
Vol.:(0123456789)1 3

Planta (2020) 251:45 
https://doi.org/10.1007/s00425-019-03336-7

ORIGINAL ARTICLE

Morphological and physiological responses of the potato stem 
transport tissues to dehydration stress

Ernest B. Aliche1,2 · Alena Prusova‑Bourke3 · Mariam Ruiz‑Sanchez1 · Marian Oortwijn1 · Edo Gerkema3 · 
Henk Van As3 · Richard G. F. Visser1 · C. Gerard van der Linden1

Received: 26 August 2019 / Accepted: 24 December 2019 / Published online: 8 January 2020 
© The Author(s) 2020

Abstract
Main conclusion Adaptation of the xylem under dehydration to smaller sized vessels and the increase in xylem density 
per stem area facilitate water transport during water-limiting conditions, and this has implications for assimilate 
transport during drought.

Abstract The potato stem is the communication and transport channel between the assimilate-exporting source leaves and 
the terminal sink tissues of the plant. During environmental stress conditions like water scarcity, which adversely affect the 
performance (canopy growth and tuber yield) of the potato plant, the response of stem tissues is essential, however, still 
understudied. In this study, we investigated the response of the stem tissues of cultivated potato grown in the greenhouse 
to dehydration using a multidisciplinary approach including physiological, biochemical, morphological, microscopic, and 
magnetic resonance imaging techniques. We observed the most significant effects of water limitation in the lower stem regions 
of plants. The light microscopy analysis of the potato stem sections revealed that plants exposed to this particular dehydra-
tion stress have higher total xylem density per unit area than control plants. This increase in the total xylem density was 
accompanied by an increase in the number of narrow-diameter xylem vessels and a decrease in the number of large-diameter 
xylem vessels. Our MRI approach revealed a diurnal rhythm of xylem flux between day and night, with a reduction in xylem 
flux that is linked to dehydration sensitivity. We also observed that sink strength was the main driver of assimilate transport 
through the stem in our data set. These findings may present potential breeding targets for drought tolerance in potato.
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Introduction

Potato (Solanum tuberosum L.) is the world’s third most 
important food crop (Bradshaw 2010) with a total global 
cultivation land area of about 20 million hectares (Haver-
kort et al. 2013). However, potato plant is also drought sen-
sitive (Obidiegwu et al. 2015). Hijmans (2003) estimated 
that drought will reduce potato yield by up to 32% globally 
between the years 2040–2069. Drought is gaining global 
concern in view of climate change scenarios and its huge 
negative impacts on agriculture resulting from reduced rain-
fall and increased evaporation (Grayson 2013). Therefore, 
research efforts toward improving potato tuber yield under 
drought are increasing.

The role of the potato stem in drought tolerance has 
hardly been studied, even though the stem plays vital and 
indispensable roles in the bidirectional transport of water, 
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photo-assimilates, and other products of metabolism, with 
the vascular tissues of the stem, xylem, and phloem, mediat-
ing the transport processes (Gartner 1995). The stem is also 
a potential reserve water pool to maintain leaf water poten-
tial in functional boundaries (Banik et al. 2016; Lechthaler 
et al. 2016). The stem xylem which consists of tracheids 
(narrow tubes with tapered ends) and vessel members that 
make up the vessel (wider tubes but shorter than tracheids 
and joined end-to-end), transports water and nutrients from 
the soil to different plant parts. Xylem transport is driven by 
transpiration and, therefore, operates under negative pres-
sure, and it involves various stem components (Holbrook 
and Zwieniecki 2011; Tyree and Zimmermann 2013).

The phloem transports photo-assimilates from source tis-
sues to sink organs of the plant for growth, respiration, and/
or storage (Ryan and Asao 2014). It has highly specialized 
living cells called sieve elements (SEs) that are connected 
to the phloem companion cells (CC) forming the SE–CC 
complexes (Jensen et al. 2012). Phloem transport has been 
described as mass flow of assimilates driven by hydrostatic 
pressure (Knoblauch and Peters 2010; Sellier and Mammeri 
2019). This mass flow is facilitated by an osmotic pressure 
gradient between source and sink tissues of the plant as pro-
posed by Munch (1930) and widely accepted for herbaceous 
plants like potato despite divergent viewpoints (De Schepper 
et al. 2013; Johnson et al. 1992).

Hydrodynamic interactions between the xylem and 
phloem have been demonstrated in different plant systems 
(Sevanto et al. 2011; Zwieniecki et al. 2004; Zimmermann 
et al. 2013). These interactions become crucial under sub-
optimal conditions like drought as the xylem is prone to 
cavitation (Pockman and Sperry 2000). Cavitation is the 
formation of air bubbles in the xylem water column in the 
regions of lower pressure (Vilagrosa et al. 2012). Cavitation 
breaks the water columns along the transpiration stream and 
impairs the hydraulic conductance of xylem vessels lead-
ing to a reduction in xylem flux (Cochard and Tyree 1990; 
Torres-Ruiz et al. 2011; Köcher et al. 2009). The phloem is 
also vulnerable to water limitation stress (Sheikholeslam and 
Currier 1977), mainly due to loss of turgor pressure (van Bel 
2003b). However, an enhanced sucrose retrieval from lat-
eral sinks into the sieve tube during drought can generate a 
negative water potential in the SEs, thereby attracting water 
from the neighbouring xylem to drive transport (De Schep-
per et al. 2013; Van Bel 2003a). Therefore, xylem–phloem 
interactions can alleviate the effects of drought on these 
stem vascular tissues (Lampinen and Noponen 2003; Cer-
nusak et al. 2003). However, under severe drought con-
ditions, transport failure may not be prevented (Sevanto 
2014). In potato plant, an optimal xylem-phloem transport 
interaction is critical considering the competition for photo-
assimilates between the above-ground and underground tis-
sues (Kooman and Rabbinge 1996). Interestingly, a high 

