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Abstract

As drought becomes more pronounced due to climate change, it is important to characterize the
responses of plants to water stress. One area of interest includes how auxin, the hormone most
associated with growth and development, is affected by drought. In particular, the final size of an
expanding leaf is often reduced in response to drought and auxin is known to play a key role in
leaf expansion. The YUCCA proteins catalyze the conversion of indole-3-pyruvic acid to indole-
3-acetic acid (IAA), the dominant form of auxin in most plants, and most of this A A is produced
in rapidly expanding leaves. However, in addition to synthesizing IAA, the YUCCA proteins are
also associated with thiol reductase activity. This enzymatic function decreases the amount of
reactive oxygen species (ROS), which can accumulate in plant tissue under stress such as
drought. The YUCCA gene family in Populus includes 12 YUCCAs, but they are not well
described. This experiment was aimed to assess whether YUCCA genes in Populus leaves at
different stages of development are differentially expressed in response to drought. Multi-shoot,
one-year-old hybrid poplar plants (Populus tremula x alba; INRA 717-1B4) were either watered
to field capacity daily (control; n = 5) or deprived of water (drought; n = 5) for nine days. Over
that period, stomatal conductance, and stem water potential both decreased significantly in the
droughted trees relative to the control trees. The shoot apex, leaf 8, and leaf 16 (i.e., the eighth
and sixteenth leaves counted down from the apex) were harvested for gene expression analysis,
with the apex representing rapid growth, leaf 8 representing a leaf approximately one half the
size of the average fully mature leaf, and leaf 16 representing a fully expanded leaf. Leaf relative
water content (RWC) measured on leaf disks at the time of harvest and showed that the RWC of
leaf 8 was significantly reduced under drought compared to controls, but the RWC of leaf 16 was
similar between treatments. QRT-PCR was used to determine expression levels of five different
YUCCA genes that had previously been shown to be expressed in Populus leaves: YUCI,
YUC2, YUC4, YUC6, and YUCI12. These results were normalized using actin, ubiquitin, and
tubulin, genes that were found to significantly decrease in their expression in the droughted
plants when their Cq values were used to take a geometric mean. Results were then analyzed by
normalizing with this geometric mean as well as with the gene least affect by drought, ubiquitin.
It was shown that YUC12 did not significantly change between treatments in the apices in either
method of normalization. However, YUC1, YUC4, and YUC6 had decreased expression in
drought in the apices, as well as in some of the leaf samples when normalized with ubiquitin.
YUC?2 was initially normalized to have significantly increased expression in the droughted
plants, however this result was made insignificant by normalization with ubiquitin. Future work
should find stable normalizer genes to draw more reliable conclusions from as well as measure
IAA concentrations in leaf tissue under drought to better understand these hormonal cues.
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Introduction

Climate change has created more frequent and severe episodes of drought across the globe such
as the megadrought in North America (Williams et al., 2020). Drought can affect forests by
changing the makeup of species that are able to tolerate limited water availability (Clark et al.,
2016). In one study, it was shown that 70% of 226 studied species have very little tolerance to
drought (Choat et al., 2012). As drought intensifies with our warming planet, the consequences

are likely to be devastating.

Drought and the plant

Leaves are major players when it comes to drought; water loss is almost exclusively due to the
opening and closing of stomata, which are the tiny pores in the leaves that facilitate gas exchange
(Chaves et al., 2003). Through the release and uptake of oxygen and carbon dioxide,
respectively, plants lose high amounts of water: on average 400 molecules of water are lost for
every one molecule of carbon dioxide (McElrone et al., 2019). Thus, water loss is a major
concern when a plant is experiencing drought, despite the need to build carbohydrates through
photosynthesis. Instead, water loss needs to be mitigated, which is accomplished by closing
stomata (Abbate et al., 2004; Buckley, 2019). Additionally, drought can cause younger leaves to
expand less and mature leaves to be senesced (Chaves et al., 2002; Farooq et al., 2008; Skirycz
and Inz¢, 2010; Anjum et al., 2011). This is likely done to reduce transpiration area on a plant

that is experiencing water stress.



Water is brought to leaves through the inner systems of the plant. In angiosperms, the internal
structure for water transport is especially vulnerable to damage during a drought, which can lead
to the death of the plant. This structure consists of xylem, which is made up primarily of fibers
and vessels. Vessels contain long columns of cells called vessel elements that are stacked end-
on-end. They can span from a few centimeters to few meters in length. Vessels transport water
over longer distances by connecting to one another via small pits, which allows the water stream
to span the entire plant. As described above, the evaporation of water through the stomata is the
driving force for water being pulled up a stem. This pull on the water column from evaporation
creates tension (i.e., negative pressure) in the xylem, not unlike the tension of sucking on a straw
when one enjoys a beverage. However, in the case of the plant, this “straw” can be under too
much tension and air can enter this system. There can be a certain threshold of tension in a stem
that causes the water column within one vessel to snap, which causes air to enter the stream. Air
bubbles can fill entire vessels, which is referred to as embolism, and renders them useless. This
can lead to an increase in tension in the remaining vessels, which can increase the rate at which

embolism happens and can lead to hydraulic failure (Figure 1).
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Figure 1. Water (shown in light blue) flows through the vessels, which make up the xylem of the plant
(Panel A). If one vessel embolizes due to increased tension on the water column (air shown in white), it
puts the other vessels under increased tension which is indicated by increased arrow width (Panel B). This
increase in tension can cause further embolism (Panel C), which can lead to total plant failure if the rate
of water loss is unchanged (Panel D). This rate of water loss can be slowed by the closure of stomata.




Wood is essentially an extensive network of xylem, so the structure of wood with respect to
vessel size and arrangement may determine how trees cope with drought. However, it is
important to note that every species of plant has an internal system of xylem that is a little
different structurally, due to the selective pressures that plants have in different environments.
Moreover, drought also affects wood development in different ways that reduce the risk of future
embolism. In the species Vitis vinifera (grapevine), droughted plants produce a greater density of
vessels that are smaller in diameter, introducing the idea that plants may decrease vessel size to
minimize risk of embolism but produce more vessels to conserve flow rate (Lovisolo and
Schubert, 1997). This is also consistent in trees within the genera Acer, Betula, and Populus
(Zhang et al., 2004; Arend et al., 2007; Fichot et al. 2009; Jupa et al., 2021). Although these
plants tend to produce more dense areas of vessels, these smaller vessels are unable to maintain
the same flow rates as previous wood. This is because the flow rate through an individual vessel
is controlled by the radius of the vessel to the fourth power (Dixon and Joly, 1895). These
modifications in wood, therefore, are likely to decrease a plant’s ability to transport water —
while simultaneously making them more resistant to embolism. These physical changes are

governed by molecular mechanisms that are not yet known.

