical meristem (Fig. 4a), two
features apparent in true roots (Fig. 4b). Cortical cells in rhizonodes appear to contain
coils of fungal hyphae (Fig. 4c) as well as fungal spores (Fig. 4e) indicative of a
Paris-type AMF symbiosis (Dickson 2004). Interestingly, we did not observe these
typical attributes of AMF colonization in other components of the redwood root system
(Fig. 4b).

Host filtering and compartmentalization play important roles in structuring fungal
communities associated with root systems, which may explain the relative conservation
of fungal communities in root systems, even across habitat fragmentation and shifts in
host availability. Roots showed clear patterns of biotic filtering from the soil environment
(Pairwise-PERMANOVA R2= 0.131, P<0.001; Fig. 5; Table S12) and rhizonodes hosted
distinct fungal communities from both adjacent root tissue (Pairwise-PERMANOVA;
F1,5=3.042, R2= 0.056, P<0.001) and the surrounding soil environment
(Pairwise-PERMANOVA; F1,5=11.472, R2= 0.177, P<0.001). Rhizonodes exhibited
marginally higher species richness than root communities based on Shannon (Fig. 6b,
Tukey P adj=0.065; Table S13) and Simpson (Tukey P adj P=0.070) indices, however,
this trend did not hold for observed species counts (Tukey P adj P=0.392).

Analysis of variance (ANOVA) demonstrated that there were significant
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differences in AMF relative abundance between sample types (F2,68 = 31.67, P<0.001;
Table S14). A post hoc Tukey test showed that compartmentalization into rhizonode
structures resulted in 20-fold higher relative enrichment of AMF in rhizonodes compared
to adjacent root tissue (Fig. 5-6; P<0.001). Interestingly, biotic filtering alone did not
result in a significantly greater proportion of AMF in roots compared to soils (P=0.957).
These data demonstrated that, while AMF were certainly present in other root tissues,
compartmentalization specifically enriched for AMF. Approximately 60% of indicator taxa
for rhizonodes were identified as AMF and all AMF indicator taxa associated with
rhizonode samples identified to the family level belonged to the Glomeraceae (Fig. S4;
Table S15). By comparison, no AMF were identified as indicator species of root or soil
samples.

Discussion

In extending beyond IBT to principles of landscape ecology (Laurance 2008), our
study indicates that habitat fragmentation and habitat loss correspond to a decline in
fungal richness and shifts in fungal community structure in soils. While both bacteria
and fungi display strong species-area relationships (Peay et al. 2007; S.-P. Li et al.
2020), previous research has demonstrated that the underlying mechanisms
determining these patterns differ for both groups, where water-availability influences
bacterial diversity and biogeography is often more correlated with patterns of fungal
diversity (S.-P. Li et al. 2020). In a previous study across these sites, we found that
water-availability was a key factor in determining bacterial diversity and community
composition (Willing et al. 2020). In contrast, here we show that biogeographic factors,
including habitat fragmentation and redwood cover, are important determinants of soil
fungal community structure and diversity, especially for symbiotrophic fungi, which could
have important feedbacks for redwood cover or potential transitions to
ectomycorrhizal-dominated forest (Peay 2018; Steidinger et al. 2019).

Interestingly, despite predicting that greater habitat fragmentation would
correspond to increased beta-dispersion, we found climatic controls on decomposition
were the best predictor of beta-dispersion for both soils and root systems. As inferred
rates of decomposition decreased (calculated from the Yasso07 by (Tuomi et al. 2009),
fungal community composition became more variable. We posit that as rates of
decomposition decline, the soil matrix becomes more heterogenous as detritus, such as
dead roots, remains for longer periods resulting in more spatially variable niches in the
soil profile. Temperatures are somewhat buffered in the coastal habitat of the redwood
forest where we observe a 2.2°C variation throughout the entire range in the warmest
quarter. However, rainfall at the northernmost edge of the redwood range is nearly 6
times that in the southernmost extent of the redwood forest. Consequently, we predict
that while shifts in water-availability were not found to directly correspond to patterns of
fungal community composition, they may indirectly influence fungal community
structure.

Although fungal communities in redwood soils were predicted by metrics of
landscape heterogeneity, there was no relationship between landscape heterogeneity
and fungal community structure in root systems. Plant organs typically display more
conserved community structure compared to soils (Coleman-Derr et al. 2016;
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Goldmann et al. 2016; Barajas et al. 2020) and our data demonstrate that these
patterns are also consistent for a long-lived gymnosperm species. Root microbiomes
are critical centers of nutrient acquisition and metabolism thus they are likely under
strong selection (Ramírez-Puebla et al. 2013).

Soil pH emerged as an important predictor of host-associated fungal
communities. In part, this follows previous studies that have shown pH an important
predictor of host-associated fungal communities, and therefore, key in predicting the
realized niche of these fungi (Glassman, Wang, and Bruns 2017; Davison et al. 2021).
Surprisingly, soil pH did not emerge in our models as one of the primary correlates with
fungal community structure in soils. We predict that habitat fragmentation and host
cover had a strong influence on fungal dispersal and that the soil community is therefore
more representative of the larger species pool prior to strong biotic filtering. Further
research should emphasize the discrepancies between the available species pool in
soils and the abiotic factors that drive colonization of roots (Barajas et al. 2020).

A number of fungi known to form other types of mycorrhizal associations were
found associated with redwood roots, even after vigorous washing in DI water. We
identified 357 potential ectomycorrhizal fungi (EMF) and 25 ericoid mycorrhizal OTUs
throughout this study based on FUNGUILD delineations of “highly probable” and
“probable” matches (Nguyen et al. 2016) and of these, 206 (approximately 58%) EMF
OTUs were found in association with roots at low, but consistent relative abundance
(Fig. S3). Similar reports have been recorded in other studies where EMF are found
associated with non-host species (Dawkins and Esiobu 2017; Carey et al. 2020;
Schneider-Maunoury et al. 2020) and the “waiting-room” hypothesis, where the
ectomycorrhizal habit evolved from fungal endophytes, has been proposed as an
explanation (Selosse, Dubois, and Alvarez 2009; Selosse, Schneider-Maunoury, and
Martos 2018; Smith et al. 2017).

Compartmentalization may also explain the modification of biogeographic
patterns observed within the symbiotrophic system. Given that fungal richness in the
root systems did not shift with habitat fragmentation, we find evidence that root systems
exhibit some degree of resistance to habitat fragmentation at the scales measured.
While it remains to be tested if these core microbes play a role in host fitness or
resistance/resilience, this will be an important area of research in the era of global
change.

Rhizonodes, which appear to derive from the protoxylem poles (Nunes et al.
2020)), are morphologically distinct from adjacent root tissue and were very abundant
throughout the redwood range. Our investigations revealed that rhizonodes act as
domiciles for AMF, akin to a mycorrhizal version of a N-fixing root nodule. The theory of
compartmentalization predicts that the evolution of distinct morphological structures
allows hosts to isolate symbionts, control their reproduction, govern rewards or
punishments, and reduce competition (Chomicki et al. 2020). Previous descriptions of
similar nodule-like structures in podocarps indicated that these structures can double
root cortex volume, allowing for greater AMF interaction (Dickie and Holdaway 2011). In
this way, the development of specialized structures may enable hosts to attract more
beneficial partners by spatially partitioning “rewards” (e.g. carbon) while building less
costly roots (due to the reduced cell wall construction required for rhizonodes) (Dickie
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and Holdaway 2011; Kiers et al. 2011). AMF have particularly slow rates of recovery
from forest disturbance, even after the employment of restoration practices (Wall et al.
2020), thus compartmentalization may play a critical role in the maintenance of redwood
forests. Further, the common presence of similar nodule-like structures on both extinct
and extant AMF-associated tree species (Fig. S5) provides an exciting opportunity to
explore these structures from both ecological and evolutionary perspectives (Duhoux et
al. 2001; Grand 1969; Beslow, Hacskaylo, and Melhuish 1970; Russell, Bidartondo, and
Butterfield 2002; Dickie and Holdaway 2011).

Biotic interactions, especially interactions with microbial symbionts which may
expand plant niches (e.g. the “mutualistic niche; (Afkhami, McIntyre, and Strauss 2014;
Peay 2016), are important for our understanding of biogeography in the Anthropocene.
We demonstrate how habitat loss and fragmentation predict patterns of free-living
fungal community composition. Interestingly, we also find that Sequoia exhibits
mechanisms of preserving critical components of their mycobiomes, but note that there
may be important thresholds for shifts in landscape heterogeneity.
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Figures and Tables

Figure 1. Conceptual figure of the study design and associated hypotheses. The plots
in this study span the approximately 800 km distance of the entire redwood range in
Northern California, USA. Plots were located throughout the range and four trees were
sampled in a 100 by 100 m plot. Trees were sampled at each plot where red dots
denote sampling locations three meters from diameter at breast height (DBH) of tree in
the cardinal directions. A 10 km buffer zone was determined around the midpoint of
each plot and metrics of landscape heterogeneity were calculated for these buffer
zones. Our hypotheses were that H1) total habitat cover and habitat fragmentation (in
buffer zones) drive community structure and richness of soil fungal communities; (H2)
fungal community structure associated with redwood roots will be more decoupled from
biogeographic patterns found for soil fungi as a result of strong biotic filtering; and (H3)
different components of the symbiotrophic system will differ in their capacity for
discrimination of the fungal community, where rhizonodes will compartmentalize key
fungi, even across fragmented landscapes and habitat decline.
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Figure 2. (a) Generalized dissimilarity modeling (GDM) of total fungal community in
soils (standardized across predictor variables). GDM‐fitted I‐splines for each
environmental covariate and geographic distance. The maximum height of each curve
indicates the total amount of turnover in fungal communities associated with that
variable (the relative importance of that variable in explaining changes in fungal
community structure) holding all other variables constant. The shape of each function
indicates how the rate of change varies along the gradient. (b) GDM of the
symbiotrophic component of the soil fungal community. (c) Observed number of fungal
species in soils versus landscape heterogeneity calculated as weighted-edge density
(‘WEDG’), where larger WEDG values correspond to more fragmented landscapes;
regression line from best fit linear mixed-effects model. (d) Beta-dispersion (distance
from centroid) of soil communities versus calculated values for climatic controls on
decomposition (k); regression line from best fit linear mixed-effects model.
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Figure 3. (a) GDM of total fungal community in roots (standardized across predictor
variables). (b) GDM of the AMF component of the root fungal community. (c) Observed
number of fungal species in roots versus landscape heterogeneity calculated as
weighted-edge density (‘WEDG’); regression line from best fit linear mixed-effects
model. (d) Beta-dispersion (distance from centroid) of root communities versus
calculated values for climatic controls on decomposition (k); regression line from best fit
linear mixed-effects model.
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Figure 4. Rhizonode structures on fine roots of Sequoia sempervirens. (a) Macroscope
view of rhizonode structure on redwood root. (b) Cross section of the tip of redwood
rhizonode, showing fully expanded and developed cells and no root cap. (c) Cross
section of the tip of a true root from the same plant, with a clearly defined meristematic
center and root cap. (d) Dark masses of coiled fungal hyphae in the cortex of redwood
root nodules, indicative of a Paris-type AMF association. (e) Similar structures were
absent from cortices of true roots. (f)  AMF vegetative spore in the cortex of a root
nodule.
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Figure 5. (a) Non-metric multidimensional scaling (NMDS) of the different sample types
(rhizonodes, roots, and soil). The total fungal community differed significantly by sample
type. (b) Barplot of the top 500 fungal phyla found in each sample type at the Phylum
level. Glomeromycota (the monophyletic group to which arbuscular mycorrhizal fungi
belong; shown in yellow) are significantly enriched in rhizonodes compared to roots or
soils.
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Figure 6. (a) Relative abundance of AMF across sample types (b) Shannon diversity
across sample types (c) a log-log plot of the different fungal phyla found in root versus
rhizonode samples. Anything falling off of the 1:1 line is interpreted as being more or
less represented in the corresponding sample type (either root or rhizonode).
Glomeromycota (arbuscular mycorrhizal fungi) is the only phylum that appear to fall far
off the 1:1 line, indicating that arbuscular mycorrhizal fungi are found in much higher
relative proportion in rhizonodes compared to roots.
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Soil fungal community:
Best model Predictor

Deviance explained=31.9994
Coefficients

Geographic distance 0.9090

Redwood cover 0.4744

Root fungal community:
Best model Predictor

Deviance explained=26.1710
Coefficients

Geographic distance 0.5996

Soil pH 1.2191

Table 1. Results from generalized dissimilarity modeling (GDM) of the fungal community
for redwood roots and rhizosphere soils based on Bray-Curtis dissimilarity. Results
represent the most parsimonious models determined through backwards elimination
model selection.
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Supplementary Information

Methods:

Sampling description
Sixteen soil cores (15 cm deep and 8 cm diameter) were collected at each site

between September and October 2015. Soil cores were collected in a nested design
from four trees within a 100 m by 100 m plot and samples were taken in the four
cardinal directions around each tree at 3 m from DBH (see Fig. 1). In sampling, the duff
layer was physically removed and cores were taken from the top 15 cm of soil; redwood
roots were abundant in cores as this species has no tap root and employs expansive
shallow rooting systems for stabilization (Noss 1999). Cores were collected into
freezer-safe bags, transported from the field, and kept on ice until returning back to the
lab. They were then kept at 4°C until processing, which occurred within 3-5 days of
returning to the lab (and no more than 1-week post-collection).