phloem flux-to-xylem flux ratio in Solanaceae at night has 
been reported (Windt et al. 2006). This ratio is a measure 
of the fraction of xylem water that is used for phloem trans-
port. In fact, diurnal rhythms have been shown to occur in 
xylem–phloem transport interactions in potato plant (Baker 
and Moorby 1969; Prusova 2016). However, research efforts 
towards understanding the interactions of these vascular tis-
sue components under drought conditions in potato plants 
are limited.

In the present study, we examined the dehydration 
responses of different regions of the potato stem in terms 
of their vascular tissue morphology and sap transport, and 
how dehydration stress affects the interaction between xylem 
transport and phloem transport. As these interactions are 
likely to be under circadian control, we included both day-
time and night-time measurements of xylem and phloem 
behaviour. The effect of dehydration on xylem morphol-
ogy and flow, stomatal conductance, and phloem transport 
was evaluated both under stress and control conditions. Our 
results indicate that morphological changes in xylem diam-
eter and density under drought may be associated with xylem 
flux and dehydration tolerance in potato plants.

Materials and methods

Plant materials, growth, and phenotyping

Four potato cultivars (Biogold, Festien, Hansa, and Mondial) 
were grown from seed tubers in the greenhouse at Unifarm, 
Wageningen University and Research, The Netherlands. The 
cultivars were selected based on their dehydration responses 
in previous greenhouse pot trials in which Biogold and Mon-
dial showed the highest and lowest levels of stress resilience, 
respectively, in terms of tuberization potential and final 
tuber yield (Aliche et al. 2020). Pre-sprouted seed tubers 
of the four cultivars were planted in 19 cm-diameter pots in 
October 2015 under greenhouse conditions of 16/8 h day/
night periods and 22.5/18.0 °C day/night temperatures. A 
staggered planting approach was adopted allowing 1 week 
in between planting slots starting with the later maturing 
cultivars before planting the early maturing cultivars to syn-
chronize stress application with plant phenology as much as 
possible. Thus, the planting sequence was as follows: first, 
Festien, then Mondial/Hansa, and lastly, Biogold. Dehydra-
tion was applied to three replicates of each cultivar after 1 
week from the emergence of the last planted (early maturing) 
cultivar, which was 2 and 3 weeks from the emergence of 
the later maturing cultivars, respectively. Thus, the dehydra-
tion treatment was applied to coincide with stolon initia-
tion stage of development. The dehydration-treated plants 
were given 75 ml of water only when the soil water content 
dropped below 15% v/v (that is, volume of water per volume 
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of soil) as measured with a Grodan Water Content Meter 
(Grodan, Roermond, The Netherlands). The control plants 
received > 200 ml per day depending on the water amount 
used by the plant. Soil water reduction was also moni-
tored using Parrot Flower  Power® sensors. After 21 days 
of dehydration treatment, stomatal conductance was meas-
ured using a Decagon SC-1 Leaf Porometer. Measurements 
were taken from source and sink leaves at 09:30–11:00 h 
(day time) and 19:00–21:00 h (night time) given the fol-
lowing lighting regime: 02:00–08:00–18:00 for artificial 
lighting–dawn–dusk, respectively. Source leaf is defined as 
the 5–6th fully expanded leaf from the plant apex, while 
sink leaf (young leaf that produces less assimilates than it 
requires) is the third leaf from the plant apex. The day length 
(16 h) period was maintained in the greenhouse compart-
ment using artificial PAR (photosynthetic active radiation) 
lighting (~ 150 µmol m−2 s−1 light intensity) when there was 
no natural day light. Plant tissues were sampled after 28 days 
of dehydration (DOD), during the day and also at night, 
for biochemical analysis. Plant biomass was determined by 
weighing the various tissues of the plant including tubers, 
roots, source, and sink leaves. The dehydration lasted for 
7 weeks and a recovery treatment was given for 4 weeks. 
Tuber/shoot weight ratio was computed by dividing tuber 
biomass by shoot biomass at 28 DOD and 77 DOD to evalu-
ate the carbon partitioning rate across two time points in the 
study. Plant height was scored at three time points in the 
growing season: before dehydration application (H0), after 
7 weeks of dehydration (H1) and after 4 weeks of recovery 
treatment (H2). Increase in plant height during stress (∆H-
Str. = H1 − H0) and that during recovery (∆H-Rec. = H2 
− H1) were determined.

