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Abstract

Key message Elevated O;, particularly in interaction with N and/or P levels, induced tissue- and cell type-specific
changes in the anatomical structure of poplar roots.

Abstract Ozone (O;) sensitive poplar clone Populus maximowiczii Henry X berolinensis Dippel was subjected to two levels
of O; (ambient and 2 X ambient) in combination with two levels of nitrogen (N) (0 and 80 kg ha™!) and three levels of phos-
phorus (P) (0, 40 and 80 kg ha™!) in an open-air pot experiment. Effects of O, in combination with N and P on anatomical
structure of xylem, bark and primary tissues and consequences for theoretical hydraulic properties were investigated after one
growing season in 2-mm roots under the microscope. Effect of O, as single factor was observed as increased primary xylem
area and number of protoxylem poles, increased secondary xylem area and accumulated potential hydraulic conductivity.
Vessel density, but not vessel size was negatively affected by O; Stronger correlation between tangential vessel diameter
and vessel density was encountered under ambient Os, indicating a slight dysregulation of vessel formation under elevated
O;. Increasing P resulted in increased number of protoxylem poles, while N mostly acted in interaction with O; or P. There
was a strong interaction between O; X N X P on vessel grouping index and mean vessel group size. At elevated O, effects of
both nutrients on vessel grouping and mean vessel group size were repressed. Under ambient Os, application of N resulted
in increased fibre cell thickness, which was not the case under elevated Os, indicating carbon-saving mechanisms.

Keywords Root tissues - Primary xylem - Secondary xylem - Vessel grouping index - Theoretical conductivity - Fibre cell
wall

Introduction

Poplars (Populus spp.) are widely distributed in their native
range within the northern hemisphere, while plantations are
established on both hemispheres. As a fast growing tree spe-
cies, they are an increasingly important renewable resource
of biomass in a growing bioeconomy (Lewandowski et al.
2019). Due to their fast growth rate, they have high nutrient
requirements and a high sensitivity to ozone (O;). Poplars
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often face nutrient limitations in relation to their high pro-
ductivity, limited nutrient availability in native soil, and
nutrient imbalances due to this. Nitrogen (N) has been
recognised as the most limiting nutrient for poplar growth,
but within some sites phosphorus (P) might be limiting too
(Isebrands and Richardson 2014). Tropospheric ozone (O5)
is a phytotoxic air pollutant that affects plant metabolism
through the generation of free radicals (Monks et al. 2015).
Globally, tropospheric ozone concentrations have increased
by 30% since the pre-industrial era (Young et al. 2013). In
some parts of the world, emissions of O; precursors are still
growing, thereby affecting ozone concentrations on a global
scale (Verstraeten et al. 2015). Elevated O, further affects
trees through reduced Rubisco and chlorophyll content, leaf
area, transpiration rates, height and tree diameter, root to
shoot ratio and the total tree biomass (Wittig et al. 2009).
Several studies have shown that O, N and P as single fac-
tors can affect the tissue structure of poplars and other broad-
leaved tree species (Table S1), while the interactive effects
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of O5 and these two nutrients are less well investigated. Most
past studies have been performed on the secondary xylem of
the stem due to the economic importance of wood, mainly
focusing on vessel size and fibre characteristics (Table S1).
Anatomical changes in the secondary xylem are extremely
important for the survival of trees under stress. Changes in
vessel diameters may have a pronounced effect on the effi-
ciency of water transport on one hand, and on the hydraulic
safety on the other. Vessel size is a trade-off between water
transportation efficiency and vulnerability to cavitation.
Even a small increase in vessel diameter increases water
conductivity immensely (Hagen-Poiseuille equation), but
the side effect is a higher risk of embolism due to drought
or freezing (Tyree and Zimmermann 2002). N and P may
affect vessel arrangement (Spannl et al. 2016) with possible
implications for vulnerability to cavitation (von Arx et al.
2013 and references therein, Schuldt et al. 2016), while no
data are available for O5. There are some indications that tis-
sues other than the secondary xylem might also be affected
by O; and N, but the effect of P is to our knowledge, not
known (Table S1). Previous studies focusing mainly on tree
biomass and physiology (e.g.Pell et al. 1995; Schmutz et al.
1995; Maurer and Matyssek 1997; Utriainen and Holopainen
2001; Watanabe et al. 2012) have emphasised the ability of
N to modify O; response in plants.

Roots are an integral tree component and are crucial
for the absorption of water and nutrients along with their
transport to the aboveground parts of the tree, the storage of
non-structural carbohydrates and N, and for tree anchoring.
Despite their importance to plant functioning, roots and spe-
cifically root anatomical structure are rarely considered in
stress-effect studies. While tree roots come in direct contact
with nutrients the effect of elevated O on roots is indirect,
occurring through reduced carbon supply to belowground
parts (Andersen 2003) and through plant hormonal shifts
(Kraigher et al. 2008). Although the effect of elevated O;
on roots is indirect, they may occur before any change is
observed aboveground (Andersen 2003). The greater effect
of elevated O; in the lower stem when compared to middle
stem was explained by the greater distance of the lower stem
from leaves as carbon source which may be true for roots
(Richet et al. 2011).