PCR conditions and sequencing
The primers used in the present study were adapted to Illumina platform for

dual-indexed, single-step PCR based on best-practices for high-throughput amplicon
sequencing, including heterospacers to help increase base-pair diversity thereby
increasing accuracy (Lundberg et al., 2013). 25 µl reactions were set up for PCR using
2.5 µl of forward primer, 2.5 µl of reverse primer, 2 µl of DNA, 7 µl of water, 10 µl of
Kapa HiFi ready-mix (Kapa Biosystems, Boston, MA, USA) and 1 µl of BSA. PCR
conditions were:  96°C for 2 min, 34 cycles of 94°C for 30 sec, 58°C for 40 sec, 72°C for
2 min, and 72°C for 10 min before 4°C hold. PCR products were run on a gel to verify
the product and then quantified via Qubit dsDNA HS kit. Samples that did not initially
produce PCR products were amplified again and these were used for subsequent
sequencing. Samples were then pooled at equimolar concentrations (100 ng PCR
product per sample) and Pippin Prep (Sage Science, Beverly, MA, USA) was used to
purify for PCR products between 200-800 bp (as PCR products included hetero-spacers
and Illumina adapters). Due to low DNA concentration of amplified products for the
comparison of roots, rhizonodes, and soils, the sample PCR protocol was followed as
per above, however, samples were amplified again with the following conditions: 96° C
for 2 min, 10 cycles of 94 °C for 30 sec, 58 °C for 40 sec, 72 °C for 2 min, and 72 °C for
10 min before 4 °C hold. DNA concentrations were re-quantified using the Qubit dsDNA
HS kit, then pooled at equimolar concentrations (50 ng total DNA per sample) and
cleaned with Ampure XP (Beckman Coulter, Brea, CA, USA) according to the
manufacturer's instructions.

Imaging
Fresh tissue was imaged on a Leica MZ16F dissecting microscope with a

Qimaging MicroPublisher 6 USB 3.0 CCD camera. Rehydrated fixed samples were
sectioned to 70 µm on a Leica VT1000 S Vibrating blade microtome. They were then
stained in 0.05% aniline blue and destained with sterile water. Stained sections were
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imaged on a Leica DM4000 compound microscope with a Leica DFC7000 USB 3.0
CCD camera.
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 Observed Shannon

Predictors Estimat
es CI p Estimat

es CI p

(Intercept) 106.2
9

83.50 – 129.
08

<0.00
1

3.23 2.81 – 3.6
5

<0.00
1

WEDG -5.24 -9.07 – -1.41 0.007 -0.17 -0.24 – -0.
09

<0.00
1

Random Effects
σ2 804.27 0.59

τ00 63.92 SiteID 0.00 SiteID

ICC 0.07  

N 8 SiteID 8 SiteID

Observations 118 118

Marginal R2 /
Conditional R2

0.109 / 0.175 0.151 / NA

Table S1. Weighted-edge density models for observed species richness and Shannon
index of diversity for soil fungi (linear-mixed effects models)
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 Simpson Shannon

Predictors Estimat
es CI p Estimat

es CI p

(Intercept) 0.76 0.69 – 0.8
2

<0.00
1

2.26 2.00 – 2.5
2

<0.00
1

scale(pH) 0.03 -0.02 – 0.
07

0.209 0.11 -0.06 – 0.
29

0.212

Random Effects
σ2 0.03 0.37

τ00 0.01 SiteID 0.12 SiteID

ICC 0.19 0.24

N 8 SiteID 8 SiteID

Observations 111 111

Marginal R2 /
Conditional R2

0.025 / 0.210 0.025 / 0.254

Table S2. Best-fit models for alpha-diversity of root fungi based on linear-mixed effects
models.
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Figure S1. Generalized dissimilarity modeling (GDM) of saprotrophic (a) and
pathogenic (b) components of the fungal community in soils (standardized across
predictor variables). GDM‐fitted I‐splines for each environmental covariate and
geographic distance. The maximum height of each curve indicates the total amount of
turnover in fungal communities associated with that variable (the relative importance of
that variable in explaining changes in fungal community structure) holding all other
variables constant. The shape of each function indicates how the rate of change varies
along the gradient.
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Figure S2. Non-metric multidimensional scaling (NMDS) across the redwood range for
both roots and soils. (b) Barplot of the top 100 taxa by Fungal Order found across the
geographic range of redwoods found in roots and soils. Fungal communities differed
significantly by site and sample type (root versus soils).
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Figure S3. Relative proportion of ectomycorrhizal fungal reads found associated with
coast redwood root versus soil samples based on FUNGUILD delineations from rarified
samples. A relatively small, but consistent proportion of fungal read depth in roots
belong to taxa which were identified as ectomycorrhizal.
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Figure S4. Barplot of different arbuscular mycorrhizal fungal families found across the
soil, root, and rhizonode environments in the top 500 taxa.
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Figure S5. Similar nodule-like rhizonode structures on roots of other conifers
associated with arbuscular mycorrhizal fungi. (a) Sequoia sempervirens, the coast
redwood, Cupressaceae, (b) Sciadopitys verticillata, the Japanese umbrella tree,
Sciadopityaceae, (c) Dacrydium cupressinum, rimu, Podocarpaceae, and (d) Agathis
ovata, the mountain kauri, Araucariaceae, all collected from the UC Botanical Garden,
Berkeley, CA.

39



Chapter 3
Using Holo-omics to Identify Target Genes for CRISPR/Cas9 Editing
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Contributions

The contents of this chapter are derived from a collaboration with the EPICON
Project. The chapter represents work from three separate manuscripts on which I am a
co-author. Their full citations are as follows:

Xu, Ling, Dan Naylor, Zhaobin Dong, Tuesday Simmons, Grady Pierroz, Kim K. Hixson,
Young-Mo Kim, Erika M. Zink, Kristin M. Engbrecht, Yi Wang,  Cheng Gao, Stephanie
DeGraaf, Mary A. Madera, Julie A. Sievert, Joy Hollingsworth, Devon Birdseye, Henrik
V. Scheller, Robert Hutmacher, Jeffery Dahlberg, Christer Jansson, John W. Taylor,
Peggy G. Lemaux, and Devin Coleman-Derr. 2018. “Drought Delays Development of
the Sorghum Root Microbiome and Enriches for Monoderm Bacteria.” Proceedings of
the National Academy of Sciences of the United States of America 115 (18): E4284–93.

Varoquaux, Nelle, Benjamin Cole, Cheng Gao, Grady Pierroz, Christopher R. Baker,
Dhruv Patel, Mary Madera, Tim Jeffers, Joy Hollingsworth, Julie Sievert,  Yuko
Yoshinaga, Judith A. Owiti, Vasanth R. Singan, Stephanie DeGraaf, Ling Xu, Matthew J.
Blow, Maria J. Harrison, Axel Visel,  Christer Jansson, Krishna K. Niyogi, Robert
Hutmacher, Devin Coleman-Derr, Ronan C. O’Malley, John W. Taylor, Jeffery Dahlberg,
John P. Vogel, Peggy G. Lemaux, and Elizabeth Purdom 2019. “Transcriptomic Analysis
of Field-Droughted Sorghum from Seedling to Maturity Reveals Biotic and Metabolic
Responses.” Proceedings of the National Academy of Sciences of the United States of
America, December. https://doi.org/10.1073/pnas.1907500116.

Xu, Ling, Grady Pierroz, Heidi M-L Wipf, Cheng Gao, John W. Taylor, Peggy G.
Lemaux, and Devin Coleman-Derr. 2021. “Holo-Omics for Deciphering
Plant-Microbiome Interactions.” Microbiome 9 (1): 69.

Sorghum bicolor is the fifth most important grain crop in the world, grown
primarily in China and sub-Saharan Africa (Mace et al. 2013). Sorghum has become
increasingly popular in the United States as well, in large part due to its phenomenal
drought tolerance, which is an important trait for ensuring food security in the face of
anthropogenic climate change (Duff et al. 2019; Mundia et al. 2019). In order to gain
more insight into the molecular underpinnings of its drought tolerance, nine different
Principal Investigators (PIs) from multiple institutions participated in an ambitious study
on two sorghum genotypes grown in an agricultural field under two different drought
regimes, known as the EPICON Project. This project incorporated data across multiple
omic levels from both hosts and their microbiomes, and therefore falls into the newly
designated category of “holo-omics” (Nyholm et al. 2020).

Because both of my faculty advisors were on the EPICON project, and one was
in fact the lead PI for the project, I was in a unique position to participate in the
investigation in a very broad capacity. As a member of the Lemaux Lab, I travelled to
the Kearney Agricultural Research and Extension (KARE) Center on multiple occasions
to participate directly in sampling from the field and transporting the samples back to UC
Berkeley for processing. I also participated in monthly EPICON meetings and the yearly

41

https://doi.org/10.1073/pnas.1907500116
https://paperpile.com/c/x4qoKz/TCU4E
https://paperpile.com/c/x4qoKz/EpyRS+tTPz1
https://paperpile.com/c/x4qoKz/Ol9YG


retreats, and helped shape the directions of experimentation as well as determine the
most appropriate methods for such an ambitious holo-omic study.

I was also heavily involved in analyzing the RNA-sequencing data processed by
Dr. Nelle Varoquaux. Using data visualizations she produced, I assessed functional
categories, Gene Ontology (GO) enrichment terms, and custom a priori gene lists based
on the literature for observable differential expression patterns either under drought or
between genotypes. Of the many possible avenues queried, we eventually decided to
focus our story on transcriptional changes in photosynthesis, ROS, and AMF-related
genes.

As a member of the Coleman-Derr lab, I helped build upon and validate Dr. Ling
Xu’s 16S amplicon sequencing results as well. In order to build further support for the
hypothesis that elevated G3P levels in sorghum roots may be involved in shaping
microbiome structure, I designed qPCR primers for a suite of G3P-related genes
highlighted in the transcriptomic study. I then analyzed the expression of these genes
and developed a model for our hypothesis, namely that intracellular utilization of G3P
decreases during drought while export of G3P to the apoplast increases, which is
summarized in Fig. 4 of this chapter.

Finally, in large part because I was involved so broadly in EPICON, I helped write
and edit a review paper about the advantages and challenges of performing large
holo-omic studies, specifically in plants as a means of investigating causal mechanisms
behind microbiome community structure. This review extolled the virtues of the EPICON
project, and served as a summation or capstone to the project as a whole. The EPICON
Project was truly an exemplary holo-omic study in plant biology, and was very
successful in generating evidence-based hypotheses about factors that might be
involved in sorghum’s extreme drought tolerance. The following chapter is taken in large
part from three manuscripts on which I am a co-author that were written as part of the
EPICON project (Varoquaux et al. 2019; Xu et al. 2018; Xu, Pierroz, et al. 2021).
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Introduction

Although it is well understood that the root microbiome is critical for maintaining
plant health (Compant et al. 2019; Saikkonen, Nissinen, and Helander 2020);
(Rodriguez et al. 2019; Xu et al. 2018) and that the plant host can exert some level of
control over the composition of its microbiome via compartmentalization and biological
filtering (Chomicki et al. 2020; Maciá-Vicente, Nam, and Thines 2020), the exact genetic
basis behind these observations has remained a mystery. Due to the inherent
complexity of the root microbiome and interplay between host-microbe,
microbe-microbe, host-environment, and microbe-environment interactions, the
identification of single genes determining root microbiome structure and function have
been elusive, particularly since classical forward genetic screens are all-but impossible
due to the difficulty of discerning discrete phenotypes at low levels of replication.
CRISPR/Cas9 gene editing technology, however, has made the application of reverse
genetic screens for determining gene function much more feasible.