Stem cross‑sectional analysis

During tissue sampling, the lower and upper regions of the 
stem were sampled with sharp blades for cross-sectional 
analysis. Lower stem tissue was sampled at ~ 10 cm above 
the soil surface, below the lowest leaf. The upper stem 
was sampled just below the sink leaves, that is, below the 
third open young leaf. The cut stem pieces, about 0.5 cm in 
length, were immersed in 1 ml of fixation buffer (5% gluta-
raldehyde and 0.1 M phosphate buffer) in Eppendorf tubes 
and stored overnight in the dark at 4 °C. Permeation of the 
fixation buffer into the tissues was ensured with a vacuum 
pump (Membran Vakuumpumpe Vacuubrand GMBH + CO). 
Samples were washed four times for 15 min in 0.1 mM phos-
phate buffer, followed by four 15-min washes in deionized 
water. Finally, the stem samples were dehydrated by wash-
ing in the following concentrations of ethanol: 10%, 30%, 
50%, 70%, 96%, and 100%. Each wash lasted 1 h except the 
70% wash, which was only for 15 min. The washed samples 
were infiltrated with activated Kulzer Technovit 7100 (0.1 M 

phosphate buffer, 0.1 M KH2PO4, and 0.1 M Na2HPO4, 
100 ml). Each sample was embedded in 15 ml Technovit 
7100 mixed with 1 ml Hardener II. The setup was dried 
overnight to harden. The embedded stem was sectioned on a 
microtom (Reichert-Jung Leica Rijswijk, Netherlands 2055) 
and the cut transverse sections were placed on slides and 
stained with Toluidine-Blue. The slides were dried on Slide 
Warmer SW85 (VWR™ Avantor). After slide preparation, 
the sections were visualized under the light microscope [Carl 
Zeiss D-7082 Oberkochen (Axiophot)]. Section images were 
captured by a Nikon camera mounted on the microscope, 
and analysed with the ImageJ2 software package (Rueden 
et al. 2017). The xylem vessels were characterized into size 
classes based on their diameter and quantified. The size 
classes are: 0–20 µm, 20–40 µm, 40–60 µm, 60–80 µm, 
and > 80 µm. Number of vessels per size class, surface area 
of vessels, and xylem density per stem area were scored. 
Based on these measurements, the mean total xylem surface 
area and xylem density per unit area were calculated per the 
entire stem cross section.

Sap extraction and biochemical analysis

Stem tissues of 2–3 cm length were collected from upper 
and lower regions of the stem (see above). Sap was extracted 
from the sampled stem tissues using a centrifugation method 
(Hijaz and Killiny 2014). Each tissue was quickly inserted 
in a spin column fitted in an Eppendorf tube and placed in 
IEC Micromax Eppendorf Centrifuge 5417C. After 8 min 
of centrifugation at 13,000 rpm, the sap collected in the 
Eppendorf tubes was stored at − 80 °C, likewise the stem 
tissues from which sap was collected, for biochemical analy-
ses (Hijaz and Killiny 2014). The sugar content of the sap 
and stem tissues was determined using a Boehringer Man-
nheim Sucrose/D-Glucose/D-Fructose kit (Kinkade 1987). 
Each 1 µl of sap was hydrolysed to completion with 1U 
β-fructosidase (Karley et al. 2002). The following sugars 
were quantified: sucrose, glucose, and fructose.

Magnetic resonance imaging (MRI)

Xylem and phloem flow in the lower stem region of 
8–10-week-old potato plants were measured using a plant-
dedicated MRI scanner (Windt et al. 2006) consisting of a 
vertically orientated superconducting magnet with a 50 cm 
vertical free bore (Magnex, Oxford, UK). For induction and 
detection of the flow signal, an openable RF coil of 4 cm 
diameter was used inside a 1 T/m gradient set that allowed to 
insert intact plants (Bruker, Karlsruhe, Germany) and con-
trolled by the Avance console (Bruker, Karlsruhe, Germany) 
(Homan et al. 2007). Here, we used a pulsed field gradient 
turbo spin echo (PFG-TSE) sequence for measurement of 
xylem sap displacement (Scheenen et al. 2000). For every 
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pixel within an image, we obtained a propagator (a displace-
ment spectrum) (Scheenen et al. 2000). This propagator 
was analysed by discriminating non-flowing tissue water 
and flowing water in xylem and phloem with an approach 
described elsewhere (Scheenen et al. 2000; Van As 2006; 
Windt et al. 2006). Briefly, the propagator shows the prob-
ability of having a spin at its initial position displaced by a 
distance, R, in a given time interval, ∆. Non-flowing water 
only shows diffusional behaviour, resulting in a symmetric 
displacement probability around the initial position (dis-
placement 0), whereas flowing water results in a displace-
ment in one direction from the initial position. This different 
displacement behaviour was used to subtract the non-flowing 
water from the total propagator, resulting in the displace-
ment probability of flowing water. For flowing water, the 
displacement axis (R) was divided by the time (∆) to obtain 
the flow profiles. This resulted in the following parameters 
for each pixel: volume flow, amount of non-flowing (station-
ary) water, flow conducting area (FCA), and average flow 
velocity. Flow measurements were carried out using the fol-
lowing imaging parameters: spectral width = 50 kHz, imag-
ing matrix = 128 × 128 pixels, field of view = 17 × 17 mm, 
slice thickness = 3 mm, echo time = 5 ms. For the xylem 
measurements, the specific parameters were: turbo factor: 
8, number of averages: 2, repetition time: 2500 ms, displace-
ment labelling time: 20 ms, gradient duration: 4 ms, 32 gra-
dient steps, maximum gradient strengths: 400 mT m–1, and 
acquisition time: 42 min. For the phloem measurements, the 
parameters were: turbo factor: 8, averages: 4, repetition time: 
2000 ms, labelling time: 150 ms, gradient duration: 3 ms, 32 
gradient steps, maximum gradient strengths: 200 mT m–1, 
and acquisition time: 68 min (Prusova 2016). Data analysis 
was performed with IDL (ITT Visual Information Solutions, 
Boulder, Colorado, USA) using in-house processing, fitting, 
and quantification routines.

