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ABSTRACT

Heavy Metal ATPase 3 (HMA3) is an enzyme that mediates zinc and cadmium influx to root cell
vacuoles. Research in phytoremediation suggests that mutations in this enzyme can increase above
ground localization of these ions, thus optimizing plants for phytoextraction of zinc and cadmium
from soils where they exist in excess. Setaria viridis is grass that can be used in phytoremediation
as a result of its ability to tolerate growth in high levels of zinc. This paper investigates the impact
on plant morphology and physiology caused by a knock-out mutation in HMA3 in S. viridis.
Exploring the impact of this mutation was first attempted through the CRISPR-Cpf1 system but
failed at the regeneration phase of the study. The study is currently being attempted again with
CRISPR-Cas9 through this ongoing experiment. After transformation and regeneration, 40 plants
will be harvested to assay size, dry-weight, and zinc content; 10 mutants will be grown in elevated
zinc concentrations and 10 will be grown in normal ion concentrations. An equal number of wild-
type plants will be grown in the same treatments as controls. I hypothesize that a mutation in
HMA3 will create a statistically significant difference in zinc translocation from the roots to shoots
in mutants compared to wild-type plants. I also anticipate HMA3 mutants in high zinc
concentrations showing reduced biomass accumulation and mild chlorosis. Overall, this paper will
provide novel insights into a little-studied, emerging model system for research in monocot plants
with the goal of engineering S. viridis for use in phytoremediation.
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INTRODUCTION

Over the last two hundred years, human activity has contaminated soils throughout urban
and rural areas, necessitating a practical solution for heavy metal remediation. This widespread
soil pollution is conducive to numerous, chronic health issues even at very low (e.g. pg/L)
concentrations (UWE Bristol, 2013). Lead, a notoriously toxic heavy metal used widely in the 20"
century, is responsible for high lead soil concentrations in urban areas, sourced from leaded
gasoline burning cars and from houses built with lead paint (Mielke et al. 1997). Lead toxicity at
10 pg/dL concentrations in blood irreversibly decreases childhood IQ by 8 points (Lanphear et al.
2005). Similarly, cadmium also has devastating health affects in afflicted individuals. In the well-
studied emergence of “itai-itai” disease in 1912 Japan, people suffered from cadmium poisoning
by consuming rice watered with contaminated mine drainage. Victims suffered from brittle bones,
anemia, multiple organ failure, and eventually death (Chaney et al. 1999) Although cadmium
poisoning on the scale of itai-itai disease has not recurred, cadmium soil contamination persists in
the United States due to industrial practices which also lead to high rates of zinc deposition
(Holmgren et al. 1993). Zinc and cadmium are also absorbed into plant cells through the same
pathways (Lin and Aarts, 2012). In cases where zinc exists in excess, plants, soil microbes, and
arbuscular mycorrhizal fungi all experience decreased growth, reflecting that heavy metals and
their widespread contamination make the development of a cost-effective remediation solution
imperative.

Although there are numerous approaches to address soil contamination, an increasingly
viable and cost-effective technique, phytoremediation, has gained momentum as a panacea for low
to moderate levels of soil contamination (Sarma 2010). Phytoremediation is the cultivation of
heavy metal hyper-accumulating plants on heavy metal contaminated soils with the intent of
harvesting the plants to remove heavy metals from the soils. Traditional soil remediation methods
can cost up to $300/m?, yet phytoremediation can drive remediation costs down to $0.05/m>
(Cunningham et al. 1997). In a study on chromium removal from wastewater with water hyacinth,
99.5% of chromium was removed from contaminated drainage in 15 days (Saha et al. 2017). With
promising results in non-transgenic plants, implementing CRISPR may unveil a key to swiftly

addressing environmental heavy metal contamination.



Ryan E. Martinez Zinc translocation in Setaria viridis mutants Spring 2018

In high concentrations, zinc limits the growth of numerous plant species, but a select few
are able to tolerate very high heavy metal concentrations (Sarma 2010). Through root system
secretion of phytochelatins—small tri-peptide molecules—by phytochelatin synthase, plants can
fix and absorb heavy metals from soils for sequestration (Vatamanuik et al. 1999). Once in the
roots, if in excess, heavy metals such as zinc are transported to the root vacuoles for plant cell
detoxification (Mendoza-Cdzatl et al. 2011). Subterranean heavy metal localization presents a
limiting factor to phytoremediation efforts, because it is easier in practice to remove heavy metals
from a contaminated site, if the heavy metals are localized in the shoots and leaves.