The advent of CRISPR/Cas9 targeted gene editing truly has the potential to
revolutionize reverse genetic screens in plants. The ability to selectively knock out
almost any gene in a variety of species will allow researchers to investigate gene
function in non-model organisms with unparalleled ease and precision. However, when
working in non-model species or on complex traits such as microbiome structure, a new
problem presents itself: Where to begin? A dearth of foundational experimentation and
resultant poorly annotated genomes makes identifying interesting candidate genes for
Cas9 editing difficult. Determinations based on sequence homology in model systems
become less relevant with increased genetic distance and precludes the discovery of
anything truly novel, i.e. not already well characterized in a model species. This issue
becomes even more difficult when considering emerging fields in plant biology, such as
the root microbiome, which are poorly understood even in model systems.

Thus, in order to investigate plant genetics coupled with simultaneous
microbiome phenotypic changes, researchers have begun to pair host-centered omic
strategies, such as transcriptomics, metabolomics, epigenomics, and proteo-mics, with
the more commonly used microbe-focused techniques, such as amplicon sequencing,
shotgun meta-genomics,  metatranscriptomics, and exo-metabolomics. Nyholm et al.
recently coined the phrase “holo-omics” to describe such experiments that incorporate
data across multiple omic levels from both host and microbiota domains (Nyholm et al.
2020). Such holo-omic studies have the power to resolve the functionality of a plant
microbiome ecosystem by generating an image of what is being expressed, translated,
and produced during plant-microbiome interactions. This multifaceted image can help
winnow results obtained from each individual dataset to meaningful biological signals,
and help build support for specific hypotheses with data gathered through orthogonal
approaches. These data-driven hypotheses can then be investigated and validated
directly through the use of CRISPR/Cas9 gene editing.

In this chapter I will present a large, collaborative holo-omic project called
EPICON as a case study on the applicability of plant holo-omics in general as a means
to determine CRISPR/Cas9 gene editing targets in non-model species, specifically with
regards to investigating genetic control over microbiome structure under drought stress.
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I will briefly discuss the extensive results obtained from EPICON, while detailing the
methods and rationale used to determine gene editing targets for validation. I hope this
work can act as a road map for other researchers wishing to investigate and validate the
multifaceted phenomenon of the plants’ genetic control over the structure of their root
microbiomes.

Materials and Methods

Overview and Rationale
The EPICON Project was originally conceived as an investigation of the effects of

epigenetics on drought tolerance in sorghum (Sorghum bicolor), hence the name being
derived from EPIgenetic CONtrol of Drought. Sorghum was chosen as the system to
investigate because of its well documented drought tolerance (Ngara and Ndimba 2014)
as well as its status as a staple food for millions of people (Mace et al. 2013) and its
phylogenetic relatedness to both maize (Zea mays) and sugar cane (Saccharum
officinarum) (Nair et al. 2005). In brief, two sorghum genotypes were grown under three
watering conditions (no irrigation until anthesis i.e. pre-flowering drought, no irrigation
after anthesis i.e. postl-flowering drought, and a fully watered control). Leaf, root,
rhizosphere, and soil samples were collected once a week for the entire growing season
(seventeen weeks in total). These samples were flash frozen in the field and
subsequently processed and investigated via transcriptomic, metabolomic,
metagenomic, epigenomic, and metatranscriptomic analysis pipelines. This provided us
with a massive, synchronous, holo-omic, time-course dataset reflecting sorghum’s
response to drought across genotypes and watering treatments. The synthesis of these
datasets was subsequently used to develop and test hypotheses, as well as to
determine genes of interest for CRISPR/Cas9 gene editing for functional validation.

Field experimental design
The main field experiments were conducted in Parlier, CA (36.6008°N,

119.5109°W); historical monthly averages of rainfall in this region during the summer
growth season (May to September) are approximately zero and soils are characterized
as sandy loam soils with a silky substratum and pH 7.37. We planted two different
sorghum cultivars (RTx430 and BTx642) in the summer of 2016 within a randomized
block design that accounted for treatment, genotype and replication, with three replicate
blocks in total. BTx642 (formerly B35) and RTx430 were chosen for testing the drought
response in early and late plant developmental stages based on their contrasting
drought tolerances and similar flowering times. BTx642 is described as a pre-flowering
drought susceptible, and post-flowering drought-tolerant variety, while RTx430 is
described as  pre-flowering drought-tolerant, post-flowering drought-susceptible. A
simplified sampling diagram as well as images comparing the two cultivars are
presented in Fig 1A-E.

Irrigation management
Pre-flowering drought treatment was imposed on one third of the blocks and

consisted of a complete lack of irrigation until rewetting, at the ninth week after planting
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(WAP). In contrast, the post-flowering drought treatment was induced on another third of
the blocks by stopping watering only after over 50% of sorghum plants reached
flowering (anthesis), at the 10th WAP. Control blocks, which account for the remaining
third of the blocks, received 80% of calculated evapotranspiration each week for the
entire growing season. A drip system was utilized to apply all irrigation water during the
growing season, consisting of drip lines placed on the surface of each furrow (0.76 m
row spacing), with 0.3 m emitter spacing and 2 L/h emitter output. The pre-flowering
period stress treatment was imposed by providing no irrigation during the period from
seedling emergence (June 3) until the flowering growth stage, with the first
within-season irrigations started on July 29 for that treatment. Irrigations continue after
that date at timings and amounts that matched the non-stressed control treatments. In
contrast, the post-flowering drought treatment was irrigated at 7-day intervals during the
period from June 21 through July 29 on the same dates and amounts as the control
treatment. The July 29 date corresponded with the time at which approximately 50-55%
of sorghum plants were flowering on primary heads, at the 10th WAP. Measured rainfall
during the June 3 to September 29 period was less than 1 mm. To avoid redundancy in
sampling, pre-flowering treatment blocks were collected from TP3 to TP17 and
post-flowering treatment blocks were collected from TP8 to TP17, as TP1-TP2 of
pre-flowering drought, and TP1-TP7 of post-flowering drought were identical in
treatment to the control samples.

Sample collection and processing
Plant samples were collected by manually extracting whole plants with root

systems using a shovel to a depth of approximately 30cm. We collected rhizosphere
samples (soil tightly adhering to the sorghum root surface) by collecting and pooling
roots severed with sterile blades from 10 plants per genotype and treatment type at
each time point. Roots were vortexed in epiphyte removal buffer (0.75% KH2PO4,
0.95% K2HPO4, 1% Triton X-100 in ddH2O; filter sterilized at 0.2 µM) for 5 minutes and
centrifuged to pellet the resulting rhizosphere soil at 3500rpm for 5 minutes after
removal of the root tissue. Root endosphere samples were obtained by washing the
vortexed roots twice in fresh sterile buffer and quick-frozen in liquid nitrogen. Bulk soil
samples were collected approximately 12 inches away from the sample plants we
collected using a 6” soil corer. All samples were collected weekly at the same time of
day (between 10am and 1pm) and the same day of the week for seventeen weeks
following seedling emergence. To aid in the DNA extraction process, roots samples
were first ground in a cryogenic Freezer Mill (SPEX SamplePrep 6875D, Metuchen, NJ,
USA).

16S library preparation
Root endophyte DNA, as well as rhizosphere and soil-associated microbe DNA,

were extracted from processed samples using the MoBio Power Soil DNA isolation kit
(Catalog No. 12888-100; MoBio, Carlsbad, CA, USA) according to the manufacturer’s
instructions. DNA concentrations were measured with a Qubit 3 Fluorometer and
samples were diluted to 5ng/ µl to help ensure approximately equal template amounts.
Samples were amplified using a dual-indexed 16s rRNA Illumina iTags primer set
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specific to the V3-V4 region (341F (5’-CCTACGGGNBGCASCAG-3’) and 785R (5’-
GACTACNVGGGTATCTAATCC-3’) as described in (Takahashi et al. 2014) using
5-Prime Hot Master Mix (catalog No. 2200410). Reactions included 11.12 µl DNase-free
sterile H2O, 0.4 µg BSA, 10.0 µl 5-Prime Hot Master Mix, 2 µl template, and 0.75 µM of
each of two peptide nucleic acids (PNAs) (Sakai and Ikenaga 2013) designed to target
host-derived amplicons from chloroplast and mitochondria 16S rRNA sequences. PCR
reactions were performed in triplicate in three individual thermocyclers with the following
conditions: initial 3 min cycle at 94°C, then 30 cycles of 45 s at 94°C, 10 s at 78°C, 1
min at 50°C, and 1.5 min at 72°C, followed by a final cycle of 10 min at 72°C. Triplicates
were then pooled (192 samples per library) and DNA concentration for each sample
was quantified using Qubit 3 Fluorometer. Pools of amplicons were constructed using
100 ng for each PCR product. Before submitting for sequencing, pooled samples were
cleaned up with 1.0 X volume Agencourt AMPureXP (Beckman-Coulter, West
Sacramento, CA) beads according to the manufacturer’s directions, except for the
modifications of using 1.0 X rather than 1.6 X volume beads per sample, dispensing
1500 µl 70% EtOH to each well rather than 200 µl, and eluting in 100 µl DNase-free
H2O rather than 40 µl. An aliquot of the pooled amplicons was diluted to 10 nM in 30 µl
total volume before submitting to the QB3 facility at UC Berkeley for sequencing using
Miseq 300bp pair-end with v3 chemistry. The resulting amplicon libraries produced on
average approximately 45259, 41582 and 34649 reads per sample for soils,
rhizospheres, and roots respectively. The use of PNAs reduced non-bacterial read
contaminants to <3% in all sample types. All of our sequencing was performed by QB3-
Berkeley Functional Genomics Laboratory (http://qb3.berkeley.edu/fgl/).

Amplicon sequence data processing
Raw reads were processed using the iTagger pipeline (Tremblay et al. 2015)

developed at the Joint Genome Institute. In brief, after filtering 16S rRNA raw reads for
known contaminants), primer sequences were trimmed from the 5’ ends of both forward
and reverse reads. Low-quality bases were trimmed from the 3’ ends prior to assembly
of forward and reverse reads with FLASH (Magoc and Salzberg 2011). The remaining
high-quality merged reads were clustered with simultaneous chimera removal using
UPARSE (Edgar 2013). Taxonomies were assigned to each Operational Taxonomic Unit
(OTU) using the Ribosomal Database Project (RDP) Naïve Bayesian Classifier (Qiong
Wang et al. 2007) with custom reference databases. After taxonomies were assigned to
each OTU, we discarded 1) all OTUs that were not assigned a Kingdom-level RDP
classification score of at least 0.5, and 2) all OTUs that were not assigned to Kingdom
Bacteria. To remove low abundance OTUs, we removed OTUs without at least 5 reads
in at least 3 samples. We also removed samples having less than 10,000 reads. All
samples were then rarefied to 13,000 reads per sample for specific analyses, or
alternatively, by dividing the reads per OTU in a sample by the sum of usable reads in
that sample, resulting in a table of relative abundance frequencies; OTUs which were
reduced to less than one read per OTU after rarefaction were also discarded. For
differentially expressed OTU analysis, we inputted raw read counts to the DESeq
package and processed with a negative binomial model. In total, 249, 251, and 246 soil,
rhizosphere, and root samples, respectively, were included in downstream analysis. All
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scripts used for the statistical analysis of data in this manuscript are included as part of
a public repository on github (https://github.com/dcolemanderr/EPICON210
Drought-Study). All raw reads from the 16S rRNA analysis are available to the public,
and were submitted to the NCBI sequence read archive (PRJNA435634). More detailed
methods describing 16S amplicon library creation, sequencing, and data processing can
be found in (Xu et al. 2018).