In our study, the effects of elevated O; in combination
with different levels of N and P fertilisation on the ana-
tomical structure of xylem, bark and primary tissues and
consequences for theoretical hydraulic properties were
investigated in roots of an Os-sensitive poplar clone. We
hypothesized that a greater nutrient supply will result in
wider vessels, and therefore, a higher potential xylem-spe-
cific conductivity of roots to be able to support the greater
biomass. This was previously reported for the plants from
the same experiment due to addition of N (Zhang et al.
2018). We expected that the negative effects of elevated O,
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such as smaller tissue widths and smaller vessel sizes in
root tissues of the secondary xylem and bark and second-
ary xylem cells, will be more pronounced at a high P and
N nutrient supply. We hypothesised that different levels of
the investigated factors would affect the association between
vessel density and vessel size. Although vessel density and
vessel tangential diameter are supposed to be highly corre-
lated (Schume et al. 2004, Savage et al. 2010), our previous
study on oaks (Mrak et al. 2019) showed that vessel density
proved to be more sensitive indicator of O; concentration
alterations than vessel size, indicating dysregulative effects
of elevated O; on this relationship.

Methods

Propagation, planting and ozone/nutrient
treatments

The O;-sensitive poplar clone, i.e. Populus maximowiczii
Henry X berolinensis Dippel (Oxford poplar clone) (Mar-
zuoli et al. 2009, Hoshika et al. 2018) was selected for the
experiment. Cuttings obtained in December 2015 were pot-
ted in February 2016 and kept in a greenhouse. In March
2016, they were moved outside to the experimental garden
of CNR at Sesto Fiorentino, Italy (43°48'49" N, 11°12'01"
E, 55 m a.s.l.) where the O; free-air controlled exposure
(FACE) facility is located (Paoletti et al. 2017). In April
2016, they were planted into 10-L pots filled with a sub-
strate mixture of peat:sand:local soil in 1:1:1 ratio. The local
soil had a sandy-loam texture and a slightly acidic pH. At
the time of planting the initial average height of plants was
15.4 cm. The substrate was fertilised with two levels of N,
0 and 80 kg ha™!, combined with three levels of P, 0, 40 and
80 kg ha™! (Zhang et al. 2018; Mrak et al. 2020), result-
ing in six treatment combinations NOPO, N8OPO, NOP40,
N80P40, NOP80 and N8OP80. 40 kg ha~! corresponded to
196.3 mg per plant and 80 kg ha™! to 392.5 mg per plant for
the experimental time period May 1st 2016 to October 1st
2016. Levels of N were selected to simulate the minimum
and maximum levels of background N deposition worldwide
(0 and 80 kg N ha~!, Fenn et al. 2003; Peng et al. 2017).
While there is not a significant amount of atmospheric P
deposition, poplar plantations are usually established in vari-
ous soil nutritional conditions (low-fertilised volcanic ash
soils, Hoosbeek et al. 2004; high-fertilised agricultural field
soils, Arevalo et al. 2011). Levels of P were, therefore, deter-
mined to simulate a realistic P concentration in soils. Levels
of N and P in the soil ranged between 1.71 and 2.84 g kg~!
for N and between 0.49 and 1.12 g kg™! for P in different
treatment combinations at the end of experiment (see Zhang
et al. 2018) and agreed with realistic N and P concentrations
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in soils (N: 0.2-5.0 g kg™!, Bowen 1979; P: 0.5-1.3 g kg~!,
Stevenson and Cole 1999).

Fertilisation with P was performed with 0, 0.5 and
1.0 mM KH,PO, solution according to Lewis and Strain
(1996) and N was supplied as 0 and 5 mM solution NH,NO,
according to Thomas et al. (1994).

The substrate was fertilised with 200 mL solution of
NH,NO; or KH,PO, with the above-stated concentrations
twice a week throughout the experiment. To keep an equal
amount of K among all treatments, KC1 was added to the
substrate that did not receive KH,PO, at the same time (Tis-
sue and Lewis 2010; Mao et al. 2014). In addition to N and
P, soil concentrations of C, K, Fe, Ca and Mg and pH were
measured at the end of the experiment and were reported by
Zhang et al. (2018).

Poplar plants were subjected to two levels of O5: ambi-
ent (AA—referred as control, 35.0 ppb as daily average
O; concentration) and 2.0 X ambient (2.0 X AA—referred
as elevated, 66.7 ppb as daily average O; concentration) at
an O; FACE facility (Paoletti et al. 2017) for the period
between May 1st, 2016 and October 1st, 2016. Each of 12
treatment combinations [(two levels of O5) X (two levels of
N) X (three levels of P)] was replicated in three plots of the
FACE facility, and each replicate contained three poplar
plants. Treatment combinations and the final height of the
plants are given in the Supplementary material (Table S2).
For anatomical analyses, one of three poplars per replicated
plot was selected, i.e. three poplars per treatment, while the
remaining plants were used for other investigations. Due to

use of sufficiently large pots, roots did not reach the bot-
tom of the pot at the end of experiment, neither were they
intertwined.