HMA3 is a gene involved in zinc and cadmium translocation (Mendoza-Cozatl et al. 2011).
HMA3 belongs to a diverse family of Pig-type ATPases, which include HMA enzymes. HMA
enzymes are involved in plant responses to heavy metal stresses and are localized in diverse
locations throughout plants (Takashi et al. 2012). This enzyme has the highest expression in the
tonoplast of root cells and has two primary domains responsible for generating an electromagnetic
gradient through phosphorylation by ATP, which transports zinc and cadmium ions from the
cytoplasm to the vacuole (Wang et al. 2014). Further understanding this gene’s role by growing
transgenic #ma3 mutants (plants that lack a functional HMA3 gene) in soils with elevated zinc
concentrations will provide valuable information on plant responses to elevated ion concentrations
above the roots, thus addressing gaps in research, where there is a lack of information on the impact
of mutations in HMA genes on ion translocation and plant development.

HMA3 can be interrogated using genome engineering, specifically, CRISPR. With
CRISPR, researchers can now investigate—and even augment—the phytoremediation potential of
virtually any plant species. Prior to the development of the CRISPR-Cas system, highly specific
genetic research exploring the roles of specific genes was cumbersome and not easily feasible
(Ding et al. 2016; Porteus and Carroll 2005; Sanjana et al. 2012). With CRISPR-Cas, relatively
few inputs are needed when compared to older systems such as Zinc Fingers and TALENSs (Porteus
and Carroll 2005; Sanjana et al. 2012). Zinc Fingers rely on a synthetically designed enzyme and
a naturally occurring restriction enzyme that can cut DNA at only one type of recognition site; this
combination can induce mutagenesis at a specific location, but it is more costly than simply
inserting a guide RNA of any design that directs a more robust enzyme to any site in the genome
(Porteus and Carroll 2005, Ding et al. 2016). TALENs work in a similar way as Zinc Fingers, but

they rely on long chains of proteins that bind to a single nucleotide at a time, which becomes more
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expensive as a target site becomes longer and more TALENSs are linked together (Sanjana et al.
2012).

Using the CRISPR-Cas genome engineering system, it is nowpossible to increase root to
shoot heavy metal translocation by knocking out a gene involved in root vacuolar heavy metal
sequestration. CRISPR-Cpfl is a newer CRISPR system that demonstrates greater efficiency at
generating biallelic mutations in To mutant lines than its earlier Cas9 variant (Tang et al. 2017).
With this system, specific mutations in Setaria viridis can be used to effectively expedite the time
it takes to perform genetic research in plant biology. Unfortunately, attempts at mutagenesis with
Cpfl proved unsuccessful and I am now conducting my research using CRISPR-Cas9.

My thesis aims to examine the impact of a mutation in HMA3 in S. viridis with respect to
growth in different concentrations of zinc. Specifically, I seek to determine the differences in
morphology, biomass accumulation, and zinc concentrations in the roots and leaves between wild
type and Ama3 mutants, both grown in soils with elevated zinc concentrations. Once plants are
ready to be harvested, they will be partitioned into roots and leaves, and measured for size and
dry-weight. Each partitioned section will then be incinerated through a method known as dry-
ashing, which will allow me to quantify their zinc concentrations. Concentrations will be assessed
through mass-spectrometry. The differences in zinc concentrations, plant morphology, and
biomass accumulation between wild-types and Ama3 mutants will then be statistically analyzed.
Assessing multiple variables in tandem will provide valuable insights on the impact of knocking-
out the HMA3 enzyme in S. viridis. I hypothesize that S. viridis will be a successful transgenic

phytoremediation candidate.

METHODS

Setaria viridis

To select my plant species, I focused on determining which plant species are not recurrent
in phytoremediation research. Literature overwhelmingly favor research in dicot species over
monocot species (Sarma 2010). This is interesting, as monocot species represent the majority of
agricultural productivity through rice, wheat, and maize. Setaria viridis, more commonly known

as wild foxtail millet, is grass native to Eurasia but can be found on every continent except for
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Antarctica. It is the wild ancestor of Setaria italica and is therefore adapted to growth in a greater
range of environments (Muthamilarasan and Prasad 2017). Research on the heavy metal uptake
properties of S. viridis is limited; however, the genome of S. viridis has been fully sequenced,
making it a good model organism for phytoremediation research in monocots. To conduct my

experiment, [ will use the S. viridis accession Me034.

Genome Engineering with CRISPR-Cas9 and CRISPR-Cpf1

Figure 1: A diagram illustrating how the Cas9 and Cpfl enzymes identify and mutagenize a location in the genome.
Provided by Integrated DNA Technologies Inc.

To create a Heavy Metal ATPase 3 (HMA3) S. viridis mutant, 1 first employed the
CRISPR-Cpfl genome engineering system and then the CRISPR-Cas9 system (Tang et al. 2017;
Ding et al. 2016). CRISPR-Cpf1 and —Cas9 refers to three separate terms. CRISPR is an acronym
for “Clustered Regularly Interspaced Short Palindromic Repeats,” which refers to short, recurring
sequences in a target genome that allow the Cpfl and Cas9 enzymes to attach themselves to a
target sequence and cleave DNA. CRISPR-Cpflworks as follows: first, Cpfl must recognize a 5°-
TTTV-3’ (V=C, G, A) protospacer-adjacent motif (PAM) within a target sequence. Second, with
a pre-designed 20 to 23-nucleotide guide RNA (crRNA), Cpfl is guided to the site for mutagenesis
by Watson-Crick base pairing with its complement sequence in the target genome. This
mutagenesis only works if the guide RNA 1is designed such that its complement is immediately
downstream of a PAM in the genome sequence. Once at its target site, Cpfl is able to create a

double-stranded DNA break and induce a knock-out mutation (Tang et al. 2017). CRISPR-Cas9
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works similarly except, the Cas9 PAM is 5°-NGG-3" (N =C, G, A, T), uses a 20-nucleotide guide
RNA whose complement is immediately upstream from the PAM, and uses a tracrRNA in addition
to the crRNA (Ding et al. 2016).

A notable advantage that Cpfl has over Cas9 is that when it cleaves DNA, it cuts DNA
such that it creates “sticky-ends” which leaves one strand of DNA longer than the other on both
ends. This enhances the efficiency of genetic insertions and homology directed repair (Tang et al.
2017). Cpfl also preserves the PAM because the enzyme cuts further away from the motif than
Cas9 (Figure 1). Cas9 creates “blunt end” cuts, where both ends of the cuts have DNA strands of
equal length, this is a less efficient method for gene insertion, because inserted DNA cannot
recombine as efficiently (Ding et al. 2016). Cas9 also destroys the PAM during cleavage, which

makes repeated mutagenesis at the same site impossible (Integrated DNA Technologies Inc).

Site-Directed Mutagenesis

To mutagenize S. viridis with Cpfl, I had to assemble the Cpfl plasmid from its smaller
component plasmids. I first created a Cpfl plasmid vector with my guide RNA, inserted it into
Agrobacterium tumefaciens, and applied the 4. tumefaciens to S. viridis calli. For Cas9 plasmid
construction, I ordered a complete Cas9 plasmid with my guide RNA from Integrated DNA
Technologies Inc. I did this because Cpfl did not work and time is a constraint. Ordering a
completely premade construct is more expensive than assembling a construct, which is the reason
why I did not order the premade construct for Cpfl when I initially believed it would work.

I first designed three guide RNAs directly downstream from three different 5’-TTTV-3’
PAM:s in my target sequence. I then performed a ligation with my guide RNA inserts to pYPQ141C
vector plasmids provided by Addgene NPO, following New England Biolab’s T4 DNA Ligase
protocol (neb.com). To calculate the appropriate molar concentrations between my vector and
inserts, I used the NEBioCalculator provided by NEB online (nebiocalculator.neb.com). After
ligating my inserts and vector into their respective ligation reactions in PCR tubes, I performed
three bacterial transformations. Transformations were conducted following an online protocol
provided by Addgene. Bacterial transformations, also known as cloning, insert ligated plasmids
into Escherichia coli cells, which are then used to replicate more plasmids after they are

transformed.
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To ensure that cultured E. coli cells had my plasmid construct, they were cultured on six
liquid broth (LB) agar petri dishes with a 1% concentration of spectinomycin. Each transformation
was plated on two petri dishes, one dish had 166 pl of E. coli and growth media plated and the
other had 83 pl. The plasmid contains a gene encoding for spectinomycin resistance, meaning that
whatever grows on the LB agar plate has the plasmid encoding for spectinomycin resistance and
the Cpfl guide RNA. After cloning, I selected colonies to grow for plasmid extraction.

I selected three colonies from each petri dish, except for one that was unusable, to grow in
3 mL of 1% spectinomycin aqueous LB. I then incubated the liquid culture at 37°C for 16 hours. I
then prepared the 15 colonies for plasmid extraction by harvesting 1 mL of liquid culture. I
performed the plasmid extractions using an AccuPrep® Plasmid Mini Extraction Kit from Bioneer.
I performed fifteen total plasmid extractions. Extracted plasmids were then sent to Quintara
Biosciences for sequencing. Fourteen of the fifteen sequenced plasmids had a guide RNA in the
appropriate location, indicating 14 successful bacterial transformations.

I then performed a Golden Gate assembly using six successful plasmid extracts. For this
transformation, each gRNA plasmid was ligated to a plasmid containing the Cpfl enzyme and a
binary plasmid. The reactions were performed in 6 PCR tubes with 5ul of reagents per tube. Each
tube had 100ng of Cpfl plasmid, 100ng of gRNA plasmid, 200ng of binary plasmid, 1ul of LR
Clonase, 0.1ul of Proteinase K, and the remainder of the 5yl was supplemented with autoclaved
deionized water. Tubes were then incubated overnight at 25°C. I then performed a bacterial
transformation with the Golden Gate assembly plasmids using the same transformation protocol
mentioned above.

To verify successful Golden Gate cloning, I ran a restriction digest with two restriction
enzymes that cut the golden gate plasmid into its three component plasmids on a gel using the
restriction enzymes, EcoRI and PTS1. I saw three separate bands on my gel, indicating that cloning
was successful. Finally, I performed another bacterial transformation with my golden gate plasmid
and verified successful E. coli transformation with PCR and a restriction digest. To ensure that I
had more E. coli cells that were successfully transformed from the same colonies, I created a
glycerol stock of E. coli that was 50% glycerol and 50% LB that had a 1% concentration
kanamycin with E. coli from growing in it. The golden gate plasmid encoded kanamycin

resistance, instead of spectinomycin resistance.



Ryan E. Martinez Zinc translocation in Setaria viridis mutants Spring 2018

Setaria viridis transformation

To prepare for A. tumefaciens transformation, I grew out the glycerol stock E. coli at 37°C
for 16 hours in LB with a 1% concentration of kanamycin. I then performed a plasmid extraction
following the AccuPrep® Plasmid Mini Extraction Kit (Bioneer). I then performed an
Agrobacterium transformation (G. Chuck, unpublished lab protocol). Agrobacterium tumefaciens
has a unique operon that enables the bacterium to bypass plant cell walls and insert foreign DNA
(i.e. the Cpfl or Cas9/gRNA plasmid) into plant nuclei (Stachel and Zambryski 1986). I plated the
transformed A. tumefaciens cells on LB-agar petri dishes with 1% carbenicillin and 1% kanamycin
concentrations. I incubated them for 3 days at 28°C. After 3 days, I selected colonies to grow in 3
mL aqueous LB for another three days. I then created a glycerol stock of A. tumefaciens cells with
500 pL of the liquid A. tumefaciens culture and 500 pL of 50% glycerol. I then performed a
plasmid extraction using 1 mL of the liquid 4. tumefaciens culture with an AccuPrep® Plasmid
Mini Extraction Kit from Bioneer. | verified successful transformation with PCR and restriction
digest.

To transform S. viridis, 1 applied the A. tumefaciens cells to S. viridis calli. Calli (singular
callus) are small, undifferentiated globs of plant cells (Ikeuchi et al. 2013). After 4. tumefaciens
application, calli were incubated at 4°C for four days. I washed the calli with deionized water on
the fourth day and placed them on new petri dishes with phytagel, auxin, and cytokinin. I returned
the calli to a 4°C refrigerator for one week. At the end of that week, I selected 50 calli to grow into
fully differentiated S. viridis plants. Regeneration was achieved through plant growth hormone
application of auxin, cytokinin, and gibberellic acid. After three weeks of regeneration, I attempted
to verify successful S. viridis transformation, but my results came back negative for transformation
after using PCR to look for an HMA3 knock-out. After consulting with other members of the Hake
Lab, I decided it would be best to reattempt mutagenesis with Cas9.

To save the time it took to put together the final Cpfl construct, I ordered the complete
Cas9 construct from Integrated DNA Technologies Inc. I will clone this Cas9 construct into E. coli
and into A. tumefaciens through the same methods mentioned above. This transformation will take
2 weeks. After retransforming Agrobacterium with the new Cas9 construct, [ will prepare calli for

transformation through the same methods as mentioned above.
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Experiment Site and Execution

To complete my experiment, I will use the growth chambers at the USDA Western
Regional Research Center in Albany, CA. The growth chambers operate on a 12-hour light-cycle
at 25°C. The plants will be grown on a powder clay aggregate, provided by collaborators of the
Hake Lab. The clay aggregate is easier to remove from roots than regular soil. Zinc will be mixed
in with the growth medium as ZnSO4 powder and shaken in a sealed container.

All calli from the Me034 accession will be regenerated. The presence of a mutation will be
genotyped through PCR. 40 of the successful regenerates will be used for the experiment.

40 plants total will be grown in the control and zinc treatment. All plants will be grown in
their own pots. 10 homozygous HMA3 mutants and 10 wild-type S. viridis siblings from the same
accession, Me034, will be grown in 100 mg kg ZnSO4 mixed with clay aggregate provided by
the Harmon Lab (Kaznina et al. 2009). A homozygous mutation will be assayed with PCR. As a
control, I will grow 10 HMA3 mutants and 10 wild type plants in growth medium with no zinc.

To harvest plants, [ will wait until they reach the 5-leaf stage. At this stage in the S. viridis
life cycle (2 weeks), all plants will likely still be growing regardless of toxicity. This is because
maternal nutrients from the seed are getting depleted at this point (B. L. Haining, personal
communication). Therefore, it will be a good time to harvest the plants for analysis, because the
zinc toxicity will not yet be affecting vigor to a significant extent and plants will still be

transporting it zinc (B. L. Haining, personal communication).

Harvest and Analysis

I will harvest plants by gently removing them from the medium and washing off the clay
aggregate with deionized water. I will then partition plants into roots and leaves. I will first measure
the lengths of each partition, then measure plants for their dry-weight. To determine dry-weight
biomass accumulation, I will place the plants in a seed-dryer for two days at 60°C. I will then
weigh each partition. After drying, all samples will be sent to collaborators of the Hake Lab for

zinc assays in the roots and leaves.

Data Analysis
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To interpret the data, I will implement t-tests and two-way ANOVA. I will first measure
the parameters in wild-types and mutants: root weight, leaf weight, root size, leaf sizes, and zinc
concentrations in the roots and leaves. I will then perform T-tests on all recorded parameters to
assay if a homozygous HMA3 mutation had a statistically significant impact on my variables of
interest compared to the wild-type plants. To discern relationships between treatment and
genotype, I will perform multiple two-way analyses of variance. I will perform two two-way
ANOVA on root weight and leaf weight as my dependent variables, and use wild-types and
mutants and high zinc and normal zinc treatments as my independent variables. Similarly, I will
also look at root and leaf zinc concentrations with respect to treatment and genotype. Last, the fifth
and sixth ANOVA will be computed using leaf size and root size as the respective dependent

variables.

DISCUSSION & PROGRESS TO DATE

Although CRISPR-Cpfl appeared to be a very promising tool for genetic research, it
currently does not work in Setaria viridis. This finding has forced me to continue my research

using the longer-established CRISPR-Cas9 system.

CRISPR-Cas9 & CRISPR-Cpfl

CRISPR-Cas9 and CRISPR-Cpfl have both demonstrated success at mutagenesis in a
variety of plant species. From the literature, CRISPR-Cpf1 appeared to hold higher potential in the
S. viridis system, but both through my results and in consultation with others, I learned that it does
not yet work in Setaria. Researchers in the Hake Lab and outside labs all have difficulties
mutagenizing S. viridis, so I have reverted to Cas9 to test the effects of HMA3 mutagenesis on
Zinc translocation following the same transformation protocols.

CRISPR-Cpfl may have failed because the incorrect U6 promoter was used. After starting
over and redesigning a construct to fit Cas9’s parameters, one thing that stood out to me was the
promoter used to activate CRISPR. Promoters are short sequences that trigger gene transcription.

To activate CRISPR, the RNA Polymerase III U6 promoter is needed, and each plant species has

10
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a unique U6 promoter (Huang et al. 2016). The United States patent on Cpfl does not include the
S. viridis U6 promoter; the Cpfl construct to mutagenize S. viridis relies on the U6 promoter from
Triticum aestivum, or, wheat (Begemann and Gray 2016). Past experiments with Cas9 and S.
viridis have used the same 7. aestivum promoter with success (Huang et al. 2016). If the Cpfl
plasmid had the S. viridis U6 promoter, mutagenesis could have been successful. In the future, I
would like to design a Cpfl construct with the appropriate U6 promoter to test this hypothesis in

S. viridis. Until then, I will use the Cas9 construct.

Zinc Translocation and Setaria viridis

HMA enzymes share very high homology in their structure and function. In a study on the
roles of HMA2, HMA3, and HMA4 in Arabidopsis thaliana, researchers only speculated that
HMA3 played a role in zinc localization (Hussain et al 2004). They were limited in their ability
to assay HMA3 because of its close proximity to HMA2 on the same chromosome, and using
recombinant DNA instead of CRISPR, they could not target both genes. HMA2 and HMA4 are
localized in the plasma membrane of plant cells with higher expression levels in the roots; they
mediate ion fluxes out of cells for numerous heavy metals (Satoh-Nagasawa et al. 2012; Hussain
et al. 2004). For the role of HMA3 in Oryza sativa a mutation causes increased cadmium
translocation from the roots to shoots (Miyadate et al. 2011). HMA3 transports zinc and cadmium,
so it is plausible to infer zinc would also be transported above ground, especially given that HMA?2
and HMA4 also transport zinc (Park et al. 2012; Ueno et al. 2011, Zhang et al. 2018). HMA3 is
heavily expressed in the tonoplast of root cells and mediates zinc and cadmium influx to the
vacuole. HMA3 and the other HMA enzymes are closely related to each other and largely
homologous, suggesting that they all resulted from retroactive gene duplication events in the past
(Nosil and Schluter 2011).

There is only one study on Setaria viridis responses to increased zinc. Kaznina et al. (2009)
found that zinc concentrations of 80 mg kg!' had no significant effect on S. viridis growth. At
concentrations above 160 mg kg™!, S. viridis begins to show reduced biomass accumulation and
chlorosis, implying adverse effects from toxicity indicating promise for using CRISPR to increase
above ground zinc concentrations for phytoremediation. Based on literature on HMA3, I can infer

that a mutation is characterized by increased root to shoot zinc translocation in S. viridis. Studies
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in rice, Oryza sativa, and Arabidopsis thaliana and A. halleri support HMA3 playing a role in
mediating zinc influx to the vacuole (Miyadate et al. 2011; Park et al. 2012). With respect to
phytoremediation, where information on S. viridis’ potential is sparse (Krause and Kaiser 1970;
Sarma 2010; Kaznina et al. 2009). Furthermore, I can also infer, because S. viridis and S. italica
are so closely related, that the information I generate from studying zinc uptake in S. viridis will
be highly transposable to S. italica. This may be important for studies on zinc and S. italica, where

enhancing S. italica’s nutritional value would be of interest.

Limitations

My study on HMA3 mutagenesis for zinc translocation in S. viridis has been limited by
successful mutagenesis, time, and zinc sampling. Failure to implement Cpf1 in the study presented
the greatest setback. To counter this, plasmid constructs were redesigned to fit Cas9’s parameters.
I initially wanted to grow my plants until they reached the F2 generation to obtain higher rates of
homozygosity for a mutation in HMA3, but a short timeframe prevented this. I also wanted to
measure the amounts of zinc in the seeds of Setaria as well. This could have been achieved if time
allowed for the parental generation to flower and produce seed. Millet seeds are harvested for
consumption in S. italica, so being able to quantify how much zinc accumulation increases in S.
viridis, an extremely closely related ancestor, seeds would provide useful information on S.

italica’s potential for transgenic biofortification.

Future Research

HMA3 plays a role in regulating zinc translocation from the roots to shoots of S. viridis by
mediating zinc efflux from the cytoplasm to vacuoles of root cells (Park et al. 2012). These findings
are supported by other research on HMA enzymes (Ueno et al. 2011, Zhang et al. 2018). To further
explore optimizing plants for phytoremediation, I would look at the interactions of HMA enzyme
mutations with gene expression through transcriptomics. Differential gene expression in wild-type
plants and mutants, RNA-seq (RNA sequencing) on the roots and leaves of mutants and wild-types
would determine which genes are being differentially expressed in mutant and wild-type plants

(Wang et al. 2009). This information would allow me to choose which genes to further study in
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tandem with a mutation in HMA3. Protein families such as Zinc Induced Proteins (ZIP) and Cation
Diffusion Facilitators (CDF) play important roles in zinc tolerance and uptake (Grotz and Guerinot
2006; Ramesh et al. 2003; Burleigh et al. 2003). With data from RNA-seq and literature, I could
effectively pick another gene to improve zinc uptake and tolerance by knock-out or knock-in using
CRISPR. With research in plant biology practically exploding as technology rapidly improves, the

potential for transgenic improvement in Setaria is more possible than ever.

Implications

Understanding the impact of a mutation in HMA3 in S. viridis will provide previously
unknown insights into how the plant and its domesticated descendant, Setaria italica may fair as
a phytoremediators and nutritionally fortified subsistence cultivars, respectively. Genome
engineering with CRISPR provides an invaluable tool to begin exploring this possibility. With
increasing research on other plant species and protein families that have closely linked roles to
micronutrient acquisition, the stage is set for more research in S. viridis on this gene coupled with
mutations in families such as CDF and ZIP. The quick, perennial growth, of S. viridis should be
able to shed light on questions in phytoremediation, specifically, if zinc removal can be accelerated

with a mutation in HMA3.

ACKNOWLEDGEMENTS

An enormous thank you to my mentor, Brianna Leigh Haining, in the Hake Lab for teaching me
everything I know about working in a lab and for helping me not freak out when nothing seemed
to be working. Sarah Hake, George Chuck, and Angus Vijak for giving me guidance when things
got too hairy for me to handle. The Hake Lab as a whole for giving me a place to hone my skills
as a scientist. Patina Mendez for being the most flexible professor with so many crazy schedules
to deal with, and for having the most useful critiques and advice to improve my writing. Thank
you, Leslie for always being a joy and great GSI to talk to in the seminar. Michael Johnson for
being so cooperative in letting me participate in research in two labs. Another thanks also goes to

URAP for giving me a wonderful research opportunity in the Hake Lab which completely shaped

13



Ryan E. Martinez Zinc translocation in Setaria viridis mutants Spring 2018

the last two years of my undergraduate, and arguably my long-term career! I have had a research
experience I never could have imagined when I first got to Cal, and everyone has contributed to

making it (almost) painless. Thank you!

WORKS CITED

Begemann, M., B. N. Gray. 2016. Compositions and methods for modifying genomes.
https://patents.google.com/patent/US9896696B2/en

Burleigh, S. H., B. K. Kristensen, I. Ellegaard-Bechmann. 2003. A plasma membrane zinc
transporter from Medicago truncatula is up-regulated in roots by Zn fertilization, yet
down-regulated by arbuscular mycorrhizal colonization. Plant Molecular Biology
52:1077-1088.

Chaney, R. L., J. A. Ryan, Y.-M. Li, and S. L. Brown. 1999. “Soil Cadmium as a Threat to
Human Health.” In Cadmium in Soils and Plants, edited by M. J. McLaughlin and B. R.
Singh, Developments in Plant and Soil Sciences 85:295-356.
http://link.springer.com/chapter/10.1007/978-94-011-4473-5 9.

Cunningham, S. D., J. R. Shann, D. E. Crowley, and T. A. Anderson. 1997. “Phytoremediation
of Contaminated Water and Soil.” In Phytoremediation of Soil and Water Contaminants,
ACS Symposium Series 664. American Chemical Society. 664:2—17.
http://dx.doi.org/10.1021/bk-1997-0664.ch001.

Ding, Y., Li, H., Chen, L.-L. & Xie, K. 2016. Recent Advances in Genome Editing Using
CRISPR/Cas9. Frontiers in Plant Science. 37:232-239.

Grotz, N. & Guerinot, M. L. 2006. Molecular aspects of Cu, Fe and Zn homeostasis in plants.
Biochimica et Biophysica Acta (BBA) - Molecular Cell Research 1763:595-608.

Huang, P., C. Shyu, C. P. Coelho, Y. Cao, and T. P. Brutnell. 2016. Setaria viridis as a Model
System to Advance Millet Genetics and Genomics. Frontiers in Plant Science
https://doi.org/10.3389/1pls.2016.01781.

Holmgren, G. G. S., M. W. Meyer, R. L. Chaney, and R. B. Daniels. 1993. Cadmium, Lead,
Zinc, Copper, and Nickel in Agricultural Soils of the United States of America. Journal
of Environmental Quality 22:335-348.

Hussain, D., M. J. Haydon, Y. Wang, E. Wong, S. M. Sherson, J. Young, J. Comakaris, J. F.

Harper, and C. S. Corbett. 2004. P-Type ATPase Heavy Metal Transporters with Roles in
Essential Zinc Homeostasis in Arabidopsis. Plant Cell 16:1327-1339.

14


http://link.springer.com/chapter/10.1007/978-94-011-4473-5_9
http://dx.doi.org/10.1021/bk-1997-0664.ch001

Ryan E. Martinez Zinc translocation in Setaria viridis mutants Spring 2018

Ikeuchi, M., K. Sugimoto, and A. Iwase. 2013. Plant Callus: Mechanisms of Induction and
Repression. Plant Cell 25, 3159-3173.

Kaznina, N. M., A. F. Titov, G. F. Laidinen, and A. V. Talanov. 2009. Setaria viridis Tolerance
of High Zinc Concentrations. Plant Physiology 36:575-581.
DOI:10.1134/51062359009060053

Krause, G. H. M., and H. Kaiser. 1970. Plant Response to Heavy Metals and Sulphur Dioxide.
Environmental Pollution 12: 63-71.

Lanphear, B. P., R. Hornung, J. Khoury, K. Yolton, P. Baghurst, D. C. Bellinger, R. L. Canfield.
2005. Low-Level Environmental Lead Exposure and Children’s Intellectual Function: An

International Pooled Analysis. Environmental Health Perspectives 113: 894-99.
doi:10.1289/ehp.768

Lin, Y.-F., and M. G. M. Aarts. 2012 The molecular mechanism of zinc and cadmium stress
response in plants. Cellular and Molecular Life Sciences. 69:3187-3206.

Mendoza-Cézatl, D. G., T. O. Jobe, F. Hauser, and J. I. Schroeder. 2011. Long-Distance
Transport, Vacuolar Sequestration, Tolerance, and Transcriptional Responses Induced by
Cadmium and Arsenic. Current Opinion in Plant Biology. 14:554—62.

Mielke, H. W., D. Dugas, P. W. Mielke, K. S. Smith, and C. R. Gonzales. 1997. Associations
between Soil Lead and Childhood Blood Lead in Urban New Orleans and Rural
Lafourche Parish of Louisiana. Environmental Health Perspectives 105:950-54.

Miyadate, H., S. Adachi, A. Hiraizumi, K. Tezuka, N. Nakazawa. 2011. OsHMA3, a P1B-type
of ATPase affects root-to-shoot cadmium translocation in rice by mediating efflux into
vacuoles. New Phytologist 189:190-199.

Muthamilarasan, M., and M. Prasad. 2017. Genetic Determinants of Drought Stress Tolerance in
Setaria. Genetics and Genomics of Setaria 32:267-289. doi:10.1007/978-3-319-45105-
3 16

Nosil P., and D. Schluter. 2011. The genes underlying the process of speciation. Trends in
Ecology and Evolution 26:160-167.

Park, W., K.-H. Han, and S.-J. Ahn. 2012. Differences in root-to-shoot Cd and Zn translocation
and by HMA3 and 4 could influence chlorophyll and anthocyanin content in Arabidopsis

Ws and Col-0 ecotypes under excess metals. Soil Science and Plant Nutrition 58:334—
348.

15



Ryan E. Martinez Zinc translocation in Setaria viridis mutants Spring 2018

Porteus, M. H. and Carroll, D. 2005. Gene targeting usingzinc finger nucleases. Nature
Biotechnology 23:967-973.

Ramesh S. A., R. Shin, D. J. Eide, D. P. Schachtman. 2003. Differential metal selectivity and
gene expression of two zinc transporters from rice. Plant Physiology 133:126—134.

Saha, P., O. Shinde, and S. Sarkar. 2017. Phytoremediation of Industrial Mines Wastewater
Using Water Hyacinth. International Journal of Phytoremediation 19:87-96.
doi:10.1080/15226514.2016.1216078.

Sanjana, N. E., L. Cong, Y. Zhou, M. M. Cunniff, F. Guoping. and F. Zhang. 2012. A
transcription activator-like effector toolbox for genome engineering. Nature protocols
7:171-192. Do0i:10.1038/nprot.2011-431/

Sarma Hemen. 2010. Metal Hyperaccumulation in Plants: A Review Focusing on
Phytoremediation Technology. Journal of Environmental Science and Technology 4:118-
138.

Satoh-Nagasawa, N., M. Mori, N. Nakazawa, T. Kawamoto, Y. Nagato, K. Sakurai, H.
Takahashi, A. Watanabe, M. Hiromori. 2011. Mutations in Rice (Oryza sativa) Heavy
Metal ATPase 2 (OsHMA?2) Restrict the Translocation of Zinc and Cadmium. Plant & Cell
Physiology 53:213-224. https://doi.org/10/1093/pcp/pcrl66.

Science Communication Unit, University of the West of England, Bristol 2013. Science for
Environment Policy In-depth Report: Soil Contamination: Impacts on Human Health.
Report produced for the European Commission DG Environment.

Stachel, S. E., and Zambryski P. C.. 1986. Agrobacterium tumefaciens and the susceptible plant
cell: A novel adaptation of extracellular recognition and DNA conjugation. Cell 47:155-
157.

Takahashi, R., K. Bashir, Y. Ishimaru, N. K. Nishizawa, and H. Nakanishi. 2012. The Role of
Heavy-Metal ATPases, HMAs, in Zinc and Cadmium Transport in Rice. Plant Signaling &
Behavior. 7:12-23

Tang, X., L. G. Lowder, T. Zhang, A. A. Malzahn, X. Zheng, D. F. Voytas, Z. Zhong. 2017. A
CRISPR—Cpfl System for Efficient Genome Editing and Transcriptional Repression in
Plants. Nature Plants 3:1-5

Ueno, D. ., M.J. Yamaji, N. Yokosho, K. Koyama, E. Clemencia-Zambrano, M. Kaskie, M.
Ebbs, S. Kochian, L. V. and J. Feng-Ma. 2011. Elevated expression of TCHMAJ3 plays a

key role in the extreme Cd tolerance in a Cd-hyperaccumulating ecotype of Thlaspi
caerulescens. The Plant Journal 66, 852—862.

16



Ryan E. Martinez Zinc translocation in Setaria viridis mutants Spring 2018

Vatamanuik, O. K., S. Mari, Y. Lu, and P. A. Rea. 1999. AtPCS1, a phytochelatin synthase from
Arabidopsis: Isolation and in vitro reconstitution. Proceedings of the National Academy
of Sciences 96:7110-7115. https://doi.org/10.1073/pnas.96.12.7110.

Wang, K., O. Sitsel, G. Meloni, H. E. Autzen, M. Andersson, T. Klymchuk, A. M. Nielsen, D. C.
Rees, P. Nissen, and P. Gourdon. 2014. Structure and Mechanism of Zn2+-Transporting P-
Type ATPases. Nature 514:7523-7530.

Wang, Z., M. Gertstein, and M. Snyder. 2009. RNA-Seq: a revolutionary tool for
transcriptomics. Nature Reviews Genetics 10:57-63.

Zhang J., E. Martinoia, and Y. Lee. 2018. Vacuolar Transporters for Cadmium and Arsenic in

Plants and their applications in Phytoremediation and Crop Development. Plant and Cell
Physiology doi:10.1093/pcp/pcy006

17



	Setaria viridis
	Genome Engineering with CRISPR-Cas9 and CRISPR-Cpf1

