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7. Background of Research

The atmospheric environment has experienced significant changes in the climate and air
quality over the last decades, including significant increases in the levels of tropospheric ozone
near the Earth surface and altered precipitation patterns in wide regions of the Earth.

Plants absorb ozone during gas exchange with the atmosphere, and, thus, increased levels
of ozone can induce significant biological stress in plants which is reflected to suppressed
photosynthesis and inhibited growth and productivity, effects that are similar to those of drought.
Therefore, ozone pollution and drought pose a threat for seedlings planted in the framework of
reforestation programs.

On the other hand, reforestation seedlings are commonly fertilized during their initial
cultivation in nursery conditions. However, nutrient abundance in plant tissues may mediate
plant symbioses with root mycorrhizae (which are known to enhance plant tolerance) with a
potential for enhancing plant susceptibility to stressors such as ozone and drought.

Japanese larch [Larix kaempferi (Lamb.) Carr.] is an ectomycorrhizal conifer widely
planted in wide forested areas of Japan. However, it was found to be sensitive to changing
environmental conditions such as elevated ozone.

The purpose of this study was to assess the effect of ectomycorrhizae (ECM) on
container-grown Japanese larch seedlings and how it depends upon soil fertility under ambient
and elevated ozone levels or drought. We hypothesized that ECM can enhance the tolerance of
plants against abiotic stress, which would suppress physiology and inhibit growth of plants due
to lower photosynthetic efficiency, but the protection would depend on the soil fertility because
plants would establish less symbioses with ECM when they can access directly abundant
nutrients.

8. Research methodology

This study incorporated two independent experiments. In the first year, the interactive
effects of ozone, soil fertilization and ECM were tested. In the second year, the interactive
effects of drought, soil fertilization and ECM were tested.

The first year experiment was performed at the Sapporo Experimental Forest of
Hokkaido University, Sapporo, Japan.

Seeds of Japanese larch were placed on wet paper filter in Petri dishes in room conditions
for germination. In spring, 180 well-germinated seeds were transplanted into 180 pots filled
with coco peat and irrigated until soil run-off. Plants were kept in a glasshouse of Hokkaido
University, with open windows and uncontrolled environment.

The day after plantation, each plant was treated with 1 g (low fertilization, hereafter LF)
or 2 g (high fertilization, hereafter HF) slow-release fertilizer [Osmocote Exact Standard 8-9M
(15-9-11+2MgO+TE)].

In summer, ECM treatments were carried out. Inoculum source was obtained from
freshly excavated root systems of Japanese larch saplings maintained in Sapporo Experimental
Forest. Tap water in two buckets was infected with ECM by agitating ECM-infected roots. The
water of the one bucket was subsequently sterilized by boiling. After sterilization, cold tap water
was added to each bucket. The glasshouse was separated into two similar sides by closing a
glass door in the middle. Half of the plants from each fertilization treatment were moved to the
other half of the glasshouse. Plants in the one half of the glasshouse received 100 ml of
sterilized water each (hereafter, non-ECM). Plants in the other half received 100 ml of
non-sterilized water each (ECM).

Two weeks later, damping off symptoms were observed in seedlings of both ECM
treatments. Seedlings with such symptoms were moved to a field with no nearby vegetation, and
all the remaining non-ECM plants were treated with a fungicide (during night). ECM-plants
were treated with only water. This treatment was repeated approximately nine days later.
Following the same methodology, some days later, non-ECM plants were sprayed again with a
different fungicide. This treatment was repeated some days later.

The experimental design in the glasshouse was fully randomized, and the position of the
plants was rotated on a weekly basis.

On August 2, all the plants were transferred outside from the greenhouse under moderate
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shadow, for adaptation to field conditions, and transferred to the Free Air Ozone-Concentration
Enrichment (FACE) system on August 11. Plants were not irrigated manually for all the duration
of ozone treatments.