For the MRI measurements, greenhouse potato plants 
grown under dehydration and control conditions as described 
above until about 50 cm height were used. The plants were 
in their tuberization stage of development. The inner walls 
of the 19 cm pots were fitted with tubes that we used later 
on during the MRI measurements to cool the soil at night 
times. Prior to measurement, the stem was cleaned from 
old (lower) leaves (about 30 cm) to be able to place the rf 
coil and gradient system around the stem. The plants were 
mounted (one plant per measurement including two repli-
cates per treatment per cultivar) in the MRI machine for 
scanning of the lower stem region a day prior to the meas-
urement to acclimatise. During the measurements, the soil 
was cooled to about 18–19 °C at night by running cold water 
via the pot tubing. The dehydration stress inside the MRI 
scanner was four times milder in comparison to the green-
house experiments of this paper due to technical limitations 
of the MRI machine, which requires more volume to detect 

its signals. That is, the stressed plants were watered with 
100 ml/24 h and control plants received 100 ml/6 h. The 
other day/night environmental conditions like temperature 
(22.5/18 °C), vapour pressure deficit (1.7/1.2 KPa), and light 
intensity (150 µmol m−2 s−1/darkness) were set to mimic the 
greenhouse conditions.

Results

Plant height adaptation and biomass ratio

The effect of plant height (size) on transport within the plant 
has been a subject of debate between scholars who support 
(Koch et al. 2004) or deny (West et al. 1999) any effects. 
Therefore, we investigated the increase in plant height of 
the four cultivars in this study during drought stress and 
after a recovery treatment. The 7-week period of stress 
coincided with the exponential growth phase of the plants, 
whereas during the recovery treatment, the plants had passed 
the exponential growth phase. A comparison of the height 
increase between stressed and control plants during the 
7 weeks of stress, (∆H-Str.), shows that growth rate was 
reduced under stress (Fig. 1a, Supplementary Figs. 1, 2). 
This was significant in Biogold and Hansa but not in the 
other two varieties. However, the height increase between 
stressed and control plants during recovery period, (∆H-.
Rec), showed no significant differences between both recov-
ered and control plants (Fig. 1a). Additionally, tuber/shoot 
weight ratio at two time points, 28 and 77 days of drought 
(28DOD and 77DOD), varied among the cultivars suggest-
ing differences in assimilate partitioning to tubers with time 
(Fig. 1b). Remarkably, Biogold showed no difference in 
tuber/shoot ratio between the two time points, while Festien 
apportioned more assimilates to tuber bulking than other 
cultivars at the end of the growing season, indicating the 
advantage of late maturity toward tuber yield. However, Fes-
tien was not as tolerant as Biogold given that its tuber/shoot 
ratio, following a pairwise comparison, was significantly 
reduced under dehydration at 77DOD relative to control con-
dition at this time point (Festien: 77DOC − 77DOD = 3.67, 
p.adj = 0.02 versus Biogold: 77DOC − 77DOD = 1.91, 
p.adj = 0.76). Mondial and Hansa were least performers in 
tuber bulking at the two time points.

Stomatal conductance

During water shortage one of the mechanisms plants use 
to manage water loss is stomatal closure (Osakabe et al. 
2014). Therefore, stomatal conductance was measured in 
both source and sink leaves during the day (09:30–11:00 h) 
and at night (19:00–21:00 h) in the greenhouse. The gen-
otypes reduced stomatal conductance under dehydration 
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especially in day time, with conductance levels showing 
a lower trend in the source leaves than in the sink leaves 
(Fig. 2). There was no significant stress effect on stomatal 
conductance at night, because conductance was gener-
ally low at night. Under normal conditions, the stomatal 
conductance was significantly reduced at night relative to 
day in the sink leaves. Biogold and Mondial retained a 

moderately low level of conductance under stress in their 
sink leaves during both day and night (Fig. 2), and from 
experiments of previous years had shown interesting con-
trasts in their dehydration response (Aliche et al., 2020). 
Therefore, we further investigated xylem flow, vessel 
structure, and sugar transport in the stem of Biogold and 
Mondial.
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Xylem and phloem flow

The MRI results showed that under both control and dehy-
drated conditions, the plants exhibited a typical diurnal 
xylem flow pattern, with highest values of all xylem flow 
characteristics (i.e., xylem volume flow, xylem average 
velocity, and xylem flow conducting area) during the day 
and the lowest at night (Fig. 3). We could detect these xylem 
fluxes, because the plants received milder stress treatment 
in the MRI than in the greenhouse where stomatal conduct-
ance was hardly observed. The night values of xylem flow 
characteristics in the MRI were much lower under stress than 
in control conditions (Fig. 3). The peaks of xylem volume 
flow, xylem average velocity, and xylem flow conducting 
area were much lower in the dehydrated Mondial plant than 
in the water-limited Biogold plant (Fig. 3).