Auxin and plant development: leaves and wood

Plant hormones (phytohormones) are vital to the functioning of a healthy plant; plants must adapt
to constant changes in their environment without the ability to physically move to another
location, which requires the use of signaling molecules. There are many hormones that are key to
plant growth, the most important of which is auxin. The most well described and abundant auxin

in plants is indole-3-acetic acid (IAA). IAA is a key hormone throughout a plant’s development,
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playing an important role in growth of stems, leaf expansion, apical dominance, and root

formation (Teale et al., 2006; Vanneste and Friml, 2009).

IAA is produced primarily via the YUC pathway, which involves the conversion of tryptophan
(Trp) into IAA (Figure 2) (Mashiguchi et al., 2011). The first step involves a tryptophan
aminotransferase (TAA) as a catalyst to convert Trp into indole-3-pyruvic acid, which is then

converted into IAA by the YUCCA enzyme.
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Figure 2. Auxin is made through the conversion of tryptophan using the YUCCA (YUCs) protein.

There are two main routes by which auxin regulates growth processes. The first is driving the
actual expansion of cells that are needed to grow. This expansion is termed auxin-mediated
growth, which is described by the acid growth hypothesis, in which the presence of auxin helps
to expand cells (Nakayama et al. 2012). First proposed in the 1970s, scientists have proven that
in localized points in a plant, growth is stimulated by osmotic uptake of water in a cell due to the
acidification of the cell wall (Rayle and Cleland, 1992; Cosgrove, 1999). This acidification is
triggered by auxin which increases the activity of hydrogen pumps in the cell. This acidification
leads to increased activity of expansins, which are enzymes that loosen the cell wall. This
expansion results in a reduction of the cell’s water potential, leading to an influx of water and

thereby expansion of the cell (McQueen-Mason, 1992).



Auxin also regulates the expression of genes that are related to growth and differentiation. Genes
are often turned “on” and “off”, depending on the cell that they are in and the signals around
them. One thing that can turn cells on and off is the presence (and absence) of a hormone. Auxin
is an important regulator of gene expression, with many known auxin responsive genes. These
genes are expressed when auxin is present because auxin binds to repressors that inhibit gene
expression and designates them for degradation. The fact that auxin turns on specific genes

makes this hormone important to very local processes (Woodword and Bartel, 2004).

Cellular differentiation is thought to be controlled, in part, by auxin as well. Plants have zones of
meristematic cells, commonly known as stem cells, that can differentiate into any cell type.
Areas that contain many stem cells in the plant, meristematic zones, include the shoot apical
meristem (SAM), the root apical meristem (RAM), and the vascular cambium. Auxin is made in
the SAM as well as in the rapidly expanding leaves and channeled down into the stem (Ljung et
al., 2001; Woodword and Bartel, 2004; Evanich, 2015). It is thought that the coordination of
organ formation, prompted by the differentiation of cells in these areas, is caused by local

concentrations of auxin (Benkova et al., 2003).

Auxin plays several distinct roles in the development of leaves. The establishment of where cells
divide to form a leaf is completely controlled by the development of an auxin maxima at the
SAM (Kalve et al., 2014; Xiong et al., 2019; Perico et al., 2022). The formation of vasculature
(i.e., the veins) in the leaf is also under the control of auxin (Scarpella et al., 2006; Perico et al.,

2022). The blockage in the movement of auxin in the developing leaves by the application of an



auxin movement inhibitor causes them to cease growth, indicating its importance in the growth

of a leaf (Ljung et al., 2001).

Auxin is important in processes in the plant beyond leaf development. Auxin is made primarily
in the leaves and SAM, from where it moves downwards (basipetally) through the plant to
regulate other key processes (Cheng et al., 2006). One zone of importance is the vascular
cambium, which is a single ring of meristematic cells found in the stem of a woody plant (Figure
3). It is here that cells divide and differentiate into xylem or phloem cells. Auxin is involved in
the expression of many genes that control the differentiation of vascular cambium derivatives to
xylem cells, which deems IAA an important component in wood formation (Nilsson et al., 2007).
In fact, it has been found that by inhibiting the transport of auxin within the cambium of Populus
saplings, vessels become smaller and shorter (Johnson et al., 2018), suggesting concentrations of

auxin may affect vessel size and shape in wood (Hacke et al., 2016).
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Figure 3. Auxin (IAA) is an important hormone for wood formation. The concentration of this hormone
is highest in the vascular cambium, from which cells differentiate into xylem cells. Figure modified from
Schrader et al., 2003.



Auxin and drought

IAA has been looked at in drought responses in small herbaceous plants as well as commercially
important crops. The research that has been done to understand the links between auxin and
drought usually involve modifying concentrations of auxin as opposed to measuring their natural
concentrations; these results show that increasing auxin concentrations aids in drought tolerance
(Kim et al., 2013; Ljung, 2013; Igbal et al., 2022). Little work has been done to understand
natural IAA biosynthesis in droughted conditions, which leaves many questions unanswered
about the connection between drought leaf and wood developmental processes. This idea stems
from the fact that during drought, smaller and shorter vessels are produced, which seems to be
under the control of auxin concentrations. The inhibition of auxin transport also decreases the
size of leaves, confirming its importance in controlling leaf size, which may connect this
physiological response to auxin (Ljung, 2001). This is a big deal, because the leaves are the

source of auxin made in the plant.

The lack of research that relates IAA and drought creates a question like that of the chicken and
the egg: is plant tissue modified due to constraints on the plant in the absence of water or does
the plant undergo regulation of these processes to create a water distribution system that is better
adapted to drought? Are leaves reduced during drought because there’s just no water available to

expand their cells, or is this controlled by changes in gene expression regulated by auxin?

It appears the YUCCA proteins might be more described than IAA in terms of drought. In both
Arabidopsis and potato, it was found that overexpression of specific YUCCA genes increased

drought tolerance (Lee et al 2012; Kim et al., 2013; Cha et al., 2015). Additionally, in droughted



treatments of rice, YUCCA expression increased dramatically (Sharma et al., 2018). However,
this tolerance may have been because of the YUCCA protein’s ability to decrease the amount of
reactive oxygen species (ROS), which contribute to the death of a plant during drought (Park et
al., 2013; Mantova et al., 2021). This is because of the thiol reductase function that is present in
the YUCCAs, which allows for the proteins to play a role in oxidizing dangerous oxygen species
when they are high in concentration (Cha et al., 2015). This link between YUCCAs and drought
does not describe the levels at which auxin is being produced in a droughted plant. The findings
do, however, emphasize the complex nuances of plant biology that must be considered when

accessing any physiological changes on the molecular level.