Quantitative PCR
For the qPCR experiments, plant root total RNA was extracted using the RNeasy

Mini Kit (Qiagen Catalog No. 74104). A sample of 2 µg of total RNA was treated with
DNase I (Invitrogen catalog No. 18068015), and reverse transcription was conducted
using Superscript III First-Strand Synthesis System (Invitrogen Catalog No. 18080051)
with oligo (dT) 18 primers. The quality of the cDNA was tested by qPCR with an internal
control gene GAPDH (Sudhakar Reddy et al. 2016). By the Ct (cycle threshold) value of
the test run, we were able to normalize the amount of cDNA between samples.

Quantitative reverse transcription-PCR was performed using QX200 EvaGreen
Supermix (Bio Rad, Catalog No. 1864034). Three biological replicates were performed
for each reverse transcription-PCR experiment. Sorghum CYP, PP2A and GAPDH
genes were used as the internal reference to normalize the expression data. Relative
expression levels were calculated according to the 2-2∆∆CT 423 (cycle threshold)
method, and the standard deviation was calculated among the three biological
replicates. The starting DNA template amount for taxa-specific qPCR is 10ng per
sample.

Metatrascriptome sequencing
Microbial RNA for metatranscriptomic analysis was extracted from soil and

rhizosphere samples using the PowerMax soil DNA isolation kit for RNA extraction with
a modified protocol provided by MoBio. RNA was purified using an RNeasy PowerClean
Pro Cleanup Kit (MoBio, Carlsbad, CA, USA). The concentration was assessed using a
Qubit 3 Fluorometer (Invitrogen, Carlsbad, CA, USA) and quality was assessed using
an Agilent Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA).

For preparation of the metatranscriptome libraries from soil, a DNase Max kit
(Qiagen, Catalog No. 15200-50) was used to digest DNA from the total RNA. Next, we
used the Ribo-Zero rRNA Removal Kit (Bacteria, Illumina, Catalog No. MRZB12424) to
remove ribosomal RNA from bacteria by following the manufacturer's instruction.
Subsequently, the TruSeq Stranded Total RNA Library Prep plant Kit (Illumina, Catalog
No. 20020610) was used according to the manufacturer’s instructions to make
300-500bp fragment libraries for sequencing on a HiSeq 2500 platform 150bp
paired-end. All of our sequencing were performed by QB3- Berkeley Functional
Genomics Laboratory (http://qb3.berkeley.edu/fgl/).

RNA-sequencing, read processing, and quality control
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Plant RNA for transcriptomic analysis was extracted using the QIAGEN
miRNeasy Mini Kit (Catalog No. AM217004, QIAGEN, Redwood City, CA, USA) with
slight modifications.
DNA contamination was removed from each extracted RNA sample using the TURBO
DNA-free kit, (Cat. #AM1907, Invitrogen) according to the manufacturer’s
recommendations. Stranded cDNA libraries were generated using the Illumina Truseq
Stranded RNA LT kit.˙mRNA was purified from 1 µg of total RNA using magnetic beads
containing poly-T oligos.˙mRNA was
fragmented and reverse transcribed using random hexamers and SSII (Invitrogen)
followed by second strand synthesis. The fragmented cDNA was treated with end-pair,
A-tailing, adapter ligation, and 8 cycles of PCR. qPCR was used to determine the
concentration of the libraries. Libraries were sequenced on the Illumina HiSeq.

To increase read mapping rates for transcriptomic data, we generated custom
SNP corrected reference genome sequences for the two strains used in this study.
Then, raw fastq file reads were filtered and trimmed using the JGI QC pipeline resulting
in the filtered fastq file (*.filter-RNA.gz files). Using BBDuk (bbd), raw reads were
evaluated for artifact sequence by kmer matching (kmer=25), allowing 1 mismatch and
detected artifact was trimmed from the 3’ end of the reads. RNA spike-in reads, PhiX
reads and reads containing any Ns were removed. Quality trimming was performed
using the phred trimming method set at Q6. Finally, following trimming, reads under the
length threshold were removed. Filtered reads from each library were aligned to the
reference genome (phytozome v3.1, supplemented with RTx430 and BTx642 SNP
information) using HISAT version 2.1.0 (D. Kim, Langmead, and Salzberg 2015) (BAMs/
directory). FeatureCounts (Liao, Smyth, and Shi 2014) was used to generate the raw
gene counts (counts.txt) file using gff3 annotations. Only primary hits assigned to the
reverse strand were included in the raw gene counts (-s 2 -p –primary options). We then
performed quality analysis on the raw data and removed one sample of low-quality (low
correlation to its replicates). Next, we applied the following normalization procedure: we
filtered out low expressed genes and retained genes containing at least 20 reads in at
least 3 samples and then applied upper-quartile normalization on the resulting set of
genes to normalize using EDA-Seq (Bullard et al. 2010; Risso et al. 2011).

Differential expression analysis
First, we identified genes differentially expressed across the time-course

experiment. Then, for each genotype and drought regime, we tested if functional gene
expression was different between the watered and droughted conditions. Next, we
compared the functional gene expression for the two genotypes under watered
conditions to assess constitutive genotype differences. We also assessed
genotype-specific drought responses by testing whether the change in gene expression
due to drought is the same in the two genotypes for each drought regime. Finally, we
evaluated the number of genes differentially expressed in the first weeks of
pre-flowering drought, and we considered an additional contrast to identify genes whose
expression abruptly changes between watering changes (either water resumption for
pre-flowering or commencement of drought for post-flowering).
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We then applied a clustering strategy to group genes on their gene expression
patterns. We performed this clustering routine separately for the four different
combinations of sample types (leaf/root) and drought conditions (pre- versus
post-flowering droughted plants). First, we calculated the Fisher’s combined probability
(Fisher 1992) based on the unadjusted p-values from three of the across-time DE
analyses (drought versus control in RTx430, drought versus control in BTx642, and
genotype-specific drought response) as well as the unadjusted p-value from the “water
change” analysis. We then ranked the genes by their Fisher’s combined probability. We
selected the 5000 genes with the lowest Fisher’s p-value, and that had a log-fold
change of at least 2 in at least a week. We then fitted a split-spline function to each
gene and each condition. Finally, we then applied k-means to the resulting fitted values,
with the number of clusters (K) set to 20 for pre-flowering drought stress, and 10 for
post-flowering drought stress. This results in 60 centroid vectors.

To facilitate interpretation of clusters, we performed KEGG pathway enrichment
analysis and GO term enrichment analysis on the set of “good-matched” genes from
each cluster independently from one another. To perform KEGG pathway enrichment
analysis, we applied the R package KEGGprofile. To detect GO terms highly enriched in
each cluster, we applied gene set enrichment analysis (GSEA) (Subramanian et al.
2005). We then corrected for multiple tests using Benjamini-Hochberg. More detailed
methods regarding the RNA-sequencing and differential expression analysis can be
found in (Varoquaux et al. 2019).

Metabolic data collection
The flash frozen leaf and root tissues were mechanically ground separately using

a cryogenic freezer mill (SPEX, Metuchen, NJ). Then MPLEx extraction was applied to
samples after being weighed to 1 g (Y.-M. Kim et al. 2015). For the analysis of
metabolites, 5% of metabolite extract was transferred to a glass vial and 10 µL of
13C-labeled levoglucosan (1 mg/mL) was added as an internal standard. Subsequently,
the samples were completely dried under a speed vacuum concentrator and the dried
metabolites were analyzed by gas chromatography-mass spectrometry (GC/MS) at the
Pacific Northwest National Laboratory, Richland, WA, as reported previously (Hiller et al.
2009). Briefly, dried samples were derivatized by adding 20 µL of methoxyamine
solution (30 mg/mL in pyridine) and were incubated at 37 °C for 90 min to protect the
carbonyl groups and reduce carbohydrate isoforms. Then, 80 µL of
N-methyl-N-(trimethylsilyl)- trifluoroacetamide with 1% trimethylchlorosilane was added
to each sample and incubated for 30 minutes as a minimum. The derivatized samples
were analyzed by GC/MS within 24 hours after the derivatization. Data collected by
GC/MS were processed using the Metabolite Detector software, version 2.5 beta (Kind
et al. 2009).

Metabolic data analysis
Retention indices of detected metabolites were calculated based on analysis of

the fatty acid methyl esters mixture (C8 - C28), followed by chromatographic alignment
across all analyses after de-convolution. The intensity values of selected three
fragmented ions after deconvolution were integrated for a peak value of the metabolite.
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Metabolites were initially identified by matching experimental spectra to a
PNNL-augmented version of the Agilent Fiehn Metabolomics Library containing spectra
and validated retention indices for almost 900 metabolites (Richter-Heitmann et al.
2016) and additionally cross-checked by matching with NIST14 GC-MS Spectral Library
(https://www.nist.gov/srd/nist-standard-reference-database-1a-v17 ). All metabolite
identifications were manually validated to minimize deconvolution and identification
error during the automated data processing. Prior to further statistical analysis to
determine significantly enriched metabolites, the data were normalized through a log2
transformation and then mean centered across the log2 distribution. Differentially
expressed metabolites were analyzed by edgeR with quasi-likelihood F-tests. The cutoff
was set as fold change > 2, and p-value < =0.05.

HPLC Quantification of G3P
For G3P quantification, approximately 1 g of fresh root tissue per sample was

frozen in liquid nitrogen and homogenized in 25 ml 80% (v/v) ethanol containing 20 µM
2-Deoxy D-glucose as an internal standard. The samples were heated in a boiling water
bath for 10  minutes and centrifuged at 3000 x g for 20 minutes. 1 mL of supernatant
was collected from each sample into a new tube and dried by vacuum centrifugation.
Extracts were resuspended in 0.5 ml water and filtered through 0.45 µm centrifugal
filters. Samples were analyzed by High-Performance Anion Exchange Chromatography
with Pulsed Amperometric Detection (HPAEC-PAD) on an ICS-3000 (Thermo Fisher
Scientific) fitted with a CarboPac PA1 (2 x 250 mm) column.

Results

Drought induces enrichment of monoderm lineages in root endosphere
communities

To determine how drought affects the observed developmental dynamics of the
root microbiome, we compared the phylum-level compositional profile of pre-flowering
drought- and control-treated samples. In roots grown under pre-flowering drought
treatment, we observed an enrichment for Actinobacteria and Firmicutes that is
consistent with recently published reports (Naylor et al. 2017; Santos-Medellín et al.
2017; Fitzpatrick et al. 2018). This enrichment progressed over the course of drought
treatment (6 wk) until watering resumed (Fig. 2A). Strikingly, within 1 wk following
rewatering, the root microbiome of previously drought-treated plants rapidly returned to
a pattern of community progression observed in younger control roots (Fig. 2A-C). This
rapid rewatering-induced shift in root endosphere composition is driven by a more than
200% increase in the relative abundance of the diderm lineages Proteobacteria and
Bacteroidetes (P < 0.001) and a similarly large decrease in the monoderm phyla
Actinobacteria (P = 0.012) (Fig. 2A). As the relative enrichment in Actinobacteria could
be the result of an absolute increase in their abundance, or an absolute decrease in
other dominant taxa, we measured the absolute abundance of several lineages in
drought and control root samples through qPCR using lineage-specific primers. These
results demonstrate that in this field experiment, drought treatment leads to an overall
decrease in total bacterial abundance, but that Actinobacteria and Firmicutes show
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significantly greater resistance to these shifts compared with Proteobacteria (Fig. 2D-E).
Additionally, we observed that the decreases were greater for all community members
at the peak of drought (TP8; Fig. 2D) compared with earlier in the drought treatment
(TP4; Fig. 2E), which suggests that the absolute decrease in abundance is correlated
with the length of drought treatment. Taken together, these results suggest that the root
microbiome composition of field-grown sorghum is sensitive to drought perturbation
early in plant development, and that this perturbation results in decreased abundance of
the total bacterial community and a phylum-level relative enrichment of select
monoderm bacterial lineages.