Phloem flow characteristics did not show a significant 
difference between day and night, especially under stress 
(Fig. 4). In control conditions, there was a day–night pat-
tern, but the flow was generally low (Fig. 4). Phloem volume 
flow was about 100- and 1000-fold less than xylem volume 
flow in Biogold and Mondial, respectively, under stress and 
control conditions.

Xylem cross section

Three transverse sections of upper and lower stem regions of 
Biogold and Mondial were sampled from three plants (rep-
licates) per genotype to investigate the effect of dehydration 

on the morphology of transport vessels. A microscopic view 
of the stem cross-section at 28 days after stress application 
revealed that the xylem ring in the lower stem of Biogold 
occupied a significantly larger surface area than in the upper 
stem under both stress and control conditions (Fig. 5). In 
Mondial, xylem ring occupied a similar surface area in both 
upper and lower stem (Fig. 5). There was no significant 
reduction in the total number of xylem vessels under stress 
in the upper and lower stem of both cultivars (Fig. 6a), but 
total area of xylem vessels was less under stress, and less in 
upper stem than lower stem (Fig. 6b), although this xylem 
vessel area reduction under stress was only significant in 
the lower stem of Biogold (p ≤ 0.05). There was an increase 
in xylem density per unit area under dehydration in lower 
stem but not in the upper stem (Fig. 6c). Also, the increase 
in xylem density in lower stem was significant in Biogold 
but not Mondial. The lower stem diameter of Mondial was 
significantly larger than the upper stem diameter, whereas in 
Biogold, both regions of stem were about the same diameter 
size (data not shown). By categorising xylem vessels into 
size classes, the xylem vessel size composition and dehydra-
tion effects on xylem vessel size were further investigated.

Intermediate-sized vessels (20–60 µm) were the most 
abundant (Fig. 7a, b). The lower stem generally had more 
vessels of the large size range (> 80 µm) than the upper 
stem. There was a tendency to more small-sized vessels 
(0–20 µm) under dehydration in both cultivars (Fig. 7a). 
In the lower stem, dehydration stress significantly reduced 
the number of vessels in size class > 60 µm in Biogold. In 

(a) (b)Biogold - Control Biogold - Dehydra�on Mondial - Control Mondial - Dehydra�on

Fig. 3  MRI measurements of xylem flow characteristics in the lower 
stem of a Biogold and b Mondial, under control and dehydrated 
conditions showing xylem volume flow, xylem average flow veloc-

ity, xylem flow conducting area (FCA), and vapour pressure deficit 
(VPD), all as a function of time in days. Black rectangles represent 
night-time
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Mondial, the reduction in number of vessels under stress 
was only significant in the 60–80 µm size class (Fig. 7b). 
The intermediate-sized vessels (20–60 µm) generally con-
tributed most to the conducting xylem area in the upper 
region of the stem (Fig. 7c). Also, the effect of dehy-
dration on xylem vessel area was observed only on the 

intermediate-sized vessels (Fig. 7c). However, for the 
lower stem region, the bigger sized vessels (> 60 µm) were 
significantly reduced under stress, and intermediate-sized 
classes contributed more to the conducting xylem area 
(Fig. 7d). Reduction in xylem vessel area of lower stem 
(Fig. 6b) basically affected larger sized vessels (Fig. 7d).

(a) (b)Biogold - Control Biogold - Dehydra�on Mondial - Control Mondial - Dehydra�on

Fig. 4  MRI measurements of phloem flow characteristics in the lower 
stem of a Biogold and b Mondial, under control and dehydrated con-
ditions showing phloem volume flow, phloem average flow velocity, 

and phloem flow conducting area (FCA), all as a function of time in 
days. Black rectangles represent night-time

BIOGOLD
Dehydration

Control

MONDIAL
Dehydration

Control

(a) (b)

(c) (d)

(e) (f)

(g) (h)

pc

P

X

Fig. 5  Stem cross section images of Biogold and Mondial under con-
trol and dehydrated conditions at 28 days after stress application. For 
Biogold under dehydration stress, a lower stem and b upper stem; and 
under control treatment, c lower stem and d upper stem. For Mondial 

under stress, e lower stem and f upper stem; and under control treat-
ment, g lower stem and h upper stem. Yellow arrowheads have been 
used to indicate xylem vessel (X), phloem (P), and pericycle (pc) in 
the first plate. Bar always represents 20 µm
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Sugars transported in phloem sap

We quantified the content of the sugars, sucrose, glucose, 
and fructose in sap extracted from vascular tissues, cam-
bium, and parenchyma of upper and lower regions of the 
stem of Biogold and Mondial, during the day and at night. 
The aim was to get an insight of sugar availability and trans-
port at these two stem regions and how dehydration might 
affect such sugar partitioning to sink tissues given its effect 
on xylem flux and stomatal conductance. The dehydration 
stress treatment did not significantly reduce the sucrose 
content in the sap (Fig. 8). Remarkably, the lower stem of 
Mondial had more sucrose than the upper stem at night 
time (Fig. 8a, c), but this was not observed for Biogold. In 
the upper stem, the time point (day or night) did not affect 
sucrose content of the sap. However, the amount of sucrose 
in the lower stem of Mondial was significantly higher at 
night than during the day (Fig. 8c, d).

