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1. SUMMARY
1.1. Aim

This study aimed to further understand how potatoes sense their root environment and translate
this into signals that are transmitted to the above-ground plant parts to regulate plant
performance (photosynthesis), water allocation between plant organs and ultimately tuber
yields.

1.2. Methodology

The study combines both greenhouse pot trials (where environmental conditions can be tightly
regulated) and field trials to understand physiological mechanisms under typical cropping
conditions. The pot trials elucidate general principles of stress signalling and physiological
responses to drought and compaction in potato, while field experiments apply these findings in
a more realistic setting. Consistent measurement methodologies (e.g. to determine plant and
soil water relations) were adopted where practical to facilitate comparisons between
experiments, and specialised instrumentation used (e.g. to collect xylem sap from potato roots;
to non-destructively determine tuber growth and water content) to collect specific data sets.

1.3. Key findings

e Across a factorial combination of soil drying and compaction treatments, above ground
biomass at full ground cover determines yield

e Drought stress reduces the size, but not number, of harvested tubers

¢ Field-grown plants maintained leaf water potential across a factorial combination of soil
drying and compaction treatments, likely by increasing root growth (and thus water
uptake) and restricting transpiration (water loss) by closing the stomata

o Drought stress increases leaf and xylem sap abscisic acid concentrations, thereby
causing stomatal closure and limiting photosynthesis

e Strigolactones (SL) suppress lateral branching of potato shoots, but don’t influence
stomatal conductance irrespective of soil moisture

o Water content of tubers follows a diurnal pattern with decreasing water content in the
day and increasing water content at night

e Tuber volume increases only at night even under well-watered conditions

e Water influx at night is necessary for tuber volume growth

¢ Mild drought stress stops tuber growth

1.4. Practical recommendations

e Breed for varieties that achieve full ground cover early in the season

¢ Ensure good soil conditions (moist, uncompacted, sufficient nutrition) in the first half of
the season

e Irrigation later in the day may allow more water uptake into the tuber and less water loss
through transpiration (leaf wetness duration needs to be considered)

e lrrigation closer to the ground can reduce evaporation from the canopy and increase
crop water use efficiency

e Regular irrigation (to ensure sufficient soil water availability) is crucial during the tuber
bulking period to ensure maximise yield

e Measuring plant hormones may inform breeding selection and irrigation management in
the future, but more research is needed



2. INTRODUCTION

Climate change is expected to decrease tuber yields on all continents (e.g. in Eastern Europe,
northern America and the lowlands of Africa) by the end of this century (Raymundo et al., 2018).
Unfavourable weather already limits UK potato production, since the major drops in national
yields occurred in years with adverse rainfall conditions (AHDB, 2013). To mitigate drought
effects, improved irrigation management strategies and breeding more drought tolerant varieties
is necessary. Both these approaches rely on better understanding potato responses to drought
stress. Understanding the physiological mechanisms regulating plant stress responses helps to
predict crop behaviour and yield. Comparing controlled environment and field data may allow
basic research to better explain the underlying mechanisms regulating crop yields.

As the soil dries, shoot growth is restricted earlier than root growth (Kramer and Boyer, 1995),
with potato roots growing into deeper, moister soil layers to access additional water resources
(Stalham and Allen, 2004). Thus, plants alter their root architecture and root-shoot ratio to
provide sufficient water to the aerial plant parts, potentially avoiding leaf water deficits when
water supplies are limited. Soil water deficit also alters root-to-shoot signalling to minimise water
loss by the canopy. Transpiration can be restricted by stomatal closure in response to
decreased guard cell turgor and/or hormonal signals from the roots (Davies et al., 2002).
Strigolactones (SL) are phytohormones that are mainly produced in the roots (Visentin et al.,
2016) and affect shoot architecture and physiology (Saeed et al., 2017). SL-deficiency
increases shoot branching in many crops, including potato (Gomez-Roldan et al., 2008;
Umehara et al., 2010; Pasare et al., 2013), increases stomatal conductance in tomato and Lotus
(Liu et al., 2015; Visentin et al., 2016) and increases stomatal density in Arabidopsis (Ha et al.,
2014) under non-stress conditions. To secure yields, it is important to manage transpiration
water loss and carbon capture through photosynthesis as the soil dries. How drought stress
affects root-to-shoot signalling (including recently characterised hormone groups like
strigolactones) in potato needs further investigation, utilising novel potato genotypes and
methodologies for xylem sap collection, to better understand these physiological stress
responses to allow more precise crop management (e.qg. irrigation).