Current work on YUCCAs in Populus

Auxin is less studied in trees than it is in smaller herbaceous plants because studying large scale
impacts of hormones can be difficult as organism size increases. To study molecular signaling in
trees, it is important to use a plant with a published and publicly available genome in order to
target the expression of specific genes. The genus Populus is a model genus used in the scientific
community to study tree biology. It was the first tree genome published and is by far the best
understood tree genetically, with a whole community of scientists working on it (Tuskan et al.,
2006). Species in this genus have fast reproductive cycles which make them practical for
experiments (Taylor, 2002; Jansson and Douglas, 2007). The U.S. Department of Energy has
also taken special interest in hybrid Populus trees due to their fast growth rates, noting that they
might become a key bioenergy crop (Takemura, 2021). Understanding how drought might affect
Populus 1s important as water shortages could affect entire crops of trees. Thus, the scientific

community has taken an interest in how Populus behaves in droughted conditions, not only for



the knowledge of molecular signaling, but also to better understand how to avoid large scale tree

mortality.

In the genus Populus, there are 12 known YUCCA genes with similar function (Ye et al., 2009).
Previous work determined the expression of different YUCCA proteins within different tissues
of a leaf (Stadheim, et al 2023, Figure 4). For instance, the blade tissue predominantly express

YUC?2 along with YUC12, whereas the petiole and midvein have only high expression of

YUCI12.
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Figure 4. Previous work in the Spicer lab has shown the dominant YUCCA genes in the blade and
margin are YUC2 and YUC12, whereas in the petiole and midvein the only dominant YUCCA is YUCI12.

It has also been shown that YUC12 has prominent expression in the rapidly differentiating and
dividing cells of the shoot apex, with expression steadily decreasing as leaf age increases (Spicer,
unpublished data; Figure 5). Understanding the dominant YUCCA genes expressed throughout

different tissues of the plant is vital to measuring potential expression changes in the plant.
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Figure 5. Work in the Spicer lab has been done to understand the general trends of the YUCCA genes in
leaves of different ages down the stem, as counted from the shoot apical meristem.

Aim of this work

For my senior thesis, I proposed using Populus as a model species to understand the hormonal
cues associated with drought and the physiological changes in apex and leaf auxin biosynthesis
due to drought. I conducted a drought experiment to understand the general trends of specific
YUCCA genes in a short-term water stress event. I also wanted to explore the idea that YUCCAs
could be upregulated, despite decreased growth, due to their function of reducing ROS.
Understanding these processes has become important as we move towards projected droughts

with increased intensity and duration
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Materials & Methods
Plant material
Genetic clones of Populus tremula x alba 717-1B4 were subcloned in sterile tissue culture and
grown in an incubator during the spring of 2021. They were transferred to soil pots in May and
June of 2021, where they grew in a growth chamber inside of Ziploc™ bags for several weeks
before acclimating to the chamber’s conditions, with gradual opening of the bags. These plants
were then moved to the Connecticut College greenhouse in September 2021, where they were
trimmed to their base and allowed to resprout several times, with the most recent cutback having
occurred May 31, 2022. The resulting plants used for this experiment had above ground
vegetation that ranged from two to three shoots that were about one-month-old with an extensive
root system. They had also received nutritional supplements both through Osmocote Plus™

treatment of 1 tbsp to the topsoil as well as in 800mL of Miracle Grow solution in two doses

(0.25tbsp/1L).

Experimental drought treatments

Ten plants were selected for the experiment. The plants varied in size as well as number of
dominate shoots, so they were divided evenly into two groups so that the size and morphology of
the plants in the two groups were similar (Table 1). The plants were then organized on a
greenhouse bench randomly, with the remaining plants that were not included in the experiment
forming a periphery around them to minimize any edge effect. The two experimental groups

were designated as control and drought treatments.
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The control treatment plants were watered daily to the point of bottom draining of excess water.
The drought plants were completely deprived of water for 9 days with the following exceptions:
on day 3, one plant was watered using 600mL, and on day 5 a second plant was watered using
200mL. These instances of watering were due to the larger plants exhibiting drought-like
symptoms (wilted leaves, petiole depression) before the others, therefore allowing the treatment

duration to be lengthened and have comparable replicates.

Table 1. Plants were divided into two groups, which were not significantly different from one another in
height or stem diameter (mean + se, n = 5, two-tailed t-test)

Parameter Control group (cm) Drought group (cm) p value
Height 942+17.3 84.6+12.8 0.346
Stem diameter at base 1.16 + 0.4 1.0£0.2 0.421

Stomatal conductance

Measurements to quantify stomatal conductance were made several times in the days leading up
the harvest to characterize the drought treatments. Using a porometer (SC-1 model), leaves
between leaf 8 and leaf 16 (counting down from the shoot tip) on the experimental shoot had
measurements taken in between any major veins around the perimeter of the leaf. After two days,
the readings were not significantly different between the groups. However, the day before

harvest, the groups had a significant difference in evaporative water loss.

Stem water potential

Stem water potential readings were made two days (day three and day six) leading up to the
harvest as well as the date of harvest. Each time, a single leaf attached to a non-experimental
shoot, located between leaf 8 and leaf 16, was fully enclosed in an opaque bag the evening

before the measurement (between 7-9pm). The following day, the bag was removed, and the leaf

12



was cut from the stem around 9 am and put into a PMS pressure chamber (Model 1505D-EXP),
where balance pressure was measured for each experimental shoot. This method is often used to
measure water potential within a stem. When a leaf is bagged, it is presumed to not be losing
water through evaporation due to the lack of a light signal, therefore it is not transpiring. When a
leaf is not transpiring, it comes into equilibrium with the water potential in the xylem because
there is no pull from evaporation. This to use the water potential of a bagged leaf to estimate the

amount of tension (i.e., negative pressure) that the xylem is under.

Tissue collection & leaf relative water content

The apex was defined as containing the shoot apical meristem as well as the smallest
differentiating leaves on the experimental shoot of the plant. This contained any leaf primordia
that were less than 2/3 uncurled along the margin. The first leaf that was at least 2/3 uncurled
was considered leaf 1 and leaves were numbered consecutively from this leaf. The apex from
each experimental shoot was harvested as well as leaf 8 and 16. Leaf 8, a half-expanded leaf,
represents the leaves in which there is a transition from sink to source of carbohydrates (Larson
et al., 1980; Turgeon, 2006). This export of photosynthate indicates the ability for this leaf to be
a source of auxin production for other parts of the plant through phloem-mediated transport of
conjugated auxin (Bajguz and Piotrowska, 2009). Leaf 16 represents a fully expanded leaf. The
cessation in growth associated with a mature leaf is likely caused by a decrease in the production
of auxin in the plant. Each leaf was sliced in half using a razor blade along either side of the
midrib (i.e., the midrib was excluded from leaf tissue samples) (Figure 6). One half was used for
relative water content measurements (RWC), and the other half was plunged in LN> for use in

qRT-PCR.