Root sampling and microscopy

From each seedling, three roots with 2-mm diameter were
randomly selected. From each selected root, one 5-mm-long
section was cut with blade and fixed in formaldehyde-etha-
nol-acetic acid (FAA). Samples were dehydrated in a graded
series of ethanol, embedded in paraffin and cut with a Leica
RM 2245 rotary microtome (Leica Microsystems, Wetzlar,
Germany) to obtain cross-sections of 10 um in thickness,
which were mounted onto object slides and stained with a
safranine—astra blue water mixture and finally embedded in
Euparal, for details see Mrak and Gricar (2016).

Sections were photographed in bright field using Zeiss
AxiolmagerZ2 microscope (Carl Zeiss Microscopy GmbH,
Jena, Germany) at 100 X magnification. ZEN 2012 software
(Carl Zeiss Microscopy GmbH, Jena, Germany) was used
to compose panorama photos.

On the photographed sections, the shape of the primary
xylem (i.e. number of protoxylem poles) was recorded. The
presence of intraannual density fluctuations (IADFs) in the
secondary xylem, defined as areas with abrupt change in
wood density inside the growth ring (De Micco et al. 2016)
was recorded as well. IADFs reflect variations in climatic
conditions during the growing season (De Micco et al.
2016). In the secondary xylem, vessel number, vessel size

Fig.1 a Cross-section of 2-mm
root of poplar cutting after one
growing season. Px primary
xylem, sx secondary xylem, phl
phloem, pc pericycle, bf bark
fibres, b bark, p periderm. Bark
includes phloem, pericycle, bark
fibres and periderm. b Close-
up view of secondary xylem
using differential interference
technique. V vessel, r xylem
ray, f fibre of secondary xylem.
Encircled vessels form vessel

group
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(tangential vessel diameter, vessel area) and vessel arrange-
ment were measured using ROXAS software (von Arx and
Dietz 2005; von Arx et al. 2013; von Arx and Carrer 2014)
which carried out automatic calculations of vessel density,
cumulative area of vessels, percentage of conductive area
within the secondary xylem, accumulated potential hydrau-
lic conductivity (Ky; K as approximated by Poiseuille’s law
and adjusted to elliptical tubes, Eq. 1, Tyree and Zimermann
2002) and xylem-specific potential hydraulic conductivity
(Kj/xylem area):

@b |
64n a2 + b2’ M

Kellipse =

where a and b are the major and minor axes of the ellipse
and n is the dynamic viscosity of the liquid (Tyree and
Zimermann 2002).

Tissue parameters (mean width of periderm, bark, sec-
ondary xylem, and area of the secondary and primary xylem)
were measured using ZEN 2012 software (Fig. 1a). From
these measurements, tissue width ratios (periderm to bark,
bark to secondary xylem) were calculated. Vessel arrange-
ment (Fig. 1b) was described by the vessel grouping index,
mean group size of grouped cells, solitary vessel tangential
diameter and grouped vessel tangential diameter (von Arx
and Dietz 2005; von Arx et al. 2013).

As investments into tissues might be reflected in the fibres
as well (Fig. 1b), the fibre cell wall thickness and lumen
diameter in the secondary xylem were measured. Three areas
in distinct regions of the root cross-sections were selected
for photographing under 400 X magnification with differ-
ential interference technique using Zeiss AxiolmagerZ2
microscope. Only completely lignified portions of roots were
selected for measurements. In each photograph, 10-15 cells
were randomly selected for measurement of cell wall thick-
ness and lumen diameter using the ZEN 2012 software.

Statistics

The effects of N, P and O; levels on anatomical vessel traits
were tested using the R software package (R Core Team,
2017). For continuous response variables, linear mixed
effects models (Ime) provided in the nlme package were
used, on which ANOVA Type III was applied. Factors O,
N, P and their interactions were set as fixed effects. Tak-
ing the split plot design (Paoletti et al. 2017) into account,
blocks and O; levels nested within the blocks were included
as random effects. Model fits were assessed using visual
diagnostics plots. In cases where homoscedasticity was
violated, weights were added to the factor and where vari-
ance inequality was present a log transformation was used.
Significant differences among groups were obtained with
user-defined contrasts using general linear hypothesis testing
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(glht) provided in the multcomp package; by this way, the
differences among levels of a specific variable were tested
over all levels of the other variables. Where ANOVA Type
III showed statistically significant effect of a selected fac-
tor, but multiple comparisons did not show significant dif-
ferences among groups, Tukey’s test in gl/ht function was
applied. Tukey’s test in glht function seeks differences
among groups without taking variation within the other
main effects into account (i.e. comparing effects only at
control levels of factors). For ordinal variables (number
of protoxylem poles and distinctiveness of growth rings),
Kruskal-Wallis tests were used to compare between P, N
and O; levels. Correlations between vessel density and mean
tangential vessel diameters were investigated using Pearson’s
product-moment correlation test in R.