Potato tubers gain weight during the night and lose weight throughout the day (Baker and
Moorby, 1969), and to optimise yield we need to understand what causes these diurnal
fluctuations and find ways to minimise loss during the day and maximise gain at night. Nocturnal
stomatal closure decreases transpiration, but day-time transpiration probably magnifies the
difference in water potential between tuber and leaf. However, both Wuper and Wiear decrease
during the day, and recover in the evening and overnight with a water potential difference
between Wuper and Wiear 0f 0.3 — 0.4 MPa during the day and 0.1 — 0.2 MPa at night (Gandar
and Tanner, 1976), with corresponding patterns of high xylem flux during the day and lower flux
at night (Aliche et al., 2020a). Thus, water supply to the leaves is the same under well-watered
and drought stressed conditions during the day when the leaf transpires, but is lower under
drought stress at night, when leaf water status recovers. Tuber contributions to the water flux
towards the leaves overnight were hypothesized based on fluctuating tuber weight (Baker and
Moorby, 1969), but not considered in more recent literature on stolon formation or fluxes of
water and carbohydrates in drought-stressed potato plants (Lahlou and Ledent, 2005; Aliche et
al., 2020a,b). To determine whether tuber water content and tuber growth depend on soil water
availability, an in-vivo study of the same tubers throughout the day and the night, with
accompanying shoot physiological measurements, is necessary.

Altogether, this study aims to determine plant physiological responses to drought stress in
potato and better understand the underlying root-to-shoot signalling mechanisms as well as
water fluxes into and out of the tuber and their consequences for tuber growth.



3. MATERIALS AND METHODS
3.1. Field experiments

A 2x2 factorial combination of drought and compaction stress was set up at Cambridge
University Farms in a randomized block design with 4 replicates in 2 consecutive years (Figure
1 for 2018 experiment). Plot dimensions were 9.0 x 4.5 m, with inter- and intra-row space of
0.75 m and 0.3 m respectively. Compaction was realized by driving a tractor repeatedly over
the plots when they were irrigated to field capacity. After this treatment the field was left to dry

and seedbeds were prepared under less wet conditions.

4-5 4-6 4-7 4-8
compacted compacted uncompacted uncompacted
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% |_nho compost compost compost no compost
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< compacted compacted uncompacted uncompacted
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no compost compost compost no compost
3-5 3-6 3-7 3-8
uncompacted uncompacted compacted compacted
o | drought stressed well-watered drought stressed drought stressed
% |_no compost no compost compost no compost
S [31 3-2 3-3 3-4 N ~
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g 2-1 2-2 2-3 2-4
compacted uncompacted compacted compacted
drought stressed well-watered well-watered well-watered
no compost no compost no compost compost
1-5 1-6 1-7 1-8
compacted compacted uncompacted compacted
well-watered (accidentally) well-watered well-watered
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uncompacted compacted uncompacted compacted
drought stressed drought stressed drought stressed drought stressed
compost compost no compost no compost

Figure 1: Field layout with plot number and treatments. Plots in grey were not included in this study. The arrow
indicates compass point north.

Potatoes ‘Maris Piper’ were planted on 25" April 2018 and 5™ April 2019 respectively. No
irrigation was necessary until 12" June 2018 and 315t May 2019. Thereafter well-watered plots
(WW) were irrigated when they reached a soil moisture deficit of 20 mm, whereas the deficit
irrigated plots (D) were irrigated when they reached a soil moisture deficit of 60 mm. The
irrigation boom was running at 30 m*h* with nozzles hanging 1.5 m above ground. The usual
time between irrigation intervals was 4 or 5 days.

Emerged plants were counted twice a week until 100% emergence was reached in almost all
plots. Thereafter ground cover was taken weekly using the 2 middle rows in each plot.

3.1.1.