Drought Increases Actinobacterial Transcription Related to Metabolite Transport.
We next sought to establish if the drought-induced shifts in our rhizosphere

metatranscriptomes were correlated with changes in the expression of specific bacterial
functions. Within the rhizosphere, we observed a significant increase at the peak of
drought (TP8) in transcripts associated with carbohydrate transport and metabolism,
amino acid transport and metabolism, and secondary metabolite biosynthesis (Fig. 3A);
by contrast, soils exhibited a relative decrease in all three of these categories and an
enrichment for a distinct set of functions, including energy production, transcription, and
posttranslational modification (Fig. 3A). Additionally, we observed that gene categories
exhibiting enrichment under drought changed after recovery (TP9) for both the
rhizosphere and soil (Fig. 3B). A finer resolution analysis of functional subcategories
influenced by drought in the rhizosphere at TP8 revealed that a significant number of
the most enriched gene subfunctions were related to resource transport, including those
for both amino acids (Fisher’s exact test: P < 0.039; Table 1) and carbohydrates
(Fisher’s exact test: P < 0.0005; Table 2), although it is worth noting that ATP-binding
cassette (ABC)–type transporters are three-component systems, which may be
artificially inflating this observed enrichment. In accordance with our taxonomic analysis
of the metatranscriptome data, these data also revealed that the majority of differentially
expressed genes in the rhizosphere (∼90%) in all functional categories belong to
Actinobacteria (Fig. 3C), compared with ∼50% in the soil community (Fig. 3C). Finally, to
determine if the enrichment in carbohydrate and amino acid transport and metabolism
GO categories is merely a consequence of the increased relative abundance of
Actinobacteria or, alternatively, a shift in Actinobacterial function, we performed an
analysis of the GO functional category assignments of all actinobacterial transcripts
(Fig. 3D). This analysis revealed that the drought-induced shifts in rhizosphere function
are driven by significant changes in gene expression within the actinobacterial lineage
in almost all GO functional categories, by carbohydrate and amino acid transport and
metabolism, and by increased expression of ABC transporters (Fig. 3E). Taken together,
these data suggest that drought has a significant effect on the transcriptional activity of
the root-associated microbiome, that rhizosphere genes associated with carbohydrate
and amino acid metabolism and transport show increased expression under drought,
and that the altered transcriptional activity in the rhizosphere microbiome during drought
is largely due to shifts in actinobacterial activity and function.
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Drought-Induced Shifts in Root Metabolism Correlate with Altered Rhizosphere
Transcriptional Activity.

To investigate whether drought-induced shifts in the rhizosphere microbiome
transcriptional activity, specifically the increased expression of transporters of
carbohydrates and amino acids, are correlated with shifts in sorghum root metabolism,
we performed untargeted metabolomics on sorghum roots using gas
chromatography–mass spectrometry (GC-MS) at the peak of pre-flowering drought
(TP8) and after rewatering (TP9). Through comparative analyses across treatments, we
identified a large number of identifiable drought-enriched root metabolites (n = 114),
including a variety of carbohydrates and amino acids (Table 3). The most significantly
enriched metabolite is glycerol-3-phosphate (G3P), which is 4.34 log10-fold more
abundant in drought-treated than control roots. Interestingly, among the significantly
drought-enriched carbohydrate gene subcategories in the rhizosphere
metatranscriptomes (Table 2), we observed a strong enrichment of ABC-type
transporters of G3P, which had the largest number of up-regulated genes in the dataset
(n = 191; P = 0.0001328).

As the observed increase in G3P within roots could potentially be produced by
either the plant or the microbes in the system, we performed a high-performance liquid
chromatography (HPLC) analysis of G3P levels in gnotobiotically grown sorghum
seedling roots following drought treatment. These results indicate that in the absence of
microbes, G3P is produced at levels two-fold and 100-fold higher in roots exposed to 2
and 4 wks of drought, respectively, compared with controls (Fig. 4A). To further
demonstrate that the G3P enrichment is host-generated, we performed qPCR with
primers designed to quantify expression of several genes in the G3P transport and
catabolism pathway on field-grown root samples collected during the peak of drought
(TP8). These results revealed significant increases in genes involved in G3P transport
across the plant cell plasma membrane (G3PP; Table 4) and decreases in two genes
[cytosolic glycerol-3-phosphate dehydrogenase (cGPDH) and glycerol-3-phosphate
acyltransferase 6 (GPAT6)] responsible for converting G3P to other products
[dihydroxyacetone phosphate (DHAP) and precursors of cutin biosynthesis]. These
observations are consistent with a model in which G3P accumulates under drought
within plant root tissues and is subsequently transported into the apoplast, perhaps to
help reduce oxidative stress faced by the cell (Fig. 4B). Furthermore, the metabolomic
data demonstrate that drought leads to the accumulation of a variety of other
carbohydrates and amino acids within the root (Table 3), and that many of these have
potentially related gene categories with significant enrichment in the rhizosphere,
including ribose, asparagine, proline, maltose, glucose, and threonine (Ngumbi and
Kloepper 2016) (Tables 1 and 2). Notably, many fewer metabolites were found to be
differentially enriched between drought and control (n = 7) at the peak of post-flowering
drought treatment (Table 5), and G3P is not among them. We also observed that the
relative enrichment of Actinobacteria in post-flowering drought-treated roots at TP17 is
roughly threefold lower than their enrichment in the pre-flowering-treated roots at TP8.
Taken together, these results suggest that a variety of root metabolites that are enriched
under pre-flowering drought stress may be imported and used by root-associated
Actinobacteria, and that the relatively large drought-induced shifts in community

52

https://paperpile.com/c/x4qoKz/G3HMM
https://paperpile.com/c/x4qoKz/G3HMM


structure in early compared with late development are correlated with correspondingly
larger shifts in the plant metabolome.

ROS Scavenging is up-regulted during drought
Limiting excess accumulation of reactive oxygen species (ROS) is a vital

component of drought tolerance (Suzuki et al. 2012). Proline biosynthesis is a key
regulator of ROS-dependent processes and osmoprotection. Sorghum transcriptomic
analysis revealed constitutively higher mRNA expression of the rate-limiting enzyme of
proline biosynthesis, P5CS2 (Sobic.003G356000; Fig. 5A), in BTx642 compared to
RTx430, consistent with the results of a greenhouse study of 45-d-old sorghum plants
(Johnson et al. 2015). We also observed similar increases in P5CS2 mRNA expression
under drought conditions for both genotypes. While our gene-expression results
supported higher capacity for proline biosynthesis in BTx642, we observed lower levels
of drought-induced proline accumulation in BTx642 relative to RTx430 (Fig. 5B), and we
did not see a constitutive difference in proline abundance. This indicates a reduced
demand for proline as an osmoprotectant and regulator of ROS in field-grown BTx642 in
post-flowering drought, despite an apparent higher capacity for proline biosynthesis.

Glutathione S-Transferases (GSTs) are also key regulators of ROS in plant cells
(Fracasso, Trindade, and Amaducci 2016; Ding et al. 2017; Das and Roychoudhury
2014), and expression of GSTs is induced by drought (18). We observed both
constitutive and drought-specific expression differences between the 2 genotypes in
multiple individual GST genes, despite similar levels of total GST mRNA expression
between the genotypes in both control and drought conditions. One such gene, GST29
(Sobic.003G264400), was strongly up-regulated in both pre-flowering and
post-flowering drought in BTx642, but was not differentially expressed in RTx430 (Fig.
5C). To further explore genotype-specific GST redox-scavenging activity, we measured
total GST enzymatic activity in leaf extracts sampled during weeks 8, 9, and 11
(representing pre-flowering drought, recovery, and post-flowering drought, respectively).
We detected similar levels of bulk GST enzymatic activity in both genotypes under
control conditions, but observed that both pre-flowering and post-flowering drought led
to significantly greater increases in GST activity in RTx430 compared to BTx642 (Fig.
5D). Taken together, the lower proline levels and lower bulk GST enzymatic activity in
BTx642 relative to RTx430 during post-flowering drought both point toward lower levels
of perceived drought-induced ROS stress in BTx642. This is consistent with the
observable drought tolerance phenotypic differences between BTx642 and RTx430, and
their characterizations as post-flowering- and pre-flowering-drought tolerant cultivars,
respectively.

In addition to constitutive up-regulation of GST29, we observed genotype-specific
differences in two other pathways that might enable a higher capacity for the control of
ROS levels in BTx642. First, a chloroplast-targeted ferredoxin FD3 (Sobic.003G364400;
Fig. 5E), located close to STG1, was constitutively up-regulated in BTx642, consistent
with an increase in the efficiency of ROS scavenging in chloroplasts (Lin et al. 2013).
Second, we found that BTx642 maintained constitutively higher mitochondrial
alternative oxidase (AOX) capacity (Fig. 5F), a feature that prevents excess ROS
accumulation in plant mitochondria (Maxwell, Wang, and McIntosh 1999) and that might
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be important for drought tolerance (Dahal and Vanlerberghe 2017). From fresh
field-sampled leaves, we found that AOX-mediated electron transport capacity was
significantly higher in BTx642 leaf tissue relative to RTx430 (Fig. 5F) (false discovery
rate-adjusted P value <0.05), despite similar dark respiration rates. Thus, we
hypothesized that BTx642’s post-flowering drought tolerance may be due to enhanced
redox balancing in the chloroplast and mitochondria. Given the observed relative
expression and protein abundance of core photosynthetic machinery, BTx642 is better
at retaining the proteins necessary to sustain photochemistry under post-flowering
drought. This work provides an attractive dataset to identify candidate genes that
improve productivity under drought in other agronomically relevant crops.

Discussion
Amplicon sequencing experiments performed as a part of the EPICON study

lends further credence to a growing body of evidence that plants under drought stress
have predictable shifts in their microbiome structure, specifically that monoderm
bacteria like the Actinobacteria become enriched during drought. This has been shown
in numerous agricultural species (Naylor et al. 2017; Santos-Medellín et al. 2017;
Fitzpatrick et al. 2018), and recent work has indicated that this might also be the case in
natural forest settings (Willing et al. 2020). Metabolomic and metatranscriptomic
analyses further showed that G3P production increases in sorghum roots during
drought, and bacterial G3P transport proteins become overexpressed concurrently.
Additionally, transcriptomic experiments revealed that genes involved in ROS mitigation
are important for drought tolerance, and may drive cultivar-specific differences in
drought response. This revelation may also be linked to the observed monoderm
enrichment under drought, as research indicates monoderms are less susceptible to
ROS-induced cellular damage due to their thickened cell wall (Mai-Prochnow et al.
2016).

While the generation of these hypotheses addressing causal mechanisms behind
observed microbiome rearrangement during drought are intriguing on their own, the true
triumph of the EPICON project was the robust use of holo-omic strategies to arrive at
these hypotheses. The cross-talk among multiple molecular layers, within and between
both host and associated microbiome, cannot be properly assessed solely by a
reductionist approach that analyzes individual omics layers in isolation. While
holo-omics has the power to help unlock the molecular dynamics at play within the plant
microbiome (Nyholm et al., 2020), it is worth noting that we anticipate the primary
function of such large-scale holo-omics studies is to be the generation, rather than
testing, of hypotheses about functional relationships in the plant microbiome. While it
has been argued that null-hypothesis testing is actually an outdated method for
performing ecology studies (Stephens et al. 2005), to reach a functional understanding
of the molecular mechanisms at play in the plant microbiome, validation experiments
that follow a traditional hypothesis-driven approach will be necessary (H. Liu et al.
2020). Fortunately, a wide variety of new technical approaches in both plant and
microbial biology have been developed that are well suited to the purpose of hypothesis
testing in the plant microbiome. The use of CRISPR/Cas9 engineering to create plant
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hosts altered in core functions represents one such powerful approach that has been
used for validation (Rubin et al. 2020), as will be presented in the following chapter.