Results

Allover, the secondary xylem of investigated 2-mm poplar
roots was diffuse-porous, with 28.8 +0.82% being solitary
vessels and a mean group size of 2.97 +0.03 for grouped
vessels. Xylem rays were uniseriate to occasionally biseri-
ate. Vessels were accompanied by scanty paratracheal paren-
chyma. As roots were less than 1 year old, emerging from
cuttings in spring, the density changes inside growth rings
that occurred in some roots were defined as IADFs. IADFs
were either completely discernible, discernible in one part
of the root or only slightly discernible. In the phloem and
pericycle, tangentially arranged groups of fibre cells were
observed, with cell lumina decreasing due to increasing cell
wall thickness from cambium towards the outer perimeter
of the root. Primary xylem was evident in the majority of
investigated roots, but its shape varied from diarch, triarch,
tetrarch to pentarch.

Effects of the treatments were mainly observed on tissue
widths and tissue ratios, fibre anatomy and vessel grouping,
while the vessel size and consequently their hydraulic prop-
erties were not affected.

Tissue widths and tissue ratios

The area of primary xylem was significantly affected by
O; XN showing higher area of primary xylem under ele-
vated O; at NO compared to ambient O; at NO (Table 1,
Table S3, Fig. 2). The shape of primary xylem (i.e. the
number of protoxylem poles) was affected by O; (H="7.81,
P=0.0052, Fig. 3a) and phosphorus (H=9.87, P=0.0072,
Fig. 3c), but not by N (H=2.36, P=0.1248, Fig. 3b). At
increased O; levels, the number of protoxylem poles was
significantly higher when compared to the control (Z=2.63,
P=0.0086, Fig. 3a). The number of protoxylem poles was
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Table 1 Resplts of ANOVA ‘Width of ‘Width of Area of sec. Area of pri-  Periderm to Bark to
I,H type f(.)r tl.ssue widths and periderm bark xylem mary xylem  bark ratio sec. xylem
tissue ratios in 2-mm roots of ratio
poplar cuttings under different
combinations of O3, N and P Ve P 7 P 7 P Va P 7 P i P
05 130 ns 0.18 ns 1496  *=x 308 .10 ns 275 ¢
P 7.34 402 ns 750 % 083 ns 1028  ** 321 ns
N 4.31 * 047 ns 0.02 ns 0.04 ns 270 ns 037 ns
O;xP 307 ns 447 ns 723 0% 023 ns 081 ns 035 ns
O;xN 008 ns 060 ns 1.60  ns 445  * 071 ns 068 ns
NxP 210 ns 037 ns 622 % 1.15  ns 0.83 ns 1.00  ns
O;xNxP 1.00 ns 0.8 ns 1.75  ns 373  ns 045 ns 034 ns
P values are marked by *** (<0.001), ** (<0.01), * (<0.05), “(<0.1), n.s. (non-significant, >0.1)
AA 2.0 x AA
20000 =5 ' NO (a)
60
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E 18000 § 30
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§ 16000 020 r
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(0]
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o
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(]
@
& 8000 50 r E N80
%]
c
6000 i } -Tr . 240 r
[
4000 b L
§ 30
2000 Q
PO P4 P80 PO P40 P80 2 20
10
Fig.2 Area of primary xylem (mean + stderr.) in roots of O;-sensitive I—Il l 1
poplar clone subjected to two levels of O; (AA—ambient, 2.0 X AA), 0 ' ' '
two levels of N (0 and 80 kg ha™!, referred as NO and N80, respec- (C) 60 PO
tively) and three levels of P (0, 40 and 80 kg ha™!, referred as PO, P40
and P80, respectively). N=3 plants per treatment combination " 50 m P40
o
040 r E P80
[
also significantly higher in plants grown in P80 soil when g 30 -
compared to plants grown in PO soil (Z=2.92, P=0.0105, 20
Fig. 3¢). 10 |
The area of the secondary xylem was affected by O, P |_| L.
and interactions of O;x P and NxP (Table 1, Table S3, 0 ] ] ] ' '
not evident diarch triarch tetrarch  pentarch

Fig. 4a). Multiple comparisons showed a significantly higher
area of the secondary xylem under elevated O; combined
with PO when compared to ambient O; combined with PO
(Fig. 4a). There was an insignificant trend for increasing
secondary xylem area at ambient O; with increasing P con-
centrations while the opposite was noticed at elevated O;.
At N80 in combination with P40, the area of the secondary

Fig.3 Histograms for the percentage of roots with a distinct shape of
the primary xylem (number of protoxylem poles) in Os-sensitive pop-
lar clone after exposure to two levels of O; (AA—ambient, 2.0 X AA),
two levels of N (0 and 80 kg ha™') and three levels of P (0, 40 and
80 kg ha_l). a Effect of Os, b effect of N, ¢ effect of P. From each
plant, three 2-mm-thick roots were investigated (N=108). When the
primary xylem was not distinct it was marked as “Not evident” in the
graph
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Fig.4 Tissue widths and ratios (mean=stderr.) in the roots of
O;-sensitive poplar clones subjected to two levels of O; (AA—ambi-
ent, 2.0x AA), two levels of N (0 and 80 kg ha™!, referred as NO
and N80, respectively) and three levels of P (0, 40 and 80 kg ha™!,

xylem was significantly higher when compared to NO in
combination with P40 (Fig. 4a).

