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To better understand the long-term impact of  Ophiostoma novo-ulmi Brasier on leaf  physiology in ‘Dodoens’, a Dutch elm 
disease- tolerant hybrid, measurements of  leaf  area, leaf  dry mass, petiole anatomy, petiole hydraulic conductivity, leaf  and 
branch water potential, and branch sap flow were performed 3 years following an initial artificial inoculation. Although fungal 
hyphae were detected in fully expanded leaves, neither anatomical nor morphological traits were affected, indicating that there 
was no impact from the fungal hyphae on the leaves during leaf  expansion. In contrast, however, infected trees showed both a 
lower transpiration rate of  branches and a lower sap flow density. The long-term persistence of  fungal hyphae inside vessels 
decreased the xylem hydraulic conductivity, but stomatal regulation of  transpiration appeared to be unaffected as the leaf  water 
potential in both infected and non-infected trees was similarly driven by the transpirational demands. Regardless of  the fungal 
infection, leaves with a higher leaf  mass per area ratio tended to have a higher leaf  area-specific conductivity. Smaller leaves had 
an increased number of  conduits with smaller diameters and thicker cell walls. Such a pattern could increase tolerance towards 
hydraulic dysfunction. Measurements of  water potential and theoretical xylem conductivity revealed that petiole anatomy could 
predict the maximal transpiration rate. Three years following fungal inoculation, phenotypic expressions for the majority of  the 
examined traits revealed a constitutive nature for their possible role in Dutch elm disease tolerance of  ‘Dodoens’ trees.
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Introduction

Ophiostoma novo-ulmi Brasier is a highly pathogenic fungus caus-
ing Dutch elm disease (DED), which has devastated most Euro-
pean elm populations during the current pandemic ( Brasier 2000). 
Dutch elm cultivars of the 1960s and 1970s have shown varying 
degrees of resistance to DED, and several European elm-breeding 
programmes have subsequently been established to identify toler-
ant cultivars such as ‘Dodoens’ ( Ghelardini and  Santini 2009). 
‘Dodoens’ tolerance to DED has also been demonstrated in recent 
studies. Three years following an artificial fungal inoculation by a 
highly pathogenic strain of O. novo-ulmi subsp. novo-ulmi × O. novo-
ulmi subsp. americana, no visible symptoms of DED were observed 
( Ďurkovič et al. 2013). Surprisingly, observations related to the 

above study using scanning electron microscopy (SEM) revealed 
that, 3 years after inoculation, fungal hyphae were spreading 
through functional leaf xylem tissue. The impact of these hyphae 
on the overall functioning of the infected tree is unknown.

Infection by Ophiostoma is characterized by the production of 
cell wall degrading enzymes ( Svaldi and  Elgersma 1982,  Binz 
and  Canevascini 1996) and high molecular weight toxins ( Van 
 Alfen and  Turner 1975,  Takai and  Richards 1978), followed by 
the formation of alveolar structures, tyloses and gels inside the 
infected vessels, leading to their occlusion and subsequent cavi-
tation ( Newbanks et al. 1983,  Ouellette et al. 2004). Thus, it 
could be assumed that the presence of Ophiostoma hyphae 
inside vessels of ‘Dodoens’ trees is followed by the dysfunction 
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of these infected vessels, which are never again used to conduct 
water. These vessels could decrease xylem hydraulic conductivity 
to the extent that it leads to leaf water stress ( Urban and  Dvořák 
2014). Infected leaves of ‘Dodoens’ should respond to such an 
impediment by lowering the water potential, causing possible 
additional cavitation and enhanced leaf water stress, and/or by 
lowering transpiration through stomatal closure and thereby 
affecting the tree’s carbon gain ( Larcher 2003,  Dias et al. 2014).

Leaf regulation of water vapour loss is required to maintain leaf 
water potentials above the critical threshold of xylem cavitation and 
the turgor loss point ( Sperry et al. 1998