In conclusion, to take the next steps forward in understanding the basic biology
of plant-microbiome interactions in particular, richer holo-omics studies will be
necessary for better understanding plant-associated microbiomes. We envision that the
knowledge gained through these endeavors will enable researchers to better explain
and predict plant-microbiome interactions. To pursue this path, we encourage microbial
and plant biologists, as well as ecologists, statisticians, and computer scientists, to work
together to develop unified experimental frameworks that integrate omics datasets from
both the host and microbe, and to use the resulting data to build and test hypotheses
about the molecular interactions at play in the plant microbiome.
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Figures

Figure 1. (A) Schematic overview of the experimental design for control (CON),
pre-flowering (PRE), and post-flowering (POST) drought. Black dots represent whether
plants were sampled for the specified treatment/week, and the color of the boxes
reflects the irrigation status for the plants (light blue, watered; brown, pre-flowering
drought; dark blue, watered, pre-flowering recovery; red, post-flowering drought); no
plots were irrigated prior to week 3 (white boxes). All samples marked as “watered”
were irrigated 5 d prior to sample collection. Samples from week 3 of pre-flowering
drought and week 10 of post-flowering drought are considered the 1st samples of
drought-exposed plants from the 2 drought regimes (i.e., the 1st samples experiencing
different watering regimes from control; Materials and Methods). (B and C) Photos of
side-by-side comparisons of control (CON; left) and pre-flowering droughted (PRE;
right) plants at week 7 for RTx430 (B) and BTx642 (C). (D and E) Field picture at week
12 after 3 wk of post-flowering drought of RTx430 (D) and BTx642 (E), showing delayed
senescence in this stay-green variety (Varoquaux et al. 2019).
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Figure 2. (A) Relative abundance for the most abundant bacterial phyla. Percent
relative abundance of the top 13 most abundant phyla for control and drought
treatments across soils), rhizospheres, and roots. All time points (TP1–TP17) are
arranged in order along the x axis in each panel. (B) PCoA of Bray Curtis distances for
all control and pre-flowering drought root samples colored by time point. Individual time
points (TP1–TP17) are represented by distinct colors, with initial time points (TP1–TP2)
shown as dark gray (control plot only), early time points (TP3–TP8) shown as shades of
green, and late time points (TP9–TP17) shown as shades of blue and purple. (C) Heat
map of the mean pairwise Bray Curtis dissimilarity comparing pre-flowering drought
versus control samples. Shades of green and pink represent low and high Bray Curtis
distances, respectively. The orange and green lines indicate the mean flowering times in
drought and control treatments, respectively, while the black line represents the
rewatering event at the end of drought treatment. The red rectangle highlights the
strong similarity between drought-treated samples at TP3–TP8 and the control-treated
samples belonging to TP3 (Xu et al. 2018).
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Figure 3. GO enrichment analysis for all genes showing enrichment under drought for
both rhizospheres (Left) and soils (Right) at TP8 (A) and TP9 (B). The values on the x
axis indicate the fold-enrichment ratio of the relative percentages of genes up-regulated
under drought in each category relative to the total relative percentage of genes in the
corresponding category within the entire dataset. The red circles indicate categories for
which the enrichment had a P value of <0.05 in a hypergeometric test (*P ≤ 0.05; **P ≤
0.01; ***P ≤ 0.001) (C) Relative abundance across the top 13 phyla for all transcripts for
which taxonomies could be assigned and which showed differential expression by
treatment from rhizospheres (Left) and soils (Right) at TP8 and TP9, separated
according to GO categories (y axis). The legend for colors used for each phylum is as in
Fig. 2A (D) Relative abundance of the fifteen most abundant Gene Ontology (GO)
categories for all transcripts belonging to Actinobacteria. All categories were observed
to have significant changes (p < 0.001) by Fisher’s Exact test between drought and
control in each pairwise combination of time point and sample type, except where
marked with an asterisk. All transcripts with unassigned function were omitted, and all
transcripts assigned to other GO categories are grouped within “Other”. (E) Relative
abundance of the ABC transporter genes for all transcripts belonging to Actinobacteria.
Significant changes (p < 0.001) by Fisher’s Exact test between drought and control are
indicated with asterisks (Xu et al. 2018).
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Figure 4. Relative abundance of glycerol-3-phosphate in sorghum root (Normalized to
control). (A) The concentration was determined by HPLC in two and a half week-old
sorghum roots of both genotypes grown gnotobiotically in sterile microboxes following
control irrigation (green) or two weeks of drought (orange) . (B) The relative abundance
of G3P under control (green) and drought (orange) treatment in five week old sorghum
roots following control irrigation or four weeks of drought (normalized to control).
Significance between control and drought is indicated by asterisks above each bar (*
represents p<=0.05, ** represents p<=0.01, *** represents p<=0.001). The horizontal
bars above and below each circle represents one standard error above and below the
mean. (C) A model representing misregulation of host root transcripts in the G3P
catabolism and transport pathways during drought. qPCR was performed on
pre-flowering and control-treated root samples taken at the peak of drought (TP8) using
primers designed to amplify genes involved in conversion of G3P to downstream
products (cG3PDh and GPAT6) and G3P transport (G3PP). We observed significant
increases in G3PP, which is involved in G3P transport across the plant cell plasma
membrane, and decreases in two genes (cGPDH and GPAT6) responsible for
converting G3P to DHAP and precursors of cutin biosynthesis, respectively. These
observations are consistent with a model in which G3P accumulates under drought
within plant root cells and is subsequently transported into the apoplast, perhaps to help
reduce oxidative stress faced by the cell (Xu et al. 2018).
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Figure 5. Log-2 gene expression values (y-axis) against time (x-axis) of (A) P5CS2
(Sobic.003G356000), (C) GST29 (Sobic.003G264400), and (E) FD3
(Sobic.003G364400) showing constitutive and drought-induced differences between
RTx430 (left) and BTx642
(right). Individual values are shown by dots, with smooth split-splines showing the
estimated functional forms. (B) Proline levels determined on fresh weight (FW) leaf
samples via a ninhydrin spectrophotometric assay for both drought conditions and
genotypes. (D)  Bulk GST enzymatic activity in leaf extracts (y axis) at 3 timepoints (x
axis). (E) Oxygraph measurements of respiration in week 5 for normally watered plants
with and without treatment of 2.5 mM KCN show BTx642 maintaining AOX capacity
better than RTx430 (Varoquaux et al. 2019).
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Table 1. Twenty most significant GO subcategories with differential enrichment under
drought within the GO category “Amino acid transport and metabolism”. Hypergeometric
tests were used to calculate the enrichment of functional categories and subcategories
(p <= 0.05) according to COG ID. Asterisks denote ABC-type transporters (Xu et al.
2018).
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Table 2. Twenty most significant GO subcategories with differential enrichment under
drought within the GO category “Carbohydrate transport and metabolism”.
Hypergeometric tests were used to calculate the enrichment of functional categories
and subcategories (p <= 0.05) according to COG ID. Asterisks denote ABC-type
transporters, while red asterisks denote ABC-type glycerol-3-phosphate transporters
(Xu et al. 2018).
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Table 3. List of all identifiable drought-enriched or depleted root metabolites at the peak
of pre-flowering drought (TP8). Prior to further statistical analysis to determine
significantly enriched metabolites, the metabolite data were normalized through a log2
transformation and then mean centered across the log2 distribution. Differentially
expressed metabolites were analyzed by edgeR with quasi-likelihood F-tests. The cutoff
was set as fold change > 2, and p value < =0.05 (Xu et al. 2018).
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Table 4. qPCR results for genes involved in glycerol-3-phosphate transport and
catabolism. Quantitative PCR with primers designed to quantify expression of several
genes in the G3P transport and catabolism pathway on field-grown root samples
collected during the peak of pre-flowering drought (TP8). Relative expression levels
were calculated according to the 2-2∆∆CT (cycle threshold) method, and the standard
deviation was calculated among the three biological replicates. Data was normalized to
the expression of one of two housekeeping genes (CYP and PP2A) (Xu et al. 2018).
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Table 5. A list of all identifiable drought-enriched or depleted root metabolites at the
peak of post-flowering drought (TP17). Prior to further statistical analysis to determine
significantly enriched metabolites, the metabolite data were normalized through a log2
transformation and then mean centered across the log2 distribution. Differentially
expressed metabolites were analyzed by edgeR with quasi-likelihood F-tests. The cutoff
was set as fold change > 2, and p-value < =0.05 (Xu et al. 2018).
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Chapter 4
Improving Sorghum Transformation Using Morphogenic Genes,

Babyboom/Wuschel
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Contributions
Aspects of this chapter are derived from a manuscript currently in review on

which I am a co-author, as well as unpublished data I have generated. The full citation
of the manuscript is Kiflom Aregawi, Jianqiang Shen, Grady Pierroz, Manoj K. Sharma,
Jeffery Dahlberg, Judith Owiti, Peggy G. Lemaux. Pathway to Discovery of Gene
Function in Key Bioenergy Crop, Sorghum bicolor. In review, The Plant Biotechnology
Journal

From the beginning of the EPICON Project, the ultimate goal was to use
holo-omics to uncover interesting gene targets for functional validation in sorghum. We
knew that such an ambitious holo-omic study had the potential to generate a plethora of
hypotheses and highlight numerous genes of interest (GOIs). So in order to prepare for
this undertaking in which we probe gene function using engineering and editing
approaches, we were determined to radically improve the speed and efficiency of
sorghum transformation. To do so, we attempted a newly-developed transformation
technique using the morphogenic genes BBM and WUS which had been shown to
improve maize transformation.

After some initial success with transforming sorghum solely with the morphogenic
genes and an exemplary GOI, I performed some of the first altruistic transformation
experiments along with my labmate Kiflom Aregawi. Altruistic approaches consisted of
co-transforming the morphogenic genes along with a GOI, in this case RFP for
proof-of-concept validation. I performed every aspect of the transformation experiments
with the GOI, from initial transformation through tissue and molecular genotyping to
planting regenerated transformants in soil. After demonstrating significant improvements
in transformation efficiency, we integrated CRISPR/Cas9 editing technology with the
BBM/WUS transformation approach.

Having been involved very broadly in the EPICON Project as it evolved, I used
what we had learned from those studies (Xu et al. 2018; Varoquaux et al. 2019) to
decide on interesting gene targets for editing to explore plant-microbiome interactions.
Using the combination of metagenomic, transcriptomic, and metabolomic data produced
by EPICON researchers and reported in the previous chapter, we decided that ROS and
G3P production would be our focus since both of these pathways showed clear
transcriptomic and metabolic shifts under drought. Eventually we narrowed the options
to three genes: a catalase involved in the detoxification of hydrogen peroxide (CAT2),
as well as the two biosynthetic enzymes that produce G3P (GLI1 and GLY1). I
designed sgRNAs targeting these genes, and carried out much of the molecular cloning
involved in building our two constructs, with extensive help from both Dr. Manoj Sharma
and Dr. Jianqiang Shen.

With the integrated BBM/WUS and CRISPR/Cas9 transformation cassettes, I
carried out two replications of transformation with both constructs;  I performed every
step of the transformation process, from transformation through planting. Finally, I
helped write and edit the manuscript the Lemaux lab recently submitted to Plant
Biotechnology Journal in addition to the related pre-print published in BioRXiv (K.
Aregawi et al. 2020), which detail the lab’s progress towards high efficiency sorghum
transformation with the use of BBM/WUS, as well as editing efforts and novel
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genotyping methods to screen for high quality (single-copy) transformants at a higher
throughput level.
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Introduction

Sorghum [Sorghum bicolor (L.) Moench] is a cereal crop with multiple abiotic stress
tolerances (Paterson et al. 2009; Paterson 2008) which has recently realized new
market demands worldwide because of its use for fuel, feed, forage, and food (Duff et
al. 2019; Mundia et al. 2019). In order to further understand sorghum’s abiotic stress
tolerance, particularly in regards to drought tolerance, EPICON researchers carried out
an ambitious holo-omic study of sorghum grown in field-relevant conditions (see
Chapter 3). That data was used to generate evidence-based hypotheses on
connections between drought, monoderm bacterial enrichment, reactive oxygen
species, and key metabolites like glycerol-3-phosphate (Xu et al. 2018; Varoquaux et al.
2019). Despite those revelations, our large transcriptomic data sets for sorghum also
revealed that although 44% of expressed genes were affected by drought, 43% of the
transcriptome had not yet been annotated (Varoquaux et al. 2019). This revelation
highlighted the need for renewed focus on validating gene function in sorghum.