There was no effect of any parameter observed on the
width of bark. The width of the periderm was significantly
affected by the amount of added P and N (Table 1, Table S3,
Fig. 4b). Tukey’s test revealed significant wider periderm at
N80 compared to NO (Fig. 4b), while the periderm under the
P80 treatment was significantly wider compared to PO and
P40 treatments (Fig. 4b).

The periderm to bark ratio was significantly affected by P.
Tukey’s test indicated a higher periderm to bark ratio in P80
compared to the P40 treatment (Table 1, Table S3, Fig. 4c).
The bark to secondary xylem ratio showed a negative ten-
dency with increasing O; (Table 1, Table S3, Fig. 4d). IADF
distinctiveness was not significantly affected by any of the
tested parameters (data not shown).
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referred as PO, P40 and P80, respectively). a Area of the secondary
xylem, b width of the periderm, ¢ periderm to bark ratio, and d bark
to secondary xylem ratio. N=3 plants per treatment combination

Cells of secondary xylem

No effect of any parameter was observed on the mean ves-
sel tangential diameter and the cumulative area of vessels
(Table 2, Table S4). Vessel density was affected by O,
and Tukey’s test has shown a significantly lower vessel
density at elevated O, (Table 2, Fig. 5a). The percentage of
conductive tissue within the xylem, and K, (accumulated
potential hydraulic conductivity) were affected by O; as
well (Table 2, Fig. 5b, ¢). Tukey’s test showed a higher
percentage of conductive area within the xylem at control
O; levels compared to elevated O; levels. The opposite
effect was seen for K. No effect was shown for xylem-spe-
cific potential hydraulic conductivity (Table 2, Table S4).

The correlation between tangential vessel diameter and
vessel density was higher under ambient O5 than under
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Table 2 Results of ANOVA III type for secondary xylem cell dimensions in 2-mm roots of poplar cuttings under different combinations of O;, N

and P. K : accumulated potential hydraulic conductivity

Vessel density

Cumulative area of vessels

Conductive area within xylem K

Ve P Ve P Ve P Ve P
(O 12.9 HoEk 0.96 n.s 4.99 * 37.1 Hokk
P 2.63 n.s 1.75 n.s 3.48 n.s 4.66 “
N 0.60 n.s 1.50 n.s 1.14 n.s 1.61 n.s
O;xP 3.92 n.s 0.86 n.s 1.50 n.s 0.82 n.s
O;xN 2.70 n.s 0.04 n.s 0.28 n.s 0.04 n.s
NxP 3.10 n.s 1.78 n.s 1.63 n.s 1.62 n.s
O;xXNxP 1.65 n.s 0.65 n.s 0.01 n.s 0.37 n.s

Xylem-specific potential Vessel grouping index Mean group size of grouped Mean tangential

hydraulic conductivity cells vessel lumen

diameter

IS P IS P 3 P z P
(O 2.09 n.s 6.84 wE 10.2 wE 1.09 n.s
P 3.67 n.s 7.18 * 8.37 wE 4.49 n.s
N 1.51 n.s 7.07 wE 7.46 * 1.42 n.s
O;xP 0.40 n.s 542 “ 11.7 wokE 0.98 n.s
O;xN 0.01 n.s 6.53 * 4.15 n.s 0.14 n.s
NxP 1.47 n.s 13.95 Hokk 12.7 wE 1.51 n.s
O;xXNxP 0.03 n.s 10.99 wE 10.6 wE 1.03 n.s

Mean solitary vessel tangential Mean group vessel tangential Fibre cell wall thickness Fibre cell lumen

cell lumen diameter cell lumen diameter radial diameter

Ve P Ve P Ve P 4 P
0O, 0.08 n.s 0.03 n.s 2.44 n.s 1.28 n.s
P 2.38 n.s 0.98 n.s 3.61 n.s 1.95 n.s
N 1.40 n.s 1.14 n.s 4.46 * 0.90 n.s
O;xP 0.58 n.s 0.21 n.s 2.51 n.s 2.60 n.s
O;xN 0.20 n.s 0.02 n.s 6.78 wE 0.00 n.s
NxP 0.97 n.s 0.96 n.s 1.83 n.s 9.72 *E
O;xXNxP 0.47 n.s 0.73 n.s 2.69 n.s 2.65 n.s

K,: accumulated potential hydraulic conductivity

P values are marked with ****(< 0.0001), ***(< 0.001), **(< 0.01), *(< 0.05), “(< 0.1), n.s. (non-significant, > 0.1)

elevated O, (Table 3, Fig. 6). Small vessels occurred with
higher density under ambient O; compared to elevated O,
and vice versa for large vessels (Fig. 6). In the case of
nutrients, higher correlation coefficients for vessel density
and vessel tangential diameter were found for higher addi-
tion of nutrients (Table 3, Fig. 6).