13



Figure 6. Leaf 8 and 16 were collected from each plant. Half of the blade was sectioned to take disks for
RWC measurements (yellow sections). The other half of the blade (excluding the midrib) was weighed
and immediately plunged into LN, (purple section).

A cork borer was used on the tissues designated for RWC to make 3 disks with a diameter of
0.90 cm each. These disks were weighed on an analytic balance for their fresh weight (FW),
enclosed in tissue embedding cassettes, and immediately submerged in deionized water and
placed on ice in a 4°C refrigerator for 24 hours. After 24 hours the disks were removed from the
cassette, dabbed surface dry with a Kimwipe™, and weighed for the saturated weight (SW). The
disks were then folded in paper and dried at 70°C for 48 hours. The disks were then weighed one

EW-DW) . 100.
(SW—DW)

final time for a dry weight (DW). RWC was calculated using the equation
Quantitative real-time PCR

Tissues collected for quantitative real time polymerase chain reactions (QRT-PCR) were ground
in LN2 with a mortar and pestle and never allowed to thaw and stored in a -80°C freezer. To

generate RNA, a the three-day CTAB extraction procedure was used (Porebski et al., 1997; Box

1.
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The resulting RNA concentration was read on a Nanodrop (Thermo Scientific NanoDrop Lite
Spectrophotometer). Samples contained 300-1200 ug/mL RNA. The samples were then treated
with DNase using the Invitrogen TURBO DNA-free™ kit following the routine DNase treatment
instructions. Reactions used about 150-200 ug/mL RNA. cDNA generation followed by using
the BIO-RAD iScript™ Advanced cDNA Synthesis Kit for qRT-PCR. The resulting cDNA
concentration was read on a Qubit™ (Q32857). For each tissue, resulting cDNA concentrations

ranged from 5 ug/mL to 15 ug/mL.

Box 1: CTAB extraction protocol for RNA from tough tissues

Day one: Frozen ground tissue is submerged by 800 microliters of 65°C CTAB buffer with 2%
by volume beta-mercaptoethanol added. The solution is warmed to 65°C and incubated for 15
minutes before 800uL of the solution CHISAM (24:1 chloroform: isoamyl alcohol) is added.
This is then thoroughly mixed by flicking and centrifuged to produce three layers, of which the
top elution is obtained. 800uL CHISAM is once again added to the original sample, which is
mixed and centrifuged down. The final top layer obtained, % volume of 10MLICl is added,
and the sample is left overnight at 4°C to precipitate.

Day two: Samples are centrifuged at 4°C for 20 minutes and the supernatant is discarded.
300uL of 60°C SSTE buffer is then added to dissolve the pellet while sample are kept at 60°C.
300uL of CHISAM is also added. The samples are then centrifuged for 10 minutes at max
speed, and the upper phase of this tube is extracted. This upper phase then receives 300 uL of
CHISAM, then is mixed and centrifuged for 10 minutes at maximum speed. The elution from
this tube is then extracted. 100ul of SSTE buffer is then added to the original samples, both
are centrifuged at top speed for 10 minutes, and both top layers are added to the final sample. 2
volumes of cold 99.5% RNase free ethanol are added to tube C, and it is stored at -20°C
overnight.

Day three: The sample is removed from the -20°C freezer and centrifuged at 4°C and
maximum speed for 20 minutes. The supernatant is poured off, and 1 mL of 70% ethanol is
added and gently mixed. Sample is once again centrifuged at 4°C and maximum speed for 20
minutes. The liquid is removed by pipetting and weak vacuum suctioning and hand drying,
and the final pellet is suspended in 50 uL of RNase free water.
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gRT-PCR was performed on the cDNA generated from the apex, leaf 8, and leaf 16 with target
genes YUCI, YUC2, YUC4, YUC6, and YUCI12 (Table 2). These reactions took place in a CFX
Connect™ RealTime system using iTAQ™ Universal SYBR ® Green Supermix (Biorad,
Hercules, CA, USA). Each plant sample run on the plate had three “normalizer” genes. These
genes — actin, ubiquitin, and tubulin - are expressed at high levels in all tissues and allow us to
relate the level of expression that we get from a target gene to a baseline in order to easily

compare each individual experimental gene’s expression.

Table 2. Information about the primers used for qRT-PCR.

Gene Type of Sequence Melting Amplicon
primer temperature °C (bp)
Actin Forward CCATCATGAAGTGTGATGTG 60.0 114
Actin Reverse CAGTGATTTCCTTGCTCATAC 60.1 114
Tubulin Forward CCTACTGTAGTACCTGGGGGTG 58.2 230
Tubulin Reverse CCAACTTCCTCGTAATCCTTCTCA | 56.2 230
Ubiquitin | Forward CAGCTTGAAGATGGGAGGAC 554 154
Ubiquitin | Reverse CAATGGTGTCTGAGCTCTCG 55.5 154
YUCCAI | Forward GGAAAGACACCAGTGTTAGAT 61.0 86
YUCCAI | Reverse GTTACCTCCTTCACACCTTC 61.0 86
YUCCA2 | Forward AGGAGAGTGTGGGCTATATG 61.7 100
YUCCA2 | Reverse CCTACACCGTTCAATGTCTTC 61.8 100
YUCCA4 | Forward CCCATTGAGCTAAAGAATGTC 60.2 109
YUCCA4 | Reverse TTATCTCCTTCACACCTTCC 60.1 109
YUCCA6 | Forward CTTTCCAAGATGACACCAAC 60.2 99
YUCCAG6 | Reverse TGTACATGATATAGCTGAGGTC 60.2 99
YUCCAI12 | Forward GTTTCCCACTTCAAGATCAG 59.7 102
YUCCAI2 | Reverse GCTCACATTTCTAGCCTTAAC 60.1 102

Three technical replicates were run for each gene on every plate. The SYBR Green Supermix
protocol was followed for a 20 uL reaction, and the reactions took place in a 96 well plate. This
supermix contains a fluorescent marker that binds to genetic material, allowing for the machine
to visualize increasing levels of genetic material. Strands were denatured at 95 °C for 30

seconds, then amplified over the course of 37 cycles of denaturation (95 °C for 30 seconds)

16



followed by annealing and extension (30 seconds at 53 °C). The software on the RealTime
system records the number of cycles at which the fluorescence level crosses a threshold that is
just above what the software determines as “background”, which is represented by a Cq value.
Following the amplification cycles, a melt curve analysis was conducted. In a melt curve
analysis, the sample is heated up in 5°C intervals from 65°C to 95°C to show the temperature at
which the double-stranded PCR product falls apart, or denatures, which is a unique temperature

for each gene and termed the “melt temperature”.