Serendipitously, the advent of CRISPR/Cas9 gene editing offers a powerful tool to
validate gene function through targeted knock-outs and subsequent reverse genetic
screens (Kumlehn et al. 2018). Unfortunately, a lack of high-efficiency transformation
methods in sorghum has hampered the effective delivery of CRISPR/Cas9 editing
cassettes into the sorghum genome. Since the first plant transformation success in
tobacco (Fraley et al. 1983; Herrera-Estrella et al. 1983; Bevan, Flavell, and Chilton
1983) resulting in stable expression of introduced bacterial genes [for review,
(Biotechnology and Biological Sciences Research Council 2013)], much progress has
been realized in crop plants. However, challenges remain (Altpeter et al. 2016),
especially for cereal crops like sorghum, that are classically more recalcitrant to
Agrobacterium-mediated transformation than dicots, largely due to its natural host being
dicots (De Cleene and De Ley 1976). Many cereal crops also exhibit severe genotype
dependence in transformation success, meaning only a select few cultivars are able to
be transformed at all (Hiei, Ishida, and Komari 2014). Because these
transformation-amenable cultivars are almost never elite lines grown commercially,
extensive backcrossing of engineered traits must often still be performed before those
traits are agriculturally relevant. Barriers to Agrobacterium-mediated transformation in
select monocot species were eventually overcome, with rice being the first successful
transformation target (Raineri et al. 1990). Progress was also made in maize (Songstad
et al. 1996; Frame et al. 2002; Shrawat and Lörz 2006), with recent efforts in maize
using specific morphogenic genes showing particular promise (Lowe et al. 2016). Those
morphogenic genes were Zea mays Baby Boom (BBM), an AP2/ERF transcription
factor that promotes cell proliferation during embryogenesis (Boutilier et al. 2002), and
Wuschel2 (WUS), a transcription factor needed to maintain a reservoir of stem cells in
the shoot meristem (Laux et al. 1996). These advancements inspired us to attempt
similar strategies in sorghum by employing a strategy known as altruistic transformation,
in which a construct containing the morphogenic genes is simultaneously
co-transformed into sorghum immature embryos (IEs) along with a gene of interest, in
our case the fluorescent reporter gene RFP. The theoretical rationale for altruistic
transformation posits that because Wuschel is a mobile signal, cells transformed with
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WUS will export the gene product to surrounding cells to induce somatic embryogenesis
“altruistically”. By selecting for the antibiotic resistance gene linked to our gene of
interest, we hoped to regenerate plants containing RFP that do not contain the
morphogenic genes but rather benefitted from neighboring cells which do contain the
morphogenic genes. We report in this study that the incorporation of BBM and WUS
allows for transformation efficiencies in sorghum of almost 30%, over ten-times greater
than previous experiments without morphogenic genes [(Wu et al. 2014); Lemaux et
al., unpublished].

Considering this marked improvement in transformation efficiency in sorghum, we
utilized our extensive holo-omic dataset as well as the hypotheses generated through its
analysis to select gene targets for CRISPR/Cas9 editing and functional validation. We
decided to specifically investigate ROS and G3P, as mentioned above, as potential
nexuses of sorghum drought tolerance and repeatable shifts in microbiome community
structure towards monoderm taxa. Three target genes were selected for editing. The
first is the catalase gene SbCAT2 (Sobic.001G517700), a key regulator of ROS stress
involved in hydrogen peroxide detoxification. The second and third genes are SbGLI1
(Sobic.006G239800) and SbGLY1 (Sobic.002G081500), which represent the two
biosynthetic enzymes immediately upstream of G3P production. Guide RNA were
designed and incorporated into plasmids containing the CRISPR/Cas9 editing cassette
as well as the BBM/WUS morphogenic cassette. Although high rates of transgene
integration were achieved, successful knockouts remained elusive, likely due to
suboptimal expression and function of the guide RNA and Cas9 protein. Thus, although
great strides have been made towards successful transformation, gene editing, and
functional validation of genes in sorghum, one final hurdle remains in the optimization of
gene editing efficacy in this non-model, abiotic stress-tolerant species.

Materials and Methods

Plant materials
Seeds from sorghum variety RTx430 (Miller 1984) were from GRIN (United

States Department of Agriculture, Agricultural Research Service n.d.), planted in
three-gallon pots with SuperSoil 1 (Rod McClellan Co., South San Francisco, CA) and
grown in the greenhouse at 28 oC with 16 h light/ 8 h dark photoperiod. Immature
embryos (Es) from panicles were collected at 12-14 d post-anthesis.

Preparation of Agrobacterium
LBA4404 Thy- is an auxotrophic (THY-)  A. tumefaciens  strain (Anand et al.

2017) into which helper plasmid, pPHP71539 (Anand, A., Bass, S.H., Cho, H.-J., Klein,
T.M., Lassner, M., McBridge, K.E. 2017; K. Aregawi et al. 2020), was introduced. For
other constructs, strains with those constructs were streaked on YEP agar medium (per
L: 10 g yeast extract, 10 g Bacto Peptone, 5 g NaCl, 15 g Bacto Agar, pH 7.0, 100 mg/L
thymidine, 50 mg/L gentamicin) from stocks stored at -80 oC at 25% final concentration
glycerol. After dark incubation for 3 d at 28 oC, 3-5 colonies were used to make
overnight cultures on YEP; suspension cultures from those cultures were adjusted to

70

https://paperpile.com/c/x4qoKz/YWdKl
https://paperpile.com/c/x4qoKz/fqEDg
https://paperpile.com/c/x4qoKz/rzcCr
https://paperpile.com/c/x4qoKz/rzcCr
https://paperpile.com/c/x4qoKz/Obl5M
https://paperpile.com/c/x4qoKz/Obl5M
https://paperpile.com/c/x4qoKz/J7RfU+AwTWv
https://paperpile.com/c/x4qoKz/J7RfU+AwTWv


OD550 0.7, using PHI-I medium (Wu et al. 2014) with 0.005 % silwet and 0.2 mM
acetosyringone.

Altruistic Transformation Constructs
Altruistic transformation requires the use of two separate constructs

simultaneously co-transformed into sorghum IEs, one containing the gene of interest
(GOI) and one containing the morphogenic genes BBM and WUS. The GOI construct
we used for altruistic transformation was pANIC10A (Mann, Lafayette, et al. 2012),
which contains the visible marker red fluorescence protein (RFP) driven by the pvUBI1
promoter, as well as the selectable marker gene hygromycin phosphotransferase (hph)
driven by the pvUBI2 promoter. The construct containing morphogenic genes was
pGL190 (Figure 1A), which codes for BBM and WUS, both of which are driven by
Zm-PLTPpro. pGL190 also contains the visible reporter ZsGreen. All plasmids were
electroporated into LBA4404 Thy- and confirmed by complete plasmid sequencing
(Center for Computational and Integrative Biology, Massachusetts General Hospital,
Boston MA).

CRISPR/Cas9 sgRNA target determination and design
Our holo-omic investigation of the interplay between sorghum, drought, and the

microbiome highlighted the importance and potential for further investigation of both
G3P and ROS in shaping how the plant as well as its associated microbes respond to
drought. In order to continue pursuing these two avenues, we set out to select potential
candidate genes involved in these processes which could be edited with CRISPR/Cas9
in order to perform reverse genetic screens and validate their function in determining
observed drought-related phenotypes.

A literature review revealed two separate pathways converge upon G3P as a
biosynthesis product. On the one hand, dihydroxyacetone phosphate (DHAP) can be
reduced by glycerol-3-phosphate dehydrogenase to produce G3P. Alternatively, glycerol
can be directly phosphorylated by glycerol kinase. In Arabidopsis thaliana,
glycerol-3-phosphate dehydrogenase is encoded by the AtGLI1 gene, AT1G80460.
Glycerol kinase is encoded by the AtGLY1 gene, AT2G40690. Mutations in both AtGLI1
and AtGLY1 have been shown previously to reduce intracellular G3P content (Chanda
et al. 2008), so these two genes were determined to be good candidates for editing in
sorghum.

A homology search revealed that AtGLY1 has a single homolog in sorghum,
Sobic.002G081500 (SbGLY1), which showed 78% similarity at the protein level. AtGLI1
also has only a single homolog in sorghum, Sobic.006G239800 (SbGLI1), which
showed 85% similarity. Transcriptional data confirmed that both of these genes are
transcribed in the roots during normal development (Figure 2A,B), and SbGLY1 even
shows elevated expression during drought (Figure 2A). Interestingly, SbGLI1 shows
reduced expression during drought (Figure 2B), but because GLI1 is a bidirectional
enzyme, we hypothesized that once levels of G3P in the cell become high enough GLI1
might reduce total G3P through conversion to DHAP. With this in mind, we decided
targeting both SbGLI1 and SbGLY1 for editing in sorghum was the best strategy for
engineering a plant with constitutively altered intracellular G3P content.

71

https://paperpile.com/c/x4qoKz/YWdKl
https://paperpile.com/c/x4qoKz/Xzoyz
https://paperpile.com/c/x4qoKz/eJCnr
https://paperpile.com/c/x4qoKz/eJCnr


When considering ROS stress, many more gene targets must be considered,
including superoxide dismutases, alternative oxidases, glutathione reductases, and
catalases (Dvořák et al. 2020; Das and Roychoudhury 2014). Turning to the literature,
we learned of a catalase mutant in Arabidopsis, AtCAT2 (AT4G35090), which displays
constitutively elevated levels of hydrogen peroxide (Y.-Q. Hu et al. 2010). Because of
this easily quantifiable and theoretically impactful phenotype, we chose to focus on
editing SbCAT2 in sorghum. The closest homolog to AtCAT2 in sorghum is
Sobic.001G517700 (SbCAT2), which showed 94% homology at the protein level.
Transcriptional analysis revealed that SbCAT2 is expressed in sorghum roots, and is
even strongly up-regulated under drought (Figure 2C), so we determined to pursue
editing SbCAT2 in hopes of generating a sorghum mutant with constitutively elevated
levels of intracellular hydrogen peroxide.

Once target genes were selected, sgRNA were designed using using
CHOP-CHOP (Labun et al. 2019) and CRISPR-PLANT (Minkenberg et al. 2019) using
the following criteria: both design programs must return high on-target scores and low
off-target scores, both sgRNA for a single target gene should be approximately 200 bp
apart to encourage large genomic lesions resulting from successful editing events, both
sgRNA target exons, and both sgRNA are as close to the transcription start site as
possible. The six sgRNA sequences selected following these guidelines are presented
in Table 3, and their locations on the target gene are presented in Figures 2D-F.

Non-Altruistic CRISPR Constructs
Two different guide RNA (gRNA) polycistronic cassettes, one targeting SbCAT2

and one targeting both SbGLI1 and SbGLY1, were amplified from pGTR (Xie et al.,
2015) according to the published protocol. The final plasmids were generated by
recombining each gRNA-tRNA polycistronic cassette and maize codon-optimized
SpCas9 with destination vector pPHP85425 (K. Aregawi et al. 2020) using the Gateway
Recombination method (Walhout et al. 2000) to produce the plasmids pGL203 and
pGL204 (Figure 1B). These final constructs contain the morphogenic genes WUS and
BBM, both driven by the Zm-PLTP promoter, as well as the MO-CRE recombinase
driven by the ZmHSP2p promoter, a heat stress-inducible heat shock promoter. The
morphogenic genes as well as the CRE gene are located within LoxP sites to allow for
excision and prevent aberrant phenotypes induced by constitutive expression of the
morphogenic genes. The destination vector also contains the selectable marker gene
ALS, which confers resistance to the herbicide imazapyr. All constructs were confirmed
by Sanger sequencing and electroporated into Agrobacterium strain LBA4404 Thy-.
Plasmids were then re-extracted from Agrobacterium and confirmed by complete
plasmid sequencing (Center for Computational and Integrative Biology, Massachusetts
General Hospital, Boston MA).

A. tumefaciens-mediated sorghum transformation
All media was modified from (Jones et al. 2019). Immature seeds of RTx430 from

greenhouse-grown plants were surface-sterilized twice for two mins with 75% ethanol,
then 20% bleach plus 0.2% Tween20 for 20 mins. IEs (1.5-2 mm) were isolated and put
into PHI-I liquid medium. When all IEs were isolated, PHI-I was removed, 1 ml of
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Agrobacterium suspension was added and mixed 5 mins at medium shaker speed;
suspension was removed by pipetting. For altruistic transformation, Agrobacterium
LBA4404 Thy-, containing either pGL190 or pANIC10A at OD550 0.7, were mixed in a 9:1
(pANIC10A:pGL190) volume:volume ratio. IEs, placed on co-cultivation medium (CCM)
scutellum side up, were kept in the dark for 7 d at 24 oC. IEs were transferred to resting
medium for 7 d to halt Agrobacterium growth.

For non-altruistic editing transformations, before moving to Embryo Maturation
Medium (EMM), IEs on resting media were heat-shocked at 45 °C, 75% humidity, for 2
hrs to trigger CRE-mediated excision. IEs were then moved to EMM with 0.05 mg/L IMZ
(Sigma Aldrich Chemicals, St. Louis MO) until shoots formed. Plantlets (2-3 cm) were
moved to rooting media (RM) with 0.05 mg/L IMZ under 16-h photoperiod at 26 °C. For
altruistic transformation, tissues were transferred to EMM containing 20 mg/L
hygromycin (hyg; PhytoTechnology Laboratories, Lenexa KS) without heat treatment; no
selection was used in RM.