The glucose content of the sap in the lower stem of 
Mondial was higher than that of Biogold (Fig. 8c, d). Glu-
cose content was significantly lower at night than during 
the day in the lower stem of Mondial under normal condi-
tions (Fig. 8c, d). Dehydration stress led to an increase 

in glucose content of sap only in Mondial, in the lower 
stem at night (Fig. 8c), and in Biogold, the upper stem at 
night (Fig. 8a). The fructose content of the sap in upper 
stem was not affected by stress treatment, day-/night-time 
points, or genotypic differences. However, in the lower 
stem under dehydration, fructose content showed an 
upward trend in Mondial at night and a downward trend 
in Biogold in day time (Fig. 8c, d). In summary, Biogold 
sugar content was less affected by the stress and less vari-
able from day to night than that of Mondial.

Discussion and conclusions

Drought conditions interfere with stem structure and 
availability of transport materials (Banik et  al. 2016; 
Zheng et al. 2009). Our findings from a multidisciplinary 
approach combining physiological, biochemical, micro-
scopic and MRI methodologies, suggest that adaptations 
of the potato plant transport system to dehydration condi-
tions may improve drought tolerance.
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Potato plant growth adaptations

Reduction in plant growth after a period of drought stress 
is often seen as a negative symptom of stress (Albiski et al. 
2012; Luitel et al. 2015), because the limited proliferation of 
new leaves associated with reduced stem elongation would 
infringe on the photosynthetic capacity of the plant (Farooq 
et al. 2009). However, our findings support the hypothesis 
that stem growth reduction during dehydration may also 
serve an advantageous purpose for the plants—to reduce 
transport distance (Koch et al. 2004). Hagen–Poiseuille’s 
equation shows that when the variables of the equation are 
kept constant, an increase in tube length causes a reduc-
tion in flow rate of liquid through the tube (Niklas 2007). 
This suggests that stem growth reduction under limited 
water availability can facilitate an efficient water and nutri-
ent transport in plants. Plant height is regulated by many 
factors including hormonal signals, physiological changes, 
and physical properties of the plant (Guerriero et al. 2014; 
Ljung 2013). Apparently, the stress effect on sugars impacts 
these various growth-regulatory factors, which stalls plant 

growth (Lastdrager et al. 2014; Koroleva et al. 2002). In our 
study, such a reduction in exponential growth of the plants 
during dehydration (Fig. 1a) may have aided the distribution 
of water, nutrients, and assimilates.

Stomatal regulation of leaf transpiration 
and photosynthesis

Stomatal opening/closure has implications for  CO2 
exchange, transpiration pull, and assimilate transport in the 
plant (Schapendonk et al. 1989; Wheeler et al. 1999). The 
stomatal closure of source leaves under dehydration in our 
greenhouse study as was observed in Biogold and Hansa 
(Fig. 2) may imply that the sink leaves needed to adapt 
carbon fixation rate, as was shown in another study where 
younger leaves maintained their stomatal conductance and 
photosynthesis despite the decline of these attributes in older 
leaves (Vos and Oyarzun 1987). Adapted photosynthetic rate 
in sink leaves under dehydration may not necessarily suffice 
for continuous growth, but at least it may meet the metabolic 
energy requirements of the sink leaves. In another study on 
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potato cv. Bintje in a growth chamber, photosynthesis in 
young leaves at different  CO2 levels increased or decreased 
with respective increase or decrease in  CO2 more strongly 
than in older leaves (Katny et al. 2005). In such instances of 
limited or adapted photosynthesis leading to less sugar avail-
ability in the plant (Iwona et al. 2012), and depending on the 
severity and duration of the stress, the source leaves in our 
study may have used up or transported the sugars which they 
already photosynthesized prior to complete stomatal closure. 
The impact of dehydration, which seems to be more severe 
on the source leaves than sink leaves, based on differences 
in stomatal closure (Fig. 2), may also lead to senescence and 
eventual leaf fall (Haverkort and Goudriaan 1994).