The vessel grouping index was responsive to single fac-
tors O3, N and P and their tripartite interaction (Table 2,
Fig. 7). The effect of nutrients was only significant at ambi-
ent O;. At PO combined with ambient O, vessel grouping
index in roots with no added N was significantly higher com-
pared to treatment with added N or elevated O;. At the inter-
mediate phosphorus level (P40), there was no significant

effect of O; or N addition, while at high P (P80), the vessel
grouping index was higher at ambient O; with N80 addition.

The mean group size of grouped vessels was influenced
by Os, P, N and O; X P, NxP and O; x N X P interactions
(Table 2, Fig. S1). Overall, a smaller number of ves-
sels occurred in groups under elevated O;. However, the
response to O; was modulated by the presence of N and P
in the same way as the vessel grouping index—groups of
vessels contained higher number of vessels under NO-PO
and N80-P80, both under ambient O5 (Table 2, Fig. S1).
When separate diameter measurements of solitary and
grouped vessels were performed, no effect of any investi-
gated parameter was detected (Table 2, Table S4).
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Fig.5 a Vessel density, b conductive area within the secondary
xylem, and ¢ accumulated potential hydraulic conductivity—Kj
(mean =+ stderr.) in the roots of Os-sensitive poplar clone subjected to
two levels of O; (AA—ambient, 2.0xXAA), two levels of N (0 and
80 kg ha™!, referred as NO and N80, respectively) and three levels of
P (0, 40 and 80 kg ha™!, referred as PO, P40 and P80, respectively).
N=3 plants per treatment combination
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Table 3 Pearson’s correlation coefficients (R) between tangential ves-
sel diameter and vessel density in roots of poplar clone grown under
two levels of O; (AA—ambient, 2.0XAA), N (0 and 80 kg ha™!,
referred as NO and N80, respectively) and three levels of P (0, 40 and
80 kg ha™!, referred as PO, P40 and P80, respectively)

Factor Factor level R P
(0N AA -0.83 <0.0001****
2.0xAA - 0.54 0.00217%%*
N NO -0.53 0.02507*
N80 -0.85 <0.0001****
P PO -0.62 0.0310%*
P40 - 0.69 0.0131%*
P80 -0.85 0.0004%**

P values are marked with *#%%(<0.0001), *##(<0.001), **(<0.01),
*#(<0.05)

The cell wall thickness of fibres was affected by N, and
O; XN interaction. At elevated O, the addition of N did
not change cell wall thickness, while at ambient O, the
addition of N resulted in significantly thicker cell wall
(Table 2, Fig. 8a). The cell lumen of fibres was affected
by N X P interaction (Table 2). When N was added to the
P40 treatment, the cell lumen was significantly smaller
when compared to the P40 treatment with no added N. At
PO and P80, there was no effect of N addition on the cell
lumen (Table 2, Fig. 8b).

Discussion
Width and shape of tissues and tissue ratios

The responses of tissues within thin transport roots of
O;-sensitive poplar clone to elevated O and different nutri-
ent levels were very specific. Therefore, our hypothesis that
elevated O; will negatively affect root tissue widths and that
the effect will be more pronounced at higher nutrient levels
was not confirmed. Starting from the primary xylem, ele-
vated O; and increasing P concentrations positively affected
the number of protoxylem poles. O5 acted in interaction with
N on the area of primary xylem and in interaction with P
on the area of secondary xylem. In both cases, there was
a significant positive response to elevated O within treat-
ments with no added N or P, respectively. On the other hand,
O; had no effect on widths of periderm and bark under any
nutrient treatments.

The number of protoxylem poles affects the morphol-
ogy of the root system as lateral roots emerge from the
sites adjacent to the protoxylem poles (Fayle 1975). Root
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Fig.7 Interactive effects of O;, N and P on the vessel grouping index
(mean =+ stderr.) in Os-sensitive poplar clone subjected to two levels
of O3 (AA—ambient, 2.0X AA), two levels of N (0 and 80 kg ha™!,
referred as NO and N80, respectively) and three levels of P (0, 40 and
80 kg ha™!, referred as PO, P40 and P80, respectively). N=3 plants
per treatment combination

vasculature pattern is regulated by mutually inhibitory inter-
actions between auxin and cytokinin, where primary xylem
development is promoted by auxin (Bishopp et al. 2011).
Exposure to elevated O5 has been reported to change tree
hormonal status of ethylene, abscisic acid to auxin ratio and
cytokinins (Kraigher et al. 2008; Hoshika et al. 2019; Podda
et al. 2019). As plant development under stress conditions
is regulated by the interplay of different hormonal path-
ways (O’Brien and Benkova 2013), elevated O; may have a
modulatory effect on the development of tissues. P is also
a known strong modulator of root architecture (Niu et al.

2013). However, the morphological response of the fine root
systems (<2 mm) from the same experiment did not reveal
any effect of P or O; on root branching density (Mrak et al.
2020). As P was not the main limiting nutrient for biomass
growth in any of the concentration applied in this experi-
ment (Zhang et al. 2018; Mrak et al. 2020), it appears that
an anatomical predisposition for higher number of lateral
roots did not manifest in the actual lateral root formation.

