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Abstract: Drought significantly affects agriculture in the US and has resulted in $4 billion in
losses in just 2014 alone. Optimization of water management together with improved
agricultural practices caused significant yield increases without additional water input. The next
significant improvement in water use efficiency is predicted to be in breeding plant varieties with
better performance under limited water availability. In this project we will develop a simple, highthroughput technology for phenotyping drought avoidance in wheat. Avoidance mechanisms are
based on the plant’s ability to reach moisture at deep soil layers and offers many benefits in the
Pacific Northwest (PNW) where dryland farming practices are commonplace. However, root
phenotyping with large populations is an expensive and time-consuming process. We have
already shown that drought tolerance correlates with low peroxisome content in leaves. We
want to investigate suitability of peroxisome proliferation as a marker for deeper rooting and
overall root architecture. The expected outcome of this project is development of additional
markers for drought tolerance, which will ultimately lead to selection of superior varieties in
breeding programs in the PNW.
Project Description
Outputs
 Overview of Work Completed:
1. Experimental setup and data collection. Roots of wheat plants can reach several meters in
depth. This factor hinders analysis of root architecture and how environmental factors impact on
the root growth in the commonly used greenhouse containers. Analysis of roots in the field
situation offers more comprehensive information. However, one growth season per year and
variable weather conditions impose limitations on this approach. Here we set out to develop an
approach that would allow comprehensive analysis of root architecture over several growth
cycles during year under controllable growth conditions of a greenhouse. Instead of standardsized pots, we used 55 gallons U-line bins. Each was filled with peat soil. The height of the soil
bed was 80 cm. One root imaging
tube and two tubes for soil moisture
probe measurements were inserted
into each bin (Figure 1). Fertilizer
was not used through the
experiment. Bins were allowed to
settle for one week and then
watered for two weeks before
planting the seedlings. We split all
genotypes into two experimental
trials. The first trial included the
varieties Drysdale, Alpowa, Hollis
and Onas. The second trial included
Alpowa, Dharwar Dry, Louise and
AUS28451. For the first set, five 2week old seedlings of each variety
were planted per bin. For the second
Figure 1. A representative photo of a bin set up before
set, 2-week old seedlings were
trans-planting the seedlings and after 54 days.
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vernalized for 9 weeks
before transplanting
into bins. Five bins
were setup per each
variety: 2 well-watered
controls and 3 for
drought-stress. The
bins were watered for 3
days and then watering
of the drought-stress
binds was stopped.
Soil moisture values
were recorded twice
per week in both tubes.
Figure 2. Representative charts of soil volumetric water content
Three measurements
measured at 400 mm or 800 mm depth below the soil surface.
were conducted per
A, Watered control bins; B, non-watered bins. Watering was stopped at
each tube by rotating
week 0. Error bars represent standard deviation of the mean. Two bins
the moisture probe by
per each genotype were measured for control and three bins were
120 degrees at the
measured for drought-stressed situations.
bottom of the bin and
40 cm above the
bottom. Three readings per each depth
were averaged. The soil moisture values
in the non-watered bins declined to 0%
after 7 weeks of drought (Figure 2).
Importantly for our project, the rate of
soil reduction at the bottom of the bin
was slower than 400 mm above the
bottom. This mimics situation in the field
conditions whereby soil moisture
becomes depleted faster by the surface.
Genotypes with deeper and bigger root
system would likely perform better in our
settings.
At the point when soil moisture declined
to 0% at the bottom of the bins, the
plants reached developmental stages
47-55 according to Zadoks scale
(Figure 3). We have noticed apparent
differences between the genotypes.
Onas and Alpowa showed symptoms of
drought stress: wilting and yellowing of
leaves (Figure 2). On the contrary,
Hollis and Drysdale did not show any
apparent signs of stress with exception
of dry leaf tips. We collected leaf
material from these plants for analysis of
Figure 3. Impact of drought on plant growth. Variety
peroxisome abundance. Root images of
Onas shown apparent signs of distress: wilting and
yellowing of leaves, whereas variety Drysdale shows
control and drought-stressed bins were
no discernible stress symptoms.
collected once per week (Figure 4).
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Figure 4. Representative root images of Alpowa grown under normal watering (A) or drought stress
(B).