Surprisingly, the source and sink leaves of Festien and 
Hansa were closed under dehydration during the day when 
photosynthesis should take place and open at night when 
they should minimize water loss (Fig. 2). This complete 
stomatal closure especially of the sink leaf in day time was 
unexpected considering the young age of the leaves (Vos 
and Oyarzun 1987). Indeed, given the observed assimilate 

production and partitioning in these cultivars (Fig. 1b), it is 
counterintuitive for the plants to completely shut off carbon 
assimilation. Moreover, there is no report of potato plants 
transiting from C3 to C4 or CAM metabolism under stress, 
and we do not have any evidence from our results to sup-
pose such. Probably, a technical limitation of the Decagon 
SC-1 Leaf Porometer with which stomatal conductance 
was measured may explain this discrepancy. According to 
the manufacturer’s specification, the porometer accuracy 
is 10% when stomatal conductance levels tend towards the 
extremes of zero and 1000 mmol−1 m2 s−1 (https ://www.
decag on.com). This would mean that the conductance lev-
els of these cultivars in the greenhouse must have been too 
low to be accurately detected by the porometer, and so the 
measurements tended to zero. However, the milder dehydra-
tion in the MRI measurement of Biogold and Mondial aided 
a clearer assignment of xylem flux as an indication of both 
transpiration and conductance under this mild stress with the 
expected day/night rhythm (Fig. 3). The adaptation of the 
plants’ xylem flow to the severity of the drought conditions 

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

Suc Glu Fru Suc Glu Fru

BIOGOLD MONDIAL

m
ol

/L
 

WR

DR

* * 
0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

Suc Glu Fru Suc Glu Fru

BIOGOLD MONDIAL

m
ol

/L
 

WR
DR

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

Suc Glu Fru Suc Glu Fru

BIOGOLD MONDIAL

m
ol

/L
 

WR
DR

* 

0

0.001

0.002

0.003

0.004

0.005

0.006

0.007

Suc Glu Fru Suc Glu Fru

BIOGOLD MONDIAL

m
ol

/L
 

WR
DR

(a)

(c)

NIGHT
(b)

(d)

U
PPER

ST
E
M

L
O
W
E
R
ST

E
M

DAY

Fig. 8  Sugar content of the stem sap of Biogold and Mondial in a 
upper stem at night, b upper stem in day time, c lower stem at night, 
and d lower stem in day time. Error bars are standard deviations. Sig-

nificance of dehydration stress and genotype effects is given differ-
ently for each sugar. For each sugar, asterisks show levels of signifi-
cant difference

https://www.decagon.com
https://www.decagon.com


Planta (2020) 251:45 

1 3

Page 11 of 15 45

also affects the transport of photo-assimilates through the 
stem (Windt et al., 2006). Therefore, we observed some 
associations between the xylem and phloem flow patterns, 
although the associations were weaker under dehydration 
(Figs. 3, 4). However, there is evidence from another study 
on a 3-month-old tomato plant, that a mild dehydration 
during the MRI measurements caused a decrease in xylem 
volume flow as well as phloem volume flow, although the 
phloem flow velocity remained within defined boundaries 
(Prusova 2016). In our study, the phloem flow velocity of 
cv. Mondial was constantly in lower boundaries under both 
dehydration and control treatments than Biogold (Fig. 4), 
but the severely reduced xylem volume flow of cv. Mondial 
under stress given the VPD ranges in both treatments (Fig. 3) 
may be an indication of a dehydration sensitivity that could 
be associated with reduced water transport.

The reason for maintenance of stomatal conductance 
in the night as observed in the sink leaves of all cultivars 
(Fig. 2) remains unclear, especially under dehydration. It is 
known in many plant species that stomata are not completely 
closed at night (Caird et al. 2007) (Fig. 2). Advantages of 
stomatal opening at night when no photosynthesis occurs 
may include sustained nutrient transport (Snyder et  al. 
2003) and a compensation for phloem flow as inferred from 
phloem-to-xylem flux ratio, that is, Munch’s counter flow 
(Windt et al. 2006). In fact, Windt et al. (2006) reported a 
low phloem-to-xylem flux ratio at night in tomato, indicat-
ing that the xylem flow was high in tomato at night in that 
study. However, this xylem night flux may be counteractive 
to water use efficiency according to a report in grape vine 
where genetic association was found between reduced night 
transpiration rate and high biomass (Coupel-Ledru et al. 
2016). Therefore, maintenance of stomatal conductance at 
night under dehydration in our study (Fig. 2) may indicate a 
low water use efficiency of the potato plants. Additionally, it 
was demonstrated that stomatal response is reversed depend-
ing on a combination of different severities of dehydration 
and temperature fluctuations (Schulze et al. 1973). That is, 
stomatal opening under heat stress that coincides with low 
dehydration tends to revert to stomatal closure with increas-
ing dehydration stress severity, suggesting a multifactorial 
effect. This may imply in our study that multifactorial effects 
with temperature transitions from day to night may have 
played a role, or some other unforeseen pleotropic effects. 
Therefore, better controlled conditions are highly recom-
mended for investigating the effects of more severe dehydra-
tion stress, or a more sensitive detection system like LICOR 
may be used.