One or two days after irrigation pre-dawn leaf water potential was measured and xylem sap was
collected at 0.6 MPa overpressure for 2 minutes and kept on ice or dry ice (according to
availability). A few hours after sunrise, leaf gas exchange was measured (LI-6400 Portable
Photosynthesis System, LI-COR, Lincoln, USA) on one plant per plot and leaf water potential

Additional measurements 2018



(Weear) Of that same leaf determined with a Scholander-type pressure chamber. After measuring
Year, leaf xylem sap was collected at 0.5 MPa overpressure and kept in liquid nitrogen or on dry
ice. From the same plant tissue samples of young, developing leaves were taken, directly put
into liquid nitrogen or kept on dry ice until storage at -80°C.

Weekly growth measurements included canopy height, stem length, number of leaves on the
main stem and leaf length, leaf width and petiole length of leaf 10 (counted from the bottom) on
three marked plants per plot.

3.1.2. Additional measurements 2019

Two weeks after full emergence, leaf gas exchange was measured (LI-6400 Portable
Photosynthesis System, LI-COR, Lincoln, USA) on three plants per plot to determine possible
treatment differences. In the same week, plant diameter of 3 plants per plot was taken to
estimate plant growth (Figure 2) and penetrometer resistance to a depth of 100 cm was
measured in each plot.

Figure 2: Plant size in uncompacted, well-watered treatment (control) two weeks after full emergence in
May 2019. Extended tape is 35 cm.

3.2. Controlled environment experiments

Temperature:
Day: 22-25 °C
Night: 18-20 °C

Daylength: 12-14 hours

3.2.1. Drought stress experiments
3.2.1.1. Impact of strigolactones on stomatal conductance

Seed potatoes (Solanum tuberosum L.) of the variety ‘Desiree’ (hereafter called wild-type, WT)
and its transgenic lines were kindly provided by Colin Turnbull of Imperial College London. The
used lines were a DWARF14 knock-out obtained using a CRISPR-Cas9 construct (hereafter
called d14), a CCD8-silenced line using a RNAI construct (hereafter called ccd8, Pasare et al.,
2013) with approximately 80 % reduction in gene expression (Pasare et al.,, 2013) and a
DWARF53- silenced line using a RNAI construct (hereafter called d53) with approximately 60
% reduction in gene expression. The transgenic lines were compared to the wild type (WT) with
the respective empty vector construct. In a preliminary experiment the WT and the two empty
vectors behaved similarly as the soil dried.



Figure 3: Phenotypes of strigolactone mutants in potato 'Desiree' and the wildtype (WT) in each of the
experiments. Arrows indicate axillary outgrowth. (A) ccd8 mutant with axillary outgrowth, WT without
outgrowth, (B) d14 mutant with axillary outgrowth, WT without outgrowth, (C) d53 mutant and WT with
axillary outgrowth.

Three experiments under similar conditions were carried out. In each experiment, one

transgenic line was compared to the WT (

Figure 3). Tubers were planted at 5 cm depth into cylindrical pots (9 cm diameter x 25 cm height)
filled with standard potting compost (John Innes No. 2, Westland Horticulture Ltd, Huntingdon,
United Kingdom). Plants were then grown in a controlled environment at 14-hour daylength
(LED, B100 Valoya, Helsinki, Finland, 250-300 umol m?2s?) and 18/22 C (night/ day
temperature). The first stem that emerged was retained, but all subsequent stems were excised
to ensure uniform, single-stemmed plants that could be inserted in a pressure chamber to
measure root water potential. All pots were watered every second day (with tap water) until
emergence. After emergence, plants were watered daily with nutrient solution (Miracle-Gro®,
half strength, Scotts Miracle-Gro Company LLC, Marysville, USA) to field capacity. When the
plants reached 5-7 leaf stage (approximately four weeks after planting), water was withheld from
half the plants (drought stressed, d) for seven days while the remainder were watered as
described above (well-watered, ww).