The ozone treatments were conducted in the FACE system of Hokkaido University,
Sapporo, Japan. The treatments were ambient ozone (AOZ) and elevated ozone (EOZ). For
EOZ, ozone-enrichment was performed on a daily basis during the daytime, during the period
August 18 to October 28. To increase the experimental robustness by accounting for
environmental variability, two sub-plots were created in each FACE plot by placing 3-4
pots/plants per fertilizer and ECM treatments on a plastic base (completely randomized); one
base was placed at the south side of each plot while the other base was placed at the north side
of each plot.

The plants in each ozone treatment were rotated among the experimental units, every
approximately ten days. Ambient ozone levels were recorded continuously using an ultraviolet
absorption ozone analyzer. The average daily 10-hour (08:00-18:00) over the treatment period
was =39 ppb. In the three EOZ plots the average daily 10-hour (07:00-17:00) ozone level over
the treatment period was =65 ppb.

Gas exchange measurements were taken in situ using Licor gas exchange systems from 8
to 10 October. Stomatal conductance (Gssop), photosynthetic rate (430) and transpiration rate
(E390) were determined at 390 pmol mol™ CO,, 60 £5 % relative air humidity, and 1500 pmol
m~ s i ght. The leaf temperature was maintained at 25 °C. After recording Gssgp and Asgp, the
light was set to 100 umol m’> s, and Gsso and Asgy were recorded again 15 minutes later. The
response of Gszop and Asg to light was calculated as the percentage of change in the values of
GSj’;go and Ajsg recorded at 100 pmol m? st (Gsipoand A4,qp) from those recorded at 1500 pmol
m™ s” (Gsso0 and 4;spp). Gas exchange and was measured in randomly-selected sunlit mature
needles, and the projected area of the measured needles was estimated after scanning the
needles. Gas exchange measurements were taken during morning hours and completed by 11:00
JST.

Growth measurements were made on each plant on November 2. The stem height was
measured as the distance from the soil surface to the top of the stem. The plant height was
measured as the distance from the soil surface to the top of the crown. The height at which
crown starts (from the soil surface) was also measured, and the depth of the crown was
estimated by subtracting the height at which crown starts from the plant height. The crown span
was measured by taking two crosswise measurements (the two widest points of the crown)
using a measuring tape with 1-mm scaling. The stem basal diameter was also measured by
taking two cross measurements per plant.

The seedlings were harvested on December 7, and separated into leaves, shoots and stem.
Roots were washed gently to remove all the soil particles, and their length was measured.
Samples were air-dried at 75 °C to constant mass. The number of buds was counted for each
plant too. The dry matter of each stem (with branches) and of the foliage was measured for each
plant. Shoot dry matter was calculated by summing the foliage dry matter and stem dry matter
per plant.

At the end of the experiment, root analysis was carried out only for seedlings grown in
the presence of LF to confirm the effectiveness of the ECM treatment. Therefore, 3 plants were
analyzed for each ozone treatment for the ECM-treated plants and 4 plants were analyzed for
each ozone treatment for the non-ECM-treated plants. The plants of each treatment had similar
height. The root traits a) total number of root tips with fully formed mycorrhizae (with a perfect
mantle, permitting categoryization into morphological types), b) total number of
non-mycorrhizal roots, ¢) total number of root tips with forming mycorrhiza (i.e. incomplete
mycorrhizae with no mantle) and d) total number of with roots with no root tip or aerial cut of
root tip were counted for each plant, using an electronic stereoscope connected with a computer.
From these, the total number of roots was calculated as the sum of the four measured root traits.
The total number of root tips with fully formed mycorrhizae was 0 for all the measurements.

DNA of the ITSI ~ ITS2 regions was analyzed. The basic local alignment search tool
(BLAST) at the GenBank database of NCBI was utilized for identification of the symbiotic
microorganisms.

Until the end of the experiment (November), all the seedlings that showed damping off
symptoms in August were dead. The number of plants died due to damping off
disease/condition was counted, and the survival rate of plants in each fertilization treatment was
calculated as Nalive/Ntotalx100 where Nalive is the number of alive/healthy plants and Ntotal
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is the initial total number of healthy plants prior to damping off.