Adaptation of transport vessel size

Water and assimilate flow rates are partly influenced by 
the properties of the transport conduits (Kim et al. 2014; 

Thompson and Holbrook 2003). In our study, the stem cross 
sections revealed some genotype-specific features like the 
increased xylem vessel density per stem area by the abun-
dance of small-sized vessel elements in Biogold that could 
potentially aid water transport management under dehydra-
tion conditions (Fig. 6). The importance of the size of water 
transport conduits during water scarcity has been demon-
strated in tree species that utilize tracheids as the preferred 
water transport channels, since their narrow diameter pro-
vides water transport with adaptation against cavitation and 
embolism (Sperry et al. 1994). We may speculate from our 
observation that the larger sized xylem rings relative to stem 
cross-sectional area in Biogold may suggest the presence of 
more tracheids in Biogold than in Mondial as unique geno-
typic features, but our measurements do not provide enough 
evidence to support or argue against this. A previous study 
on the potato plant morphology reported that tracheids and 
wood parenchyma are scattered amidst the larger xylem ves-
sels (Artschwager 1918), suggesting that the potato plant 
xylem may consist of different tissue types for which its 
xylem area is generally larger than the tomato xylem area 
(Potter 1923). Moreover, there are no reports on the role of 
tracheids in preventing cavitation and embolism in crop spe-
cies under dehydration stress. However, the increased small-
diameter vessels in Biogold under dehydration in our study 
(Fig. 6) probably enhanced the adhesion forces between 
water molecules and walls of the vessel elements (Fig. 3), 
which may aid in maintaining the water column as a means 
of reducing cavitation.

Furthermore, there is no indication from our observations 
that the reduction in the number of large-sized vessels in the 
lower stem (Fig. 7b) was due to lignification, even though in 
other plants, lignification of the vessels has been observed 
under stress scenarios, making the walls of the vessels 
thicker as a tolerance measure (Kim et al. 2008; Sánchez-
Aguayo et al. 2004; Gleason et al. 2016). Speculatively, 
tracheids if present may also contribute to such a mechani-
cal reinforcement of the stem. This reduction in large-sized 
vessel area of the lower stem is a drought response mecha-
nism that reduces the chances of drought-induced embolisms 
and cavitation that may impair transport through the vessels 
(Cochard and Tyree 1990; Lechthaler et al. 2016). Moreover, 
increasing the total xylem conducting area by increasing the 
number of small-sized xylem elements as observed in this 
study (Figs. 6, 7) may arguably be an effective adaptation 
to water scarcity, since larger surface area-to-volume ratio 
is essential in hydraulics (Zhang et al. 2016). Therefore, the 
increase in xylem density per unit stem area (Fig. 6) likely 
enhances water uptake from roots (Jacobsen et al. 2007). 
In summary, although Hagen–Poiseuille’s equation which 
indicates that a wider tube transmits more fluid than a nar-
row tube is valid under normal water availability, in water 
limitation condition like our study, narrow vessel size offers 
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a practical solution to the challenges of less water uptake 
and cavitation.

Sugar transport through the stem

We investigated the sugar content of the lower and upper 
stem to assess the impact of water transport limitation on 
sugar partitioning, especially given the limited sensitivity of 
the MRI phloem flow measurement (Fig. 4). There are diver-
gent views that support or oppose the fact that sucrose is the 
only transport form of sugars in plants (van Bel and Hess 
2008). In our study, we observed that sucrose and the hex-
oses were equally present in the sap, although our method 
of sap collection may not exclude the fact that some local 
hexoses that are not in the transport stream may have as well 
been sampled. Nonetheless, our observation probably sug-
gests that the sugar composition of assimilates that can be 
transported in potato plant may be quite dynamic. In another 
study on Ricinus communis under anoxic conditions, the 
authors observed severe reduction in sugar transport (Peuke 
et al. 2015). We did not observe any significant decrease 
in sugar amounts at both upper and lower stem, possibly 
because our data gives an indication of both transported and 
local sugar concentration at the two stem regions. On the 
other hand, the reported differences in the amount of sucrose 
and hexoses detected in the transported fraction of plants 
may also be due to different factors including environmental 
conditions, time point in the day, plant developmental stage, 
and sensitivity of the detection protocol (Duarte-Delgado 
et al. 2015).

Also, the terminal sink destination of the transported sug-
ars, or the presence/absence of a sink destination, may play 
a role in dehydration tolerance or sensitivity of the plant. 
Mondial may have prioritized the upper shoot terminal sink, 
as shown from the leaf dry weight measurements (Supple-
mentary Fig. 1) and tuber/shoot weight ratio at two time 
points, while Biogold invested more in tubers (Fig. 1b). The 
direction of transport of the synthesized sugars may depend 
on the driver of the assimilate transport (Lemoine et al. 
2013). Divergent views have been reported about the trans-
port of assimilates as either sink strength-driven (Marcelis 
1996; Wolswinkel 1984) or source-driven (Farrar 1993; 
Lemoine et al. 2013). Our findings suggest sink strength as 
the main transport driver in the two genotypes, Mondial and 
Biogold, as shown from their tuber-to-shoot ratio (Fig. 1b) 
and tuber number (Supplementary Fig. 1), with contrast-
ing priorities for carbon partitioning suggesting a competi-
tion between tuber and above-ground tissues. The role of 
molecular determinants like invertases, sucrose synthases, 
and sucrose transporters in this sink competition may, how-
ever, not be ruled out (Herbers and Sonnewald 1998; Aliche 
et al. 2020). Taken together, under limited water availability 

in the xylem conduits, sink strength may influence the direc-
tion of assimilate transport.
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