Whole plant evapotranspiration was estimated by placing the pot on a balance at 1-hour
intervals prior to other measurements. Stomatal density was measured from leaf imprints from
leaflets of the youngest fully expanded leaves as previously described (Weyers and Johansen,
1985) using a Microscope with a 10x magnification ocular lens and 40x magnification objective
lens (field of view = 0.0063 mm?). Means were calculated for n = 5 plants using 5 leaflets per
plant and 3 fields of view per leaflet. Stomatal conductance (gs) of the abaxial surface of the
youngest fully expanded leaf of four plants per treatment and day was measured using a
transient time porometer (Model AP4, Delta-T Devices, Burwell, UK). Subsequently a young,
still expanding leaf of the same plant was harvested and immediately frozen in liquid nitrogen
for subsequent hormone analysis. These four plants per treatment were harvested each day
(10.00am — 5.00pm) to measure leaf and root water potential (Wiear and Wroot, respectively) using
a Scholander-type pressure chamber, as well as leaf area and fresh mass of the above ground
plant parts. After measuring root water potential, 0.3 MPa additional pressure was applied to
the root system to collect root xylem sap for 2 minutes. Abscisic acid (ABA) concentration of
root xylem sap was determined by radioimmunoassay (Quarrie et al., 1988). The xylem sap of
S. tuberosum does not present nonspecific interference in the assay (Liu et al., 2005). Soll
moisture was measured concurrently (ML3 Theta-Probe, DeltaT Devices, Burwell, UK), by
averaging measurements at the top and bottom of each pot.

3.2.2. Diurnal tuber volume and water relations

Potatoes (Solanum tuberosum cv. ‘Maris Piper’) were grown in cylinders of 40 cm height, 11.2
cm inner diameter and 3.9 L volume. The cylinders were filled until 9 cm below the edge to a
bulk density of 1.5 g/cm?® with demagnetized sandy loam and 200 ml fertilizer solution added (5
% Hakaphos Rot, content: 8 % N (5 % NOs, 3 % NH.), 12 % P,0s, 24 % K, 4 % Mg, 0.01 % B,
0.02 % Cu, 0.05 % Fe, 0.05 % Mn, 0.001 % Mo, 0.02 % Zn). Seed potatoes (TLC potatoes,
Banchory, Scotland) were then placed on the settled soil and the pots were filled with loose soil
until 2 cm below the edge. Plants were grown in a controlled environment at 14-hour light period
(500 - 600 pmol*m2*st at plant level, white LED, Cree LED, Durham, NC, USA), 20/ 16 °C day/
night temperature and 56 - 66 % relative humidity, RH (setpoint 60 %) at Forschungszentrum

© Agriculture and Horticulture Development Board 2021



Jilich, Germany. Every 2-3 days, pots were weighed to determine water loss
(evapotranspiration) and re-watered to approx. 20 % soil water content. Plants emerged 11 to
18 days after planting. When they were 30 cm high, the apical bud was removed to limit height
growth and therefore damage from robot handling during the experiment. Six weeks after
planting (4 weeks after emergence), water was withdrawn from 4 plants for 2 days which were
re-watered on the 3" day, while 4 plants were watered daily with 150 ml from the top after the
second block of physiological measurements. This irrigation volume was the mean daily water
loss by evapotranspiration calculated over the week prior to the experiment. Drought stressed
plants were re-watered basally by being placed in a tray of water for 20 min to ensure sufficient
water uptake and prevent water loss through drainage caused by watering from the top after
soil drying had decreased its water holding capacity.

Physiological measurements started 2 hours after supplementary lights were switched on and
were carried out 30 minutes before each plant underwent MRl measurements in the morning
and afternoon. Whole plant transpiration rate was measured by weighing the plants at 30-minute
intervals. Two pots with soil, but without a plant, were weighed at a 4 h interval to estimate the
evaporation rate from the soil without plant. Whole plant transpiration rate is estimated from the
difference between evapotranspiration and soil evaporation. Furthermore, stomatal
conductance and photosynthesis rates of a young, fully expanded leaf were measured using an
infrared gas analyser (LI 6400XT, LI-COR, Lincoln, USA) with 1500 pumol PAR (10 % blue), 400
ppm CO-, 300umol/s flow rate, a Block Temperature of 23 °C and 50 % RH inside the cuvette.
In the morning measurements (8.00 am — 11.30 am), the same leaf was measured as the
previous afternoon. After leaf gas exchange measurements, one leaflet of this leaf was sampled
and directly frozen in liquid nitrogen for subsequent ABA radioimmunoassay (Quarrie et al.,
1988). The apical three leaflets of the same leaf were subsequently used to measure leaf water
potential with a pressure chamber (Plant Water Status Console, Soil Moisture Equipment Corp.,
Santa Barbara, USA). Fresh weight, dry weight and leaf area of the same leaflets were
measured. On day 4, only the morning measurements were taken and thereafter whole plant
fresh weight, dry weight and leaf area were measured. Fresh weight and dry weight of all tubers
with a diameter larger than 5 mm were measured.