The diameter of the primary xylem was found to be
closely correlated to the number of the protoxylem poles
(Horsley and Wilson 1971), which was confirmed in our
study (data not shown). Furthermore, the number of pro-
toxylem poles is positively associated with the longevity of
roots, i.e. triarch and tetrarch roots tend to form secondary
roots, whereas diarch roots tend to die before transition into
secondary growth (Hishi and Takeda 2005a, b). Produc-
tion or initiation of roots with potentially greater longevity
would be beneficial for a tree as it would reduce the costs
for production of new roots under the O; exposure which is
known to reduce the supply of carbohydrates belowground
(Andersen 2003).

An increased area of secondary xylem due to elevated
O; was reflected in the lower bark to secondary xylem ratio
under elevated O;. The lower bark to secondary xylem
ratio indicates a greater investment into xylem and less into
phloem. This is the opposite to what was found for oak roots
under elevated O; in well-watered conditions (Mrak et al.
2019). However, the greater secondary xylem area in poplar
roots under elevated O; was not reflected in the root biomass
of the same plants, as root biomass under elevated O; was
decreased (Mrak et al. 2020), indicating a changed struc-
ture of the secondary xylem and bark that could manifest as
decreased cell wall thickness or changes in chemical struc-
ture. Greater secondary xylem area was also not reflected
in the cumulative area of vessels, but it was reflected in the
increased accumulated potential hydraulic conductivity
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Fig.8 Fibre cell wall thickness (a) and fibre cell lumen diameter (b)
(mean =+ stderr.) in the secondary xylem of Os-sensitive poplar clone
roots subjected to two levels of O; (AA—ambient, 2.0 x AA), two
levels of N (0 and 80 kg ha™!, referred as NO and N80, respectively)

(K}) which could supply greater amounts of water to the
aboveground parts. As O; induces stomatal sluggishness
and increases night-time stomatal conductance in this poplar
clone, water use efficiency of the O;-stressed trees is reduced
and might be compensated by greater delivery of water to
the aboveground parts (Hoshika et al. 2015, 2019). Changes
in auxin concentration were found to control the expression
of genes in the process of secondary xylem formation, but
ethylene and gibberellin appear to be involved, too (Nilsson
et al. 2008). The application of ethylene to hybrid poplar
stems induced 5 X thicker xylem and 2 X thicker phloem for-
mation (Junghans et al. 2004). O5 treatment is usually asso-
ciated with a decrease in secondary xylem width (Matyssek
et al. 2002; Kaakinen et al. 2004), while our contradictory
results correspond to results of Makkonen et al. (2016) who
found increased widths of growth rings under O; exposure
in spruce. As ethylene was shown to increase in leaves of
O, treated trees (Q. ilex; Cotrozzi et al. 2017, poplar Oxford
clone; Hoshika et al. 2019), it might be possible that it exerts
effects on root anatomogenesis due to its freely diffusable
nature (Park et al. 2017).

Cells of secondary xylem

Contrary to our expectations elevated O5 did not exert a
negative effect on vessel sizes, which were also not affected
by nutrient addition. However, elevated O; decreased vessel
density and acted in a tripartite interaction with N and P on
the vessel grouping pattern. The negative effect of elevated
O; was confirmed for cell wall thickness of secondary xylem
fibres where O; acted in interaction with N, while the fibre
lumen was affected only by N X P interaction.
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and three levels of P (0, 40 and 80 kg ha™!, referred as PO, P40 and
P80, respectively). (Mean +stderr.), N=3 plants per treatment com-
bination

Generally, vessel density and vessel size in plants are
regulated with decreasing auxin levels from shoots to roots.
Therefore, lower levels of auxin in roots result in a lower
density and bigger size of vessels in roots (Aloni 2007).
It was shown that O; has a modulating effect on auxin
polar transport and stimulates stress-induced morphogenic
responses in Arabidopsis (Blomster et al. 2011), while ele-
vated O; was reported to decrease an expression of auxin-
binding protein (ABP1) in leaves of moderately O; tolerant
Populus tremuloides clone (Gupta et al. 2005). However,
the role of ABP1 in auxin perception and signalling is still
unclear (Gelova et al. 2021). Based on these two reports,
the effects of elevated O; on vessel density via auxin cannot
be excluded. In our experiment, the vessel density in roots
was negatively affected by O;, but interestingly no effect on
vessel size was observed. It appears that vessel density is a
more sensitive parameter than vessel size, corresponding to
findings of Schume et al. (2004). In an experiment contain-
ing three species of oak, across all three species the response
to O; was an increased vessel density, while a decrease in
vessel size was observed only in one of the investigated spe-
cies (Mrak et al. 2019). Although the plants from our experi-
ment had a significantly higher total biomass when supplied
with additional N (+97%, Zhang et al. 2018), this increased
growth was not reflected in increased potential hydraulic
conductivity (K, directly correlated to vessel size and den-
sity, and K, directly correlated to vessel size and number)
as theoretically proposed by Goldstein et al. (2013) and
supported by several studies. The fast growth might not be
related to any specific anatomical feature of branch or coarse
root xylem, but merely to empirical (i.e. measured) sapwood
area-specific hydraulic conductivity (K,) (Hajek et al. 2014).
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The absence of the correlation between the growth rate and
vessel size has been explained by the properties of the vessel
pit membrane structure (Hajek et al. 2014). In our experi-
ment, the absence of any specific effect of O; and nutrients
on vessel size or xylem-specific potential conductivity could
also be result of very high variability in vessel size inside
the roots of a single plant (Fig. S2). As pointed out by Hajek
et al. (2014), roots have a considerable anatomical plastic-
ity reflecting their functional diversity, which means that
within a given diameter class significantly different potential
xylem-specific hydraulic conductivity can be encountered
due to the presence of high conductivity roots.