After the harvest, the dried foliage was pooled per one or two plants so as to give a
composite sample for analysis and grounded into fine powder. The same was done for the roots.
These samples were digested by HNO; using 100ml PP tubes and a thermal unit at 105 °C. The
digested residue were diluted with 2% HNO; and filtrated with a 0.45um Teflon membrane
filter. The Al, B, Ca, Fe, K, Mg, Mn, Na, P, and Zn concentrations in the samples were
determined by inductively coupled plasma mass spectrometry.

The second year experiment was performed at the Hokkaido Branch of Forestry and
Forest Products Research Institute (FFPRI), Sapporo, Japan, following the similar methodology
with the first year experiment. However, in this experiment drought was applied instead of
ozone and LF was 0 g instead of 1 g (HF was 2 g as in the first year experiment). In this
experiment, plants were given 70 mL of water twice a day, two times a week until drought
treatments initiation. After plants were transplanted in big pots, water treatments began in
October. Half of the plants were given 50 mL of water and half 500 mL of water per week. Gas
exchange was measured before water treatments, 1 week after drought (after re-irrigation), 4
weeks after drought (after re-irrigation) and, finally, 5 weeks after drought (after-irrigation).
Predawn water potential was also measured using a PMS pressure chamber at the end of the
treatments. At the end of the treatments, growth, biomass, and leaf nutrient contents were also
measured as explained above.

9. Results/impacts

Note: As much as possible, describe the contents and results of your research in a manner that is
easily understandable to a non-specialist in your field. Provide a concrete description if
(1) papers related to your work have been published in major academic journals, (2)
particularly outstanding research results were achieved, or (3) patent applications have
been made or other tangible outcomes achieved through the research.

In the first year experiment, we found that soil fertilization drove plant nutrient dynamics, as
reflected in their contents in leaves and roots, and enhanced seedling growth. Low
nutrient availability protected seedlings against damping off disease by increasing their
survival rate. EOZ negatively affected gas exchange but had limited effects on growth and
no effects on biomass production. Ozone was a less important stressor in this experiment
where seedlings growth and productivity was restricted by factors other than ozone (soil
and microorganisms). However, the results suggest potential ecological risks due to
ozone-induced enhanced susceptibility to other stressors via changes in plant stem form.
In contrast to our expectations, ECM treatment did not enhance tolerance of plants against
elevated O, albeit it effectively increased the number of mycorrhiza-forming root tips.
However, this is upon practical limitations arising from infection of plants with disease
and other factors that might have affected the establishment of plant-microbe symbioses
imbedding the formation of complete mycorrhizal root tips (e.g. small plant size). We also
found that B and Na had an important role in stress responses. This experiment suggests
that elevated ozone can have negative ecological effects on Japanese larch even if plants
are grown in harsh environment that limits plant growth and productivity.

In the second year experiment, we found that drought reduced stomatal conductance to Y across
treatments. In high water, ECM increased stomatal conductance by 140% in high
fertilization. In low water, plants in low fertilization could keep 2-fold conductance across
irrigation events than plants in high fertilization. In low water, plants in high fertilization
could keep 160% higher conductance across irrigation events when treated with ECM.
Overall, in low fertilization, there was a trend towards negative effects by ECM. Water
limitation led to 140% lower net water potential, and, in high water, stomata of
ECM-treated plants in low fertilization were unresponsive. We also found a delayed effect
of drought on plants grown in low fertilization compared to high fertilization (same with
conductance). Overall, photosynthesis was three times higher in high water than in low
water, and, 130% higher in ECM-treated plants in high fertilization and high water than in
other treatments in high water. Putting these into context, water limitation decreased
water potential and thus conductance and photosynthesis. ECM treatment had a positive



effect on gas exchange under drought when plants were grown in nutrient-abundant soil,
however, ECM treatment tended to have a negative effect on gas exchange under drought
when plants were grown in nutrient-poor soil.

This research will offer a remarkable perspective for applicability into the practice by
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incorporating fertilization-biostimuli optimum cost-benefit relations. The first research
paper of the first year experiment is submitted into an SCI journal.
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