Plants with well-established roots and shoots (10-12 cm) were moved to soil in
growth chambers at 26 oC with 16-h light and 8-h dark photoperiod for two weeks of
conditioning before transferring to the greenhouse. Percent transformation efficiency
was calculated based on the number of T0 plants PCR-positive for the target gene,
divided by the number of IEs used, times 100.

DNA extraction
Leaf samples, ~3 cm, frozen in liquid nitrogen and ground in an MM300 bead

beater (Retsch GmbH, Haan Germany) for 1.5 mins at 25 cps, were refrozen and
ground again. 700 ul of urea buffer (2M urea, 0.35 mM NaCl, 20 mM Tris-HCl pH 8, 20
mM EDTA, 1% sarkosyl) was added and vortexed for 30 secs. 10 ul of RNase A was
added, incubated 10 mins at room temperature and 700 ul of phenol:chloroform:IAA
(25:24:1) was added, vortexed 15 mins, and centrifuged 13,800 x g for 15 mins. 55 ul of
3M sodium acetate (pH 5.2) and 367 ul of isopropanol were added to 550 ul of the
aqueous phase; to precipitate DNA, tubes were inverted at -20 oC overnight or -80 oC
for 1 h. After centrifugation at 13,800 x g for 5 mins, supernatant was removed and
pellet rinsed in 500 ul 70% ETOH. Samples were centrifuged 5 mins at 13,800 x g,
supernatant removed and samples centrifuged 1 min. Excess ethanol was removed,
pellets air-dried 5-10 mins in laminar flow hood, resuspended in sterile distilled water
and stored at -20 oC.

Genotyping transformed plants
Total gDNA was extracted from leaves of seedlings on RM. For altruistic

transformation, PCR was performed using primers for RFP and BBM. To identify
putative edited plants in the non-altruistic experiments, PCR was performed using
primers for the gRNA-tRNA polycistronic cassette and BBM. The target gene fragments
for SbCAT2, SbGLY1, and SbGLI1, including the two gRNA target sites for each gene,
were also amplified to analyze by Sanger sequencing. Amplicons were visualized in 1%
agarose, purified with QIAquick® PCR purification kit (QIAgen, Redwood City CA).
CRISPR/Cas9 target gene amplicons were additionally prepared for Sanger sequencing
to assess the presence of genomic edits (UC Berkeley DNA Sequencing Facility).
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Sequencing results were analyzed using the Inference of CRISPR Edits (ICE) analysis
tool (Hsiau et al. 2018). All primers used for genotyping can be found in Table 2.

Results

Altruistic A. tumefaciens-mediated transformation
Severe genotype dependence as well as general recalcitrance to transformation

in sorghum prompted development of a new transformation strategy, modified from a
method in maize, termed altruistic transformation (Hoerster et al. 2020). The altruistic
approach requires IEs to be transformed simultaneously with two Agrobacterium strains.
In our approach, the first contained pGL190 (Figure 1A), which had the morphogenic
genes BBM and WUS. The second strain had pANIC10A (Mann, LaFayette, et al. 2012)
with our exemplary GOI, encoding the red fluorescent protein (RFP), and a selection
gene, hygromycin phosphotransferase (hph). The two strains were mixed 1:9 v:v,
pGL190:pANIC10A: and applied simultaneously to sorghum IEs. Tissues were cultured
on EMM plus hyg to select for hph expression from pANIC10A; no selection was used
on RM. Only a small number of escapes were found despite lack of selection on RM.

Four altruistic transformation replications were conducted using a total of 379
RTx430 IEs (Table 1); PCR was used to detect RFP and BBM. Transformation
efficiency, the number of T0 plants regenerated that were positive only for RFP, was
29.8%. From the regenerated transgenic plants, 28.0 % of plants contained both RFP
and BBM (Table 1). This transformation efficiency was markedly better than any
achieved without the use of morphogenic genes, which had peaked at around 2.5%
(Lemaux et al., unpublished). This success encouraged us to modify the strategy and
attempt to incorporate CRISPR/Cas9 editing with morphogenic gene-assisted
transformation to begin to validate gene function in sorghum.

Non-altruistic A. tumefaciens-mediated transformation for CRISPR/Cas9 gene
editing

In previous reports of sorghum editing, the Agrobacterium-mediated
CRISPR-Cas9 delivery system resulted in low efficiencies (G. Liu, Li, and Godwin 2019;
Char et al. 2020; Che et al. 2018; A. Li et al. 2018). Given the highly efficient sorghum
transformation methods described in our studies, we combined the use of morphogenic
gene transformation methods with CRISPR/Cas9 editing to improve genome editing
efficiency.

Both non-altruistic and altruistic transformation methods were considered to
introduce the CRISPR/Cas9 cassette. The attempt described here focused on
non-altruistic transformation due to ease of construct manipulation and ability for T-DNA
segregation. After editing targets were selected, constructs were created which
contained two sgRNA targeting their respective genes. One construct, named pGL204,
targeted SbCAT2 and therefore contained two sgRNA in total. The second construct,
named pGL203, targeted both SbGLI1 and SbGLY1 and thus contained four total
sgRNAs. These non-altruistic constructs also contained BBM, WUS and the ALS
selection genes (Figure 1B). The constructs were introduced into RTx430 via A.
tumefaciens-mediated transformation, and after two weeks transformed tissue was
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heat-treated to trigger expression of heat-shock-inducible CRE, causing excision of
morphogenic genes flanked by loxP sites. Two replications using 50 IEs were
conducted for each construct. Transformation with pGL204 yielded 14 plants positive
only for sgRNAs, a 14% transformation efficiency. However, 19 plants were positive for
both the sgRNAs and the morphogenic genes, which still have the potential to be edited
but also carry a chance of aberrant phenotypes later in development. Transformation
with pGL203 yielded 19 plants positive for gRNAs, a 19% transformation efficiency. Of
these, 11 plants were positive for both the sgRNAs and the morphogenic genes.
Unfortunately, Sanger sequencing of the target genes from the transformed plants did
not indicate that any of the regenerated plants contained edits.

Discussion
To accelerate gene function studies in important crops, improvements in

transformation are needed (Altpeter et al. 2016) since the most direct paths to validating
function are through genetic engineering and editing. The major impediments to such
approaches in sorghum, when using conventional transformation methods, are
genotype-dependence and the long time needed for selection, regeneration and
generation advance. Efforts described in this chapter are aimed at addressing these
issues.

Initial altruistic efforts with the BBM/WUS morphogenic gene-assisted
transformation system in sorghum attempted to utilize a transformation approach in
which BBM/WUS and the GOI are located on different plasmids in different
Agrobacterium strains which are simultaneously co-transformed. This strategy has two
specific benefits. One is the low probability of regenerated plants that still contain the
morphogenic genes, which can lead to aberrant phenotypes and poor seed set. The
other advantage is that no new plasmids need to be constructed. The BBM/WUS
construct can be used in conjunction with any other plasmid containing a GOI, allowing
researchers to immediately improve the transformation efficiency of any construct they
may be currently using or have used in the past. As such, we were able to rapidly
assess the efficacy of the BBM/WUS strategy using an RFP reporter construct that our
lab had used previously, and we did indeed observe a marked improvement in
transformation efficiency compared to non-morphogenic methods employed previously,
even in our initial experiments. The average transformation efficiency in our lab
increased over ten-fold, from ~2.5% to almost 30%, an efficiency which seemed
unfathomable using previous transformation techniques.

After the success with altruistic editing, we tested whether the BBM/WUS system
could be used in conjunction with a CRISPR/Cas9 editing cassette on a single plasmid.
This was done in part to see if we could overcome the challenge of building,
manipulating, and transforming with a very large plasmid, as integrating both of these
components resulted in a final construct around 36 kb. Additionally, because the
morphogenic genes in this cassette exist between two LoxP sites, this strategy
presented the added challenge of utilizing the CRE-LOX recombination strategy to
excise the morphogenic genes after somatic embryogenesis to prevent aberrant
phenotypes in regenerated plants. However, our results show that successful
transformation of sorghum plants using a very large plasmid containing the
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morphogenic genes as well as the CRISPR/Cas9 editing cassette is indeed possible,
although transformation efficiencies with these non-altruistic experiments were slightly
lower than those achieved with the altruistic approach. Additionally, the number of
regenerated plants containing the morphogenic genes as well as the GOI was indeed
higher when using the non-altruistic approach, approaching 50% of all transformed
plants. Nevertheless, using the non-altruistic strategy did deliver impressive results,
achieving efficiencies well above any reported for sorghum transformation without the
use of morphogenic genes.

Another substantial benefit from using the BBM/WUS transformation strategy is
the fact that it significantly cuts down the amount of time needed between
transformation and the regeneration of transgenic plants. A process that once took
18-21 weeks for the standard transformation genotype, Tx430, now only takes 10-12
weeks thanks solely to the use of BBM and WUS. This allows for much more rapid
investigation of promising transgenes and higher throughput for experimentation, while
also reducing material and labor costs as well as the chance of somaclonal variation
associated with protracted time in culture.

Unfortunately, although we were able to regenerate high quantities of
transformed plants, the apparent low-level expression of Cas9 activity resulted in a lack
of successfully gene edited plants for my constructs to date. We hypothesize that this
may be due to low expression of the Cas9 protein and/or sgRNAs during somatic
embryogenesis and early development of the regenerated plants, which were
genotyped as soon as they produced enough tissue for successful DNA extraction.
Efforts are underway to remedy this by testing new promoter sequences to drive more
strongly components of the gene editing cassette. Because our T0 plants are stably
transformed with the CRISPR/Cas9 cassette there still remains a chance that edits may
occur later in plant development, leading to successfully edited T1 seeds.

Despite this setback, this study still represents a huge leap forward in sorghum
transformation. With the BBM/WUS strategy, we are closer than we ever were to
validating gene function in sorghum and addressing the underlying mechanisms behind
complex, polygenic traits such as drought tolerance and microbiome structuring. Once
the CRISPR/Cas9 gene editing system is optimized in sorghum, the doors will be open
to uncovering the secrets of this impressively abiotic stress-tolerant cereal crop.
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Images

Figure 1. Constructs containing morphogenic genes BBM and WUS used in this study.
Both contain WUS and BBM driven by the Zm-PLTP promoter, MO-CRE driven by the
heat shock inducible Zm-HSP2b promoter. These three genes are all within the LoxP
sites targeted by MO-CRE, which facilitates their excision after exposure to heat shock.
Both constructs also contain the selectable marker gene ALS, which conveys resistance
to imazapyr, behind the Sb-ALS promoter. The difference between these constructs is
(A) pGL190 contains the visible reporter gene ZSGreen, while (B) pGL203 and pGL204
contain a CRISPR/Cas9 editing cassette. pGL203 and pGL204 are therefore identical
except for their sgRNA sequences, which are presented in Table 2 (Kiflom Aregawi et
al. 2021).
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Figure 2. RNA-seq derived expression profiles for the three genes targeted for
CRISPR/Cas9 editing: (A) SbGLY1, (B) SbGLI1, and (C) SbCAT2. RNA-seq data was
generated as part of (Varoquaux et al. 2019). Plots show expression of each gene in
two genotypes, RTx430 (left) and BTx642 (right). Plants were grown under three
different watering conditions: fully watered control (blue), pre-flowering drought (brown),
and post-flowering drought (red). Samples for RNA-seq were taken every week for 17
weeks, represented on the x-axes (Varoquaux et al. 2019). Simplified genomic maps for
(D) SbGLY1, (E) SbGLI1, and (F) SbCAT2 showing exon structure and sgRNA target
locations, represented by red chevrons.
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Table 1. Transformation efficiency for both altruistic and non-altruistic experiments,
calculated as the number of regenerated plants testing PCR positive for the gene of
interest (GOI) but not the developmental genes divided by the number of initial
immature embryos (IEs) transfected, represented as a percentage. GOI for
pGL190+pANIC10A transformation refers to RFP, while the GOI for pGL203 and
pGL204 transformations refers to the sgRNA region (Kiflom Aregawi et al. 2021).
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Table 2. sgRNA sequences for each of the genes targeted by the CRISPR/Cas9 gene
editing system in this study.
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Table 3. PCR primers used in this study to genotype potential transformants (Kiflom
Aregawi et al. 2021).
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