As mentioned above, vessel density but not vessel size
was affected by O; despite their previously reported tight
correlation (Schume et al. 2004, Savage et al. 2010). Our
results revealed that a stronger correlation between tan-
gential vessel diameter and vessel density was encountered
under ambient O;, indicating a slight dysregulation of ves-
sel formation under elevated O;. Therefore, small vessels
occurred with higher density under ambient O; compared
to elevated O;. In the case of nutrients, stronger correlations
between vessel density and vessel tangential diameter were
found for higher addition of nutrients.

The pattern of vessel grouping within a single species is
associated with exposure to stress (Zhao 2016) and fertilisa-
tion (Spannl et al. 2016). Within species there is a positive
correlation between vessel grouping and habitat dryness
(Carlquist 1966; von Arx et al. 2013; Schuldt et al. 2016).
It was suggested that vessel grouping may result in higher
likelihood of cavitation advancement through the neighbour-
ing vessels (von Arx et al. 2013 and references therein), or
alternatively greater resistance to cavitation (Schuldt et al.
2016). In relation to nutrient addition, fertilisation with N
and N + P resulted in an increased vessel grouping index and
a higher mean vessel group size in the stem of tropical mon-
tane tree species (Spannl et al. 2016). In our experiment, the
vessel grouping index and mean vessel group size were high-
est in combination of NO-PO with AA, and N80-P80 with
AA, indicating that only balanced N:P ratios induce vessel
grouping. Elevated O; obviously prevented the modulating
effect of nutrients on the vessel grouping index. It has been
reported that inhibition of polar auxin transport in hybrid
poplars induces clustering of vessels (Junghans et al. 2004;
Johnson et al. 2018). Based on this finding, we suggest that
during xylogenesis under specific nutrient combinations in
ambient O3, decreased auxin transport in roots is encoun-
tered. In the light of functionality of the water conducting
system, elevated O; prevents the adaptation of cavitation
resistance to changing ratios of N and P.

Our finding that at ambient O; the addition of N signifi-
cantly increased fibre cell wall thickness in the secondary
xylem, while at elevated O; levels addition of N had no
effect on cell wall thickness may indicate that elevated O,

reduced carbon allocation for cell wall formation. This is
in accordance with the finding that cellulose synthesis in
poplars is reduced under elevated O; (Richet et al. 2011).
The reduction of the cellulose to lignin ratio could be a com-
pensatory mechanism that would allow radial growth with
lower carbon costs. The fact that elevated O, prevented the
use of N for fibre cell wall synthesis is also in concert with
the results revealed in our previous paper detailing that the
biomass of roots from Oj treated plants is lower (Mrak et al.
2020) and that plants exposed to elevated O; cannot fully
exploit available N in soil due to a smaller root surface area
per soil volume (Mrak et al. 2020).

Radial expansion of fibres is controlled by auxin as well
(Nilsson et al. 2008). In our study, the cell lumen of fibres
was affected by N X P interaction. When N was added to
P40 treatment, the cell lumen was significantly larger than
when compared to treatments with no added N, while at PO
and P80, no effect was observed. These results indicate the
importance of nutrient ratios on root anatomical responses,
as already indicated by the vessel grouping pattern.

Conclusions

The results of our study indicate that poplar root anatomi-
cal properties were changed by the elevated O;. Responses
depended on the tissue or cell type and were mainly affected
by the N and/or P levels. Our results suggest that under ele-
vated O;, compensatory mechanisms are switched on, that
may change tree functioning. In conditions of elevated O,
the increased secondary xylem area resulted in increased
accumulated potential hydraulic conductivity (K} that could
compensate for O-induced decreased water use efficiency.
Elevated O; could prevent the adaptation of cavitation resist-
ance to changing ratios of nutrients through its effect on ves-
sel grouping, which could potentially affect the survival of
trees under drought or frost. Most importantly, the applica-
tion of N in combination with elevated O5 did not result in an
increased fibre cell thickness as it happened under ambient
O;, indicating C-saving mechanisms. Wood under elevated
O; would be less dense, with implications for C sequestra-
tion belowground and strength of root anchoring into the
soil. Several responses related to auxin found in this study
point to importance of elucidation of nutrient ratios and O,
effects on trees from the perspective of plant hormones. As
our current study mainly focused on anatomical structure
of roots in the terms of function in transport of water and
solutes, it would be necessary to investigate the role of roots
as storage organs (i.e. the amount of parenchyma cells in
primary and secondary tissues) under O; exposure combined
with different nutrient levels or ratios in the future.
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