Soil moisture was measured twice daily at 5, 20 and 35 cm below the soil surface using a
simplified soil water profiler (SWaP, see van Dusschoten et al., 2020) version at 180 MHz and
with a Span of 60 MHz (Figure 11). The 5 cm measurement includes the tubers as indicated in
Figure 11, Table 1 and therefore shows generally higher values than the lower two
measurements. Mean soil moisture was calculated as the mean of three measurements (top,
middle, bottom) per pot and timepoint.

w
w

Figure 4: Plants positioned in the olding magazine (A). The passing of plants from the rear when being
moved into the magnet in the front can cause leaf damage, hence plants were wrapped in foil overnight

(B).



MRI measurements were taken every 4 hours over 4 days and nights with a dedicated 4.7T
magnet (Magnex Scientific Ltd., Oxford, England) with 400 mT*m* gradient coils (MR Solutions,
Guildford, England) and a 14 cm RF-coil (Doty Scientific, Columbia, SC, USA). Measurement
setup and image processing were similar to that described (van Dusschoten et al., 2016), but
with the following adaptations (FOV = 132x132 mm, slice thickness was 1.2, Echo Time (TE) =
10 ms, image matrix = 256x256 using 2 averages). A 5 mm tube filled with a 5 mM NiCls solution
was inserted into the soil as internal reference to correct for non-biologically relevant signal
fluctuations. Each measurement took about 30 min. A handling robot (MiniLiner 3.0, Geiger
Handling GmbH & Co. KG, Jilich, Germany) picked the pots from a holding magazine and
placed them into the magnet for measurements (Figure 4A). To prevent mechanical damage
due to handling eight plants in a confined space, all plants were wrapped in foil from three sides
during the night (8pm — 6am) (Figure 4B). In the morning, the foil was removed, and the plants
were placed under a light panel (500 umol*m2*s?, 14h/day, white LED, Cree LED, Durham,
NC, USA) 5 m away from the magnet to keep environmental conditions similar to the
measurement conditions. In the daytime plants were individually placed into the magazine
shortly before the measurement.

To visualise images, the software package Mevislab (version 2.2.3, MeVis Medical Solutions,
Bremen, Germany) was used. With this software, single tubers were separated from noise, roots
and other tubers by setting intensity thresholds and distance thresholds for a region of interest
with visual control of the generated mask. From the generated masks, tuber volume and water
content (signal intensity) for each tuber and timepoint were extracted. Tuber volume and water
content per unit volume (voxel) were normalised to the initial value before further analysis.

Image visualisation and analysis used the software package Mevislab (version 2.2.3, MeVis
Medical Solutions, Bremen, Germany) to separate single tubers from noise, roots and other
tubers as follows: First a binary mask is generated using a signal intensity threshold, with a
binary closure completing any holes in this mask. To discriminate touching tubers and to remove
roots, stolons and stems, this mask is eroded by a manually chosen distance. The mask within
the tuber of interest is then selected manually and dilated by the previously selected distance
to regain the original shape. As a final step, parts of the dilated volume which are closer to a
non-selected part of the mask are removed. From these generated masks, tuber volume and
water content (signal intensity) for each tuber and timepoint were extracted and normalised for
temperature effects using a water filled reference tube. Tuber volume and water content per
unit volume (voxel) were normalised to the initial value before further analysis.