There were measures taken to ensure the data produced was accurate. Each plate was then
analyzed for inconsistencies between the three technical replicates; each of the three samples
should be close to identical as they contain the exact same DNA and reagents. This is done to
ensure that the numbers are accurate and not inflated or deflated because of a technical error,
such as accuracy in pipetting. Plates are also analyzed for inconsistencies in melt temperatures
within genes. As previously mentioned, each amplified section has one, specific melt
temperature. The data captured by the qRT-PCR machine includes at what temperature the
sample denatures should be consistent, with only one peak. The presence of more than one peak

indicates that there is more than one amplified section.

Relative gene expression was calculated by comparing the target YUCCA genes against the

ZCq norm

normalizer genes. Relative expression = where norm is the geometric mean of the

2Cq GOI

three normalizer genes and GOl is the “gene of interest”, in this case, the specific YUCCA gene.
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Statistics

Statistics were run using the software R version 4.2.0 (2022-04-22). A Imer mixed model was
run on the complete set of data, using treatment and tissue as fixed effects and plant as a random
effect. The mixed model included treatment x tissue, treatment x gene, tissue x gene, and
treatment X tissue X gene interaction terms. The mixed models were then analyzed using an
Analysis of Variance (ANOVA). For comparisons between treatments, two-tailed t-tests were

run separately for each gene within a single tissue using Excel.

18



Results

Results that characterize the effects of the drought treatment are described in terms of days into
the treatment, with day 1 being the start day of the experiment, day 2 being 24 hours after the
start, etc.

Stomatal conductance

To understand how the plants were affected by the drought treatment, stomatal conductance
readings were taken throughout the experiment (Figure 7). The measurements were not
significantly different between the treatments two days into the drought (n=5, p<0.1). After three
days of water deprivation, the measurements were significantly different (n=5, p<0.01).
Measurements confirmed that the effect of drought was still significant on the sixth day into the

treatment (n=5, p<0.001).
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Figure 7. Stomatal conductance (mmol H,O m™ s!) from throughout the week of the drought treatment.
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Stem water potential

Stem water potential readings were also taken to better understand the effects of water stress on
the trees. Stem water potential was taken 3 days into the treatment, 6 days into the treatment, and
8 days into the treatment (harvest day) (Figure 8). Each measurement date showed a significant

difference between treatments (n=5, p<0.01).
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Figure 8. Stem water potential (MPa) was taken from each plant.

Relative water content

The relative water content (RWC) of leaf 8 and leaf 16 was measured on the day of the harvest
(Figure 9). Due to the limited material for qRT-PCR in the apices, which are very small, RWC
was not measured for this tissue. There was a highly significant difference between treatments
for leaf 8, with the droughted plants having lower RWC than control plants (n=5, p<0.001).

There was no significant difference in leaf RWC between treatments for leaf 16 (n=5, p=0.6).
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Figure 9. The relative water content (%) of leaf 8 and leaf 16 was measured eight days into the treatment,
the day of harvest.

Quantifying gene expression: the normalizer genes

The results were first normalized by the normalizer genes actin, tubulin, and ubiquitin. This
normalization uses a geometric mean of the three genes as a reference point for expression. This
means that the average of the three genes affects the expression values for each gene of interest,
because the genes are discussed in reference to this expression. However, in times of stress,
genetic expression can change holistically as a plant is adapting to its circumstances. For the
geometric mean of our three normalizer genes, we found higher Cq values for the plants
receiving the drought treatment compared to the controls (Figure 10). These Cq values were
significantly higher in the drought treatment across each tissue, which means that expression of
these normalizer genes was lower in the drought plants than the control plants. This is because it
took more amplification cycles in the qRT-PCR process for there to be an increase of

fluorescence detected by the machine.

The Cq values of the normalizer genes used here increasing in drought is very important, because

it means that all of the results that were calculated using the three normalizer genes are an
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overestimation of expression. This is because relative expression is calculated by dividing the
calculated expression of the normalizer genes by the gene of interest, which would be the
YUCCA genes in this study. Therefore, all the results normalized by these three genes are an
overestimation of YUCCA expression of the droughted tissues. These results, normalized by all

three normalizer genes, will be described as G3 results henceforth for the ease of discussion.
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Figure 10. The geometric means of the three normalizer genes- ACT, TUB, and UBQ- were plotted
across each tissue for the control and drought plants.

Using three normalizer genes is the best practice for calculating expression; it allows for the
minute variations in individual tissues and plants in a gene’s expression to have less of an effect
on the calculated expression. However, the increase in Cq value (and therefore decrease in
expression) indicates that normalizing by these genes is not representative of what is actually

happening in these tissues under water stress.

When the normalizer gene Cq values were compared individually within each tissue, it was
determined that ubiquitin (UBQ) changed the least between the two treatments (Figure 11). For

the apex and leaf 16, UBQ did not have a significant change in expression between control and
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drought (p=0.08, p=0.12, respectively). However, in leaf 8, the Cq values were significantly
increased in drought (p=0.02). This statistical significance, or lack thereof, is trivial. In other
words, although ubiquitin is the most stable normalizer gene, even the significant differences are
not meaningful enough to draw any major conclusions from. Despite this, using just UBQ to
normalize the expression of the YUCCA genes may give us insight into what the plant is actually
doing. Additionally, it is useful to compare the results from the two methods side by side to
predict which conclusions are completely unable to be supported by the data, especially if any
conclusions from the G3 method show higher expression in drought (again, these results are an
inflation of what is truly happening). Using just UBQ to normalize the expression of the YUCCA
genes will henceforth be referred to as G1 normalization.

Expression of the YUCCAs

Five YUCCA genes were analyzed across three different tissues and were normalized in two
different ways as described above (Figure 12). The apex had the highest expression of the
YUCCA genes, with both YUC2 and YUC12 having the highest values of normalized expression
across all tissues (Figure 12A, 12B). The expression of the other YUCCAs was low in the apices.
Expression of all YUCCAs, excluding YUC2, decreases in leaf 8 and leaf 16 in relation to the

apex (Figures 12C-F).

The G3 normalized results were analyzed using a mixed model that used treatment and tissue as
fixed effects and plant as a random effect to see if there were interactions between treatment and
tissue in a way that might affect expression (Table 3). It was found that there were significant
interactions between YUCCA gene expression and tissue type, meaning that gene expression

varied across tissue. The treatment also had a significant impact on the expression of these genes,
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Figure 11. A comparison of the effects of drought on each normalizer gene Cq value between each tissue,
for apices (A), leaf 8 (B), and leaf 16 (C).
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Figure 12. The genes of interest, YUC1, YUC2, YUC4, YUC6, and YUC12, were normalized by three normalizer genes (Panels A, C, and E) and
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meaning that there were genes affected by the water deprivation. However, the tissue was not
significantly impacted by the treatment. This means that the different tissues did not behave
differently from one another due to drought.

Table 3. An ANOVA was run on the mixed model results analyzing the effects that tissue, gene, and

treatment have on one another from G3 gene expression calculations. Significance is designated with ¥,
with “%” <0.05, “%%” <0.01, and “Ykv” <0.001.

Sum of | Mean of | Degrees of | F value | P value Significance
Squares | Squares | Freedom P
Tissue 0.0054 0.00271 |2 31.34 1.74x10" | Sese vt
Gene 0.0317 0.00793 | 4 91.63 2.2x1071° | Sedede
Treatment 0.0006 0.00063 | 1 7.287 0.0262 e
Tissue x Gene 0.0094 0.00118 |8 13.58 1.93x10°1 | fr st
Tissue x Treatment 0.00029 | 0.00014 |2 1.67 0.1929
Gene x Treatment 0.00916 | 0.00229 | 4 26.45 2.8x10 | e
Tissue X Gene x Treatment | 0.0003 0.00004 | 8 0.437 0.8962

The results from G1 normalization were also analyzed in a mixed model that used treatment and
tissue as fixed effects and plant as a random effect to see if there were interactions between
treatment and tissue in a way that might affect expression (Table 4). The interactions were
similar of those in the G3 expression between tissue and gene as well as gene and treatment.
Therefore, the effects will be analyzed by gene, and not by tissue for each means of
normalization for ease of discussion.

Table 4. An ANOVA was run on the mixed model results analyzing the effects that tissue, gene, and

treatment have on one another from G1 gene expression calculations. Significance is designated with ¥,
with “%” <0.05, “¥%” <0.01, and “Y¢%%” <0.001.

Sum of | Mean of | Degrees of | F value | P value Significance
Squares | Squares | Freedom (&)
Tissue 0.0015 0.00076 |2 27.35 831x107 | sevvsr
Gene 0.0048 0.0012 4 43.128 | 2.2x107"% | Sede s
Treatment 0.000001 | 0.000001 | 1 0.0513 | 0.8228
Tissue x Gene 0.0034 0.0004 8 15.38 | 3.98x107" | Sssy
Tissue x Treatment 0.000014 | 0.000007 | 2 0.258 0.77481
Gene x Treatment 0.0009 0.0002 4 8.149 1.1x10°° ey e
Tissue x Gene x Treatment | 0.0005 0.00006 | 8 2.220 0.03279 %
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Expression of YUC12 is the highest of all the YUCCAs and is also the highest in the apices
(Figure 13). Using the G3 method of normalization, YUC]12 is not significantly different
between the treatments in the apices or leaf 8 (Figure 13A), but it is significantly decreased in the
droughted leaf 16 samples (p<0.01). In the G1 method, both leaf 8 and leaf 16 have significantly

decreased expression of YUC12 in droughted plants (p<0.05, p<0.01, respectively; Figure 13B).
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Figure 13. Expression of YUC12 was normalized across all three tissues for each treatment using the
three reference genes (A) and just UBQ (B). The results of both normalization methods are on the same
axis for ease of comparison.

The change between the two different normalization methods is most dramatic in YUC2 (Figure

14). In the G3 method of normalization, YUC?2 is expressed at a significantly higher level in the
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droughted plants in the apex, leaf 8, and leaf 16 (p<0.01, p<0.01, p<0.001 respectively; Figure
14A). However, in the G1 method, there is only a significant increase of YUC2 expression in

droughted plants in leaf 16 (p<0.05; Figure 14B).
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Figure 14. Expression of YUC2 was normalized across all three tissues for each treatment using the three
normalizer genes (A) and just UBQ (B). The results of both normalization methods are on the same axis
for ease of comparison.

YUCI seems to have similar trends between the two different normalizations (Figure 15). Using
G3 normalization, the apex and leaf 16 have significantly less expression of YUCI in the
droughted trees (p<0.01, p<0.05 respectively; Figure 15A). With G1 normalization, the apex and
leaf 16 were again calculated to have significantly less expression of YUC1 (p<0.001, p<0.05
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respectively; Figure 15B). It is important to note that this YUCCA, as well as YUC4 and YUC6

are expressed at much /ower levels than the previous two YUCCAs.
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Figure 15. Expression of YUC1 was normalized across all three tissues for each treatment using the three
normalizer genes (A) and just UBQ (B). The results of both normalization methods are on the same axis
for ease of comparison.

The expression of YUC4 was affected by the different normalization methods (Figure 16). In the
G3 method of normalization, YUC4 is not significantly different between the treatments in any
of the tissues (Figure 16A). In the G1 method, the apices have significantly decreased expression

of YUC4 (p<0.05, Figure 16B).
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Figure 16. Expression of YUC4 was normalized across all three tissues for each treatment using the three
normalizer genes (A) and just UBQ (B). The results of both normalization methods are on the same axis
for ease of comparison.

The two normalization methods result in different conclusions being drawn about the expression
of YUC6, however there is an outlier in both datasets that likely prevent significant results as
well (Figure 17). In the G3 method, there were no significant differences across the different
tissues (Figure 17A). There seems to be a decrease in expression in the apex, however there is a
significant outlier that prevents this difference from being significant. When the G1 method was

used, leaf 16 had a significant difference between treatments for YUCG6 (p<0.01; Figure 17B).
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Again, the lack of significance between treatments in the apices is likely due to the presence of

an outlier in that data, as most of the tissues have decreased expression of YUCS6 in the apex.
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Figure 17. Expression of YUC6 was normalized across all three tissues for each treatment using the three
normalizer genes (A) and just UBQ (B). The results of both normalization methods are on the same axis

for ease of comparison.
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Discussion

Effects of water stress on physiology

The plants in the experiment had statistically significant decrease in stomatal conductance in the
drought treatments in the days leading up to the harvest, which was measured on leaves halfway
between leaf 8 and leaf 16 (typically leaf 10) (Figure 7). Leaves are the main source of water loss
in plants due to the opening and closing of stomata. Therefore, it is unsurprising that the rates of
stomatal conductance would decrease significantly during drought; the plant is likely preserving
the water available. In fact, the increased loss of water impacts the turgor pressure of cells, which
in turn signals stomata to close (Chaves et al., 2009). Some studies have shown that species of
Populus are likely to maintain moderate stomatal conductance until drought heightens in severity
(Tang et al., 2013), though it seems that the point at which stomata are signaled to close is highly

species dependent (Almeida-Rodriguez et al., 2010; Yang, 2010; Rosso et al., 2023).

The water in the xylem is under negative pressure, otherwise termed tension. The trees in the
drought treatment experienced significantly more tension in the xylem, as shown in the more
negative MPa values (Figure 8). This pressure decreasing (becoming more negative) means the
xylem is under more stress, which could eventually lead to cavitation. In fact, many researchers
describe the point at which 50% of conductivity is lost. This point of reference is helpful because
plants at this stage are impaired in their ability to transport water and are considerably more
likely to have long term consequences (Choat et al., 2008). In most hybrid species of Populus,
the stem water potential at which 50% of the xylem is compromised is about —1.55 MPa (Rosso,
2023). The xylem water potential of the trees in the drought treatment here ranged from -0.9

MPa to -1.55 MPa after eight days, suggesting that some may have lost conductivity due to
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embolism. The fact that stomatal conductance was significantly reduced after three days of water
deprivation, coupled with a significant reduction in stem water potential, indicates that the trees

were experiencing severe water stress.

The relative water content was not significant in leaf 16 across the two treatments, however leaf
8 in the control trees had significantly higher relative water content compared to the droughted
trees (Figure 9). This seems to represent a shift in where drought might be felt in the plant.
Another study on Populus leaves has shown that the stomatal conductance of mature leaves has a
regulatory effect on the stomatal development of expanding leaves: when mature leaves were
exposed to environmental cues such as increasing CO» concentrations, expanding leaves
produced a lower density of stomata (Miyazawa et al., 2006). This survey introduces the idea
that mature leaves, when faced with changed conditions, may be able to signal a developmental
change to younger leaves. The relative water contents displayed that older leaves maintained
their water content whereas younger leaves did not. Perhaps the more mature leaves, due to their
inability to developmentally change their stomatal density, are likely to cease gas exchange and
thus maintain their water content. These leaves, in turn, could be signaling to younger leaves to
change their stomatal patterning in response to this changed condition (lack of access to water),
which could allow these leaves to maintain their gas exchange. This idea is purely speculative,
but interesting when trying to connect the differing results. When thinking about drought as a full
plant experience, understanding how leaves might be experiencing water stress differently across
different ages might provide insight into the pathways that plants take to mitigate the impact of

drought.
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Normalizer genes

“Housekeeping” genes are typically chosen for use as normalizer genes in qRT-PCR experiments
due to their high and consistent expression levels in various tissues. The genes chosen for this
survey were no exception to this rule; actin, tubulin, and ubiquitin are all imperative to the basic
function of cells. In fact, the most abundant protein in all eukaryotic cells is actin; it is the key
component in the formation of the cytoskeleton in cells (Zhang et al., 2010). Tubulin is also
important to structure as it is the protein that make up the microtubules that are associated with
the structuring of cell walls in plants (Oakley et al., 2007). Ubiquitin is important in regulating
many major processes by controlling protein degradation (Moon et al., 2004). These three genes
are often used as normalizer genes, and whether their usage in drought surveys is appropriate has
come to the forefront of research (Zhao et al., 2015; Zhang et al., 2022). In two different species
of Populus, the effect that drought has on these genes seems to be completely different,
highlighting the likelihood that the effects of stress on these fundamental genes could be species
specific (Chen et al., 2013; Wang et al., 2014; Tang et al., 2019). Our results displaying
significant differences between treatments also highlight this concern and point towards the need
to select different normalizer genes for surveys such as this where the target gene might not be

the only thing affected by the treatment.

This change highlights the importance of understand how genes might respond to environmental
stress. These particular genes are important in growth and development, and drought
fundamentally affects these processes. In this ways, it is likely that finding genes that are
unaffected by water deprivation is difficult in general; drought affects the whole plant, and each

tissue reacts differently. One way of identifying stably expressed genes is by doing the novel
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technique where all of the mRNA in a tissue is sequenced to determine what genes are being
expressed and at what concentrations. A logical next step for this type of survey is to perform
this technique, known as RNA-Seq, to find genes that are still stably expressed in a stressed

plant.

YUCCAs and drought - Normalization by all normalizer genes

Because the normalizer genes were affected by the treatment, it is important to keep in mind that
all YUCCA expression levels in the drought treatment are an overestimation when normalized
by all three genes (G3). Therefore, any comparison that shows drought plants with lower
YUCCA expression than control plants is only strengthened, as the actual expression in the
drought plants is likely lower than calculated. Due to the inflation of expression caused by the
effect of drought on the normalizers, the discussion of this decrease in expression of YUCCA
genes will be explored here. In contrast, any comparison that shows drought plants with higher

YUCCA expression must called into question. This is also discussed below.

YUCI2 seems to be unchanged in the apex and leaf 8 in droughted trees. In Populus tremula x
alba, YUCI2 is the predominant gene from the YUCCA family expressed in the apex, whereas it
decreases down the stem (see introduction, Figure 5). Interestingly, it seems that this expression
is mirrored in the droughted apices, where the highest expression was found of YUC12 in both
control and drought plants. The trend of expression decreasing in the leaves is also confirmed
with our experiment. These findings underscore the importance of this dominant YUCCA in the

apex (Spicer unpublished data; Stadheim et al., 2023).
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In both methods of normalization, YUC12 is significantly decreased in the drought treatment in
leaf 16. This is interesting because leaf 16 displayed a relative water content that was not
significantly different between treatments, which indicates that relative water content is likely
not signaling a change in the expression of YUCCAs, and therefore the production of auxin. This
drop in YUCI12 production could, however, be connected to leaf abscission. In some plants, such
as Populus spp., it is common for the lower leaves to be shed in times of water stress (Barigah et
al., 2007). This is due to the idea that the younger leaves are higher on the plant, likely receiving
more sunlight and therefore able to photosynthesize more effectively with the limited water
source. Moreover, when water is scarce, plants tend to prioritize the tissues underground to
assimilate water and increase the root to shoot ratio. This ratio can also be maintained by
shedding leaves. Leaf abscission is a process that is also governed by auxin, where the absence
of auxin is a signal to the plant that the leaf should be senesced, or shed (Jin et al., 2015; Meir et
al., 2015; Ma et al., 2021). In fact, it has been shown that drought disrupts the auxin responsible
for delaying flower abscission, thereby increasing the rate at which flowers senesce under
drought (Florkiewicz et al., 2020). The connection between auxin and leaf senescence could be
indicative of why this important YUCCA has decreased expression in drought plants but only in

the lower leaves.

Although YUCI12 is not reduced in the apex for droughted plants, there are other indications that
the production of auxin might be affected by water stress. YUC1 and YUC6 were shown to have
decreased expression in the droughted plants' apices. Additionally, when YUC4 is normalized

with just ubiquitin, it is significantly reduced in the apex. Because the apex is the source for most

of the auxin for the plant, this reduction in YUCCA expression could indicate that auxin levels
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are lower in the plant in times of water stress due to these YUCCAs. This decrease fits with the
ideas that auxin is a major factor in plant growth, plants grow less under water stress, therefore
there is likely less auxin being biosynthesized, by the YUCCA proteins. However, it has been
shown that in Populus tremula x alba, the dominant YUCCA in the apex is YUC12, which is not
significantly affected by drought. YUCI1, YUC4, and YUC6 have much lower expression than
YUCI2. Therefore, total auxin production may not be severely impeded by these genes having

less expression.

YUCI, YUC4, and YUC6 could be significantly decreased in drought plants because of the
minute differences in the apex tissue. The apex, as we defined it, contained the shoot apical
meristem (SAM) as well as any leaf primordia that were less than 2/3 uncurled along the margin.
As known through previous experiments in the Spicer lab, an expanding leaf has YUCCA genes
expressed at different levels within different tissues (Stadheim et al., 2023). Within the complex
structure of the apex, there are likely many YUCCA proteins doing many different things as it
relates to the SAM and the young developing leaves. The SAM is coordinated by auxin, which
controls where new leaf primordium will emerge and the cells that will divide to form these cells
(Kalve et al., 2014; Xiong et al., 2019; Perico et al., 2022). The developing leaves are home to
many different sites of auxin maximum and minimum, which control the establishment of veins
and the division of cells (Scarpella et al., 2006; Perico et al., 2022). The fact that the apex is
home to so many different processes that involve auxin means that changes among individual
YUCCA gene expression is linked to the fact that some processes are going to be affected by
drought, such as leaves expanding, whereas total plant auxin production by the SAM might be

preserved.
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The influence of ROS

YUC2 was the only gene to show increased expression in drought, and this increase was seen
across each tissue with G3 normalization. However, this increased expression is known to be
over-estimated due to the normalizers’ decreased expression, and therefore it is difficult to draw
any real conclusion from these data. In fact, the differences between the two treatments in YUC2
expression become insignificant in the apex and leaf 8§ when the G1 method is used to normalize

expression.

However, other surveys have found YUCCA genes to be upregulated in times of water stress due
to the thiol-reductase activities of YUCCA proteins, an activity that is thought to prevent damage
due to reactive oxygen species, or ROS (Park et al., 2013; Cha et al., 2015; Mantova et al.,
2021). The production of ROS increases in stress events such as drought. This is because when
stomata close during drought, photosynthesis is unable to regenerate the compounds needed to
accept electrons, ultimately leading to the reduction of oxygen to reactive species such as
hydrogen peroxide and super oxide (Cruz de Carvalho, 2008; Chaves, 2009). ROS are then able
to cause damage to different parts of a plant, including the DNA, which can lead to cell death
(Abel and Hirt, 2004). Interestingly, ROS signal downstream effects in the plant that allow for
stress tolerance, such as the upregulation in genes that help plants cope with stress. There are
also ways for the plant to cope with increased production of ROS, such as the increase in ROS
scavenging proteins (Mittler 2004; Cruz de Carvalho, 2008). Proteins with thiol reductase
activity, like the YUCCAs, are known to help with this scavenging by providing the electrons

needed to reduce the ROS to non-reactive oxygen species (Groot et al., 2022).
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What is particularly interesting is the fact that each YUCCA protein in Populus tremula x alba
has the cysteine residue that are deemed imperative for this function as described in Cha 2015.
The fact that none of the YUCCASs have significantly increased gene expression in this
experiment is surprising, due to this preserved area. Although we cannot say with certainty that
any YUCCA measured in this experiment is a contender for contributing to ROS protection, it is
certainly interesting that our results do not align with other publications, which have speculated a
role for the YUCCA proteins in this stress response. Due to this, we can suggest that YUC2
might be gene that could be expressed at a higher level in drought, and therefore may be
participating in ROS protection. This idea stems from the initial increase in expression that was
calculated for YUC2 by the G3 method, which disappeared in the G1 method. While this
significant difference does disappear between the two methods of normalization, it provides
motive to look at this YUCCA specifically. This speculation serves for a starting point for a
future experiment to truly assess the changes in YUCCA gene expression with stable normalizer

genes.
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Conclusions

It seems that the expression of the normalizer genes actin, tubulin, and ubiquitin varies in abiotic
stress such as drought. This finding calls to attention the need to use normalizer genes that are
stable in the specific treatment applied in an experiment while still having high expression to
normalize against. One way of finding stable genes in a specific treatment is to perform the
technique RNA-Seq on a sample to quantify highly expressed genes in a tissue that has been

droughted.

YUCI12 is a highly expressed YUCCA in the apex and its expression seems to be maintained in
abiotic stress conditions. YUC12 expression was unaffected by the drought treatment in the
apex, which supports previous research in Populus tremula x alba that has shown the importance
of this gene. However, in the older leaves, there was a significant decrease in YUC12 expression
in droughted tissues when expression is normalized by just ubiquitin. This is an interesting trend
due to the lack of significant difference in relative water content results from these leaves, and

this finding could be confirmed by more stable normalizer genes.

It seems that many of the YUCCA genes have decreased expressed overall in times of water
stress. When normalized using all three normalizer genes and just ubiquitin, YUCI is decreased
in the apex and in leaf sixteen in the droughted plants. YUC4 is significantly decreased in the
droughted apices using just ubiquitin as a normalizer. And YUC6 expression is likely decreased
in the apices in droughted apices and leaf sixteen, though an outlier in the apex data set
prevented any significance from being confirmed. Although these differences were reevaluated

via normalization with just ubiquitin, these results should be verified further by using stable
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normalizer genes. Moreover, these results represent trivial decreases in expression due to the low
levels of expression compared to other YUCCAs. Thus, measuring auxin may provide a better
idea for what this decreased expression represents in terms of total auxin biosynthesis in the

plant.

YUC?2 potentially is responsible for thiol-reductase activities. Some drought surveys in the past
have found YUCCA expression to increase in response to increased ROS production. While the
increase of YUC?2 is inconclusive due to the issues with normalizer genes, this YUCCA seems to
be the best candidate for future studies on YUCCA connection to thiol-reductase activity. Further
experiments could supplement better normalizer genes with quantitation of ROS to connect any

increased expression with an increase in ROS.

Future work in the scientific community should aim to use new techniques to characterize the
expression of the YUCCAs in drought. One such way is through the technique RNA-Seq, where
an individual can identify all RNA in a sample and the specific levels expressed in each tissue.
We also will aim to quantify the auxin hormone itself in plant tissue between treatments to see if

there is a difference in hormone concentrations in drought.
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