In conclusion, we developed an experimental system that could be used to determine how
morphological parameters of the root system correlate with peroxisome proliferation and plant
performance under drought.
2. Analysis of root architecture. We analyze root architecture at 3 different time points: week
3, 5, and 6 for the first set of lines and weeks 1, 3, and 5 for the second set of lines. At the later
time points, the contact between soil and root imaging tube was weak (Figure 4B bottom row).
As a consequence the image quality of roots was not sufficient for the accurate analysis of root
architecture. To assess the size of the root system, we measured two parameters: total root
length and total root count. Both parameters correlated with each other at first, second, and third
measurements with r2=0.92, 0.86, and 0.94 respectively. Figure 5 shows comparison of total
root counts for control and drought-stressed samples in the first and second sets. Under both
control and drought conditions we observed different genotype-specific patterns of root growth.

Figure 5. Impact of drought on total root count.
A,C, Control; B,D, drought. Error bars represent standard error of the mean.
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As shown in Figure 6, there were three patterns of root response to drought stress: (i) root
growth was not affected by drought in Drysdale and Dharwar Dry; (ii) root growth was inhibited
by drought in Hollis, Alpowa and Louise; and (iii) root growth was inhibiting at the later stages of
root growth in Onas and AUS28451.

Figure 6. Impact of drought stress on the total root count and total root length of seven varieties.
Alpowa was measured in two independent experiments shown on separate charts.

3. Impact of drought on peroxisome abundance and yield.
We collected leaf samples for analysis of peroxisome abundance in the middle of the drought at
the time point corresponding to week 6 and 7 of set 1. We found that measurements for the
second set were not reliable. Generally, drought caused higher peroxisome abundance in all
genotypes at least at one time point with exception of Drysdale. Remarkably, Drysdale root
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Figure 7. Impact of drought on peroxisome
abundance.

growth was completely unaffected by
drought. Statistically significant
differences were observed in Alpowa at 6
weeks and Hollis both time points. Hollis
root growth was inhibited by drought.
We collected two yield parameters: grain
yield per spike and total plant height.
Grain yield was significantly reduced in all
genotypes, whereas plant height was
lower in genotypes with exception of
Dharwar Dry (Figure 8). The yield of
Hollis under drought was greater than the
yield of Drysdale despite bigger root
system in the latter variety. It means that
longer roots do not directly result in better
performance under drought under our
experimental conditions.

Figure 8. Impact of drought on yield.
A,C, Plant height in set one (A) and two (C).
B,D, Yield per spike in set one (B) and set two (D).

The relationships between parameters from our experiment was tested using principal
component analysis (Figure 9). The main objective of this proposal was to determine whether
peroxisome abundance could be used to inform on the root architecture during drought stress.
Therefore we first compared peroxisome abundance at two time points and root architecture at
three time points (Figure 9A). First peroxisomal measurement (Peroxisome_1) coincided with
third root measurement (Total Root Length_3 and Root Count_3). At this time, there was strong
negative correlation between total root length or total root count and peroxisome abundance
values in drought-stressed plants (r2=-0.54 and -0.48 respectively). We observed no correlation
between second peroxisome measurement (Peroxisome_2) and root parameters most likely
because these parameters were collected at different time points. There also was a strong
positive correlation between peroxisome abundance at the early stress point (Peroxisome_1)
and yield (Grain Yield Per Spike; r2=0.75), but negative correlation between peroxisome
abundance at the later drought stress (Peroxisome_2) and stress (r2=-0.55). This is consistent
with the fact that increase of peroxisome abundance under drought is the consequence of
oxidative stress, which causes lower yield.
Volumetric soil moisture content at all three time points correlated positively with the yield
(r2=0.66, 0.68, 0.79 respectively). Interestingly, both Total Root Count and Total Root Length at
time point 3 correlated negatively with yield (r2=0.49 and 0.61 respectively) under drought
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conditions. Under normal watering we also observed negative correlation between these
parameters (r2=0.41 and 0.64). It indicates that bigger root system at the later stages of plant
development imposes yield costs regardless of the soil moisture content. Another interesting
outcome of these analyses is that drought avoidance by increasing root architecture may not be
as efficient as tolerance through ROS scavenging.