Total signal intensity = FW-DW

For statistical analysis and graphs, the software package R (Version 4.0.3, 2020, The R
Foundation for Statistical Computing, Vienna, Austria) was used. Tubers were treated as
pseudo-replicates, while plants were real replicates when calculating treatment means. Two-
way repeated measures ANOVAs were carried out to evaluate the effects of drought stress and
time after starting the treatment on all repeatedly measured variables. Assumptions of
independent and identically (as Normal) distributed data were met. The assumption of sphericity
is necessarily met because the factor drought stress has only 2 levels. For normalised tuber
water content and normalised tuber volume, the start of the experiment (-5 hours) is not
considered in the statistical analysis since all values were equal (=1). If significant differences
occurred in the repeated measures ANOVA, pairwise comparisons were made using plant mean
values (averaging across all tubers of one plant) for single time points.

3.2.3. Soil compaction experiment

Mineral soil (Norfolk Topsoil, Bailey’s of Norfolk, Norwich, UK) in cylindrical pots (9 x 25 cm)
was compressed using a torque wrench. For the compaction treatments, soil of a gravimetric
soil water content of 0.05 g*g* (low compaction) or 0.17 g*g™* (high compaction) was filled into
the pot to a height of 3 cm and compressed with a force of 10 Nm. This process was repeated
until the pot was filled to 5 cm below the top, resulting in a bulk density of 1.5 g* cm™ and 1.75
g*cm (low and high compaction respectively). For the control the same process was carried
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out with dry soil, resulting in a bulk density of 1.4 g*cm? (uncompacted). ‘Maris Piper’ tubers of
the size 20 — 30 mm were planted on the surface of the soil (following compression) and covered
with 50 ml loose soil. After emergence, each pot was individually watered every second day to
a water content of 1.8 g*g?, using nutrient solution (Miracle Gro ®, half strength, Scotts Miracle-
Gro Company LLC, Marysville, USA). Pot weights before watering were recorded daily to
determine whole plant transpiration.

Ten weeks after emergence, two or six plants were harvested as described in Section 3.1.1.
Stomatal conductance of the youngest fully expanded leaf was measured using a transient time
porometer (Model AP4, Delta-T Devices, Burwell, UK). To collect root xylem sap, plant
transpiration rate was estimated prior to gas exchange measurements by placing on a scale for
30 min. After measuring root water potential, additional pressure was applied to the root system
(0.22 — 1.1 MPa) to collect root xylem sap at transpiration flow rate for 2 minutes.

3.3. Statistical Analysis

Statistical analysis was carried out using the software R (R Core Team, Vienna, Austria). For
the field experiments two-way ANOVAs (for main effects of compaction, irrigation and their
interaction) were carried out separately for every day, with Tukey’s HSD to determine significant
differences between treatments. Regression lines were estimated using linear models.
Three-way ANOVAs (for main effects of genotype, treatment, measurement day and their
interactions) determined the impact of strigolactones on stomatal conductance for each
experiment (individual comparison of each genotype with the wildtype).

For the experiments on tuber volume and water relations tubers were treated as pseudo-
replicates, while plants were real replicates when calculating treatment means. Two-way
repeated measures ANOVASs were carried out to evaluate the effects of drought stress and time
after starting the treatment on all repeatedly measured variables.



4. RESULTS
4.1. Field experiment

41.1. Plant Growth

The compaction treatment in 2019 did not result in significant soil compaction. Hence, the
results for 2018 are shown. These results are published as an open access article in Annals of
Applied Biology (Huntenburg et al., 2021). Plants emerged 3 days earlier in uncompacted soil
that in compacted soil and growth rates were lower than in the uncompacted treatment (Figure
5). Irrigation treatments commenced from calendar week 24 in 2018 with immediate effect on
growth rates (Figure 5). Thus, soil compaction and deficit irrigation as single stresses
significantly reduced plant growth in the beginning of the season and delayed achieving full
ground cover (Figure 5). This reduced growth was a result of a lower number of leaves emerging

and a lower leaf expansion rate (Figure 6).
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Figure 5. Weekly ground cover of field grown ‘Maris Piper’. Means = SE of four plots per treatment with
residual degrees of freedom df = 12. LSD (5%) for week 35 is given (black vertical line), because of
significant interaction in this week. Statistical significance of irrigation, compaction and their interaction
reported each week with: ns = not significant P > 0.05; * P < 0.05, ** P < 0.01, *** P <0.001.
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