Figure 9. Principal component analysis of the relationships between yield, root parameters, and
peroxisomes in our experiments under drought conditions (A) or normal watering (B).



Publications, Handouts, Other Text & Web Products:

Results of the proposal were presented at 2018 ASPB Annual Meeting and XXVI Plant and
Animal Genome conference (2018), Two papers were published
1. Fahy, D., Sanad, M.N., Duscha, K., Lyons, M., Liu, F., Bozhkov, P., Kunz, H.H., Hu, J.,
Neuhaus, H.E., Steel, P.G., et al. (2017). Impact of salt stress, cell death, and autophagy on
peroxisomes: quantitative and morphological analyses using small fluorescent probe NBODIPY. Sci Rep 7, 39069.
2. Smertenko, A. (2017). Can Peroxisomes Inform Cellular Response to Drought? Trends Plant
Sci. 22, 1005-1007.
Two manuscripts have been submitted:
1. Sanad, M.N.M.E., Smertenko A., K.A. Garland-Campbell (2018) Differential dynamic changes
of reduced trait model for analyzing the plastic response to drought phases: a case study in
spring wheat. Submitted.
2. Hinojosa L., Sanad M., Jarvis D., Steel P., Murphy K. and A. Smertenko (2018) Impact of
heat and drought stress on peroxisome proliferation in quinoa. Submitted.
 Outreach & Education Activities:
1. Publishing an article by Smertenko A., Sanguinet K. and Jååranta E. (2018) When navigating
drought, peroxisomes may save the day. Wheat Life 61 (8), 57-59.
2. Recoding a podcast "Peroxisomes and Drought-tolerant Wheat", recorded in April 2018.
http://smallgrains.wsu.edu/wsu-wheat-beat-episode-18/
3. Presenting an abstract at 2018 Dryland Field Day in Lind.
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Impacts
 Short-Term: In the course of this proposal we developed a novel technique for growing and
phenotyping wheat roots in 55-gallon bins. Measurements of the soil volumetric moisture
content demonstrated that under drought conditions the soil moisture was depleted faster at the
400 mm depth and slower at the 800 mm depth. In this way, our set up resembles the field
situation whereby moisture can be accessed at a deeper soil levels. We found that under
drought conditions, root system size correlated negatively with peroxisome abundance at the
later wheat development stages (after Zadoks stage 49). This means that: (i) plants with smaller
root system exhibited higher peroxisome abundance and plants with bigger root system
exhibited lower peroxisome abundance and (ii) peroxisomes can inform on the size of root
system under drought. We also found that yield correlated negatively with the root system size.
In terms of wheat breeding practice it means that longer and more branched root system does
not guarantee higher yield under drought. One possible explanation is that smaller root system
could be more efficient in extracting the soil moisture.
 Intermediate-Term: Techniques developed for phenotyping root architecture in the course of
this proposal will be exploited in other projects where root phenotyping in small containers is not
appropriate. Information about correlation between peroxisome abundance and root architecture
will be exploited for capturing plants with specific morphology of root system in the breeding
populations. We next plan to apply peroxisome abundance measurements for the analysis of
varieties in the field conditions and for the breeding populations.
 Long-Term: Breeding wheat with specific root architecture traits will improve profitability of
dryland farming.
Additional funding applied for / secured
I submitted a proposal to NSF Plant Genome Research Program entitled "Genetic Architecture
of Peroxisome Proliferation in Response to Drought Stress in Wheat" on the 30th of March
2016. The co-PIs on the proposal were Karen Sanguinet, Zhiwu Zhang, Mike Pumphrey, Arron
Carter. Unfortunately the proposal was declined. The results of BioAg funded research will be
used to address the reviewers' criticism and re-submit the proposal in 2020.
Graduate students funded
The project supported Kathleen Hickey, who graduated with a bachelor degree from WSU in
2017. While supported by the BioAg, Kathleen applied and was accepted for the WSU
Molecular Plant Science Graduate Program. She started her studies in the Fall 2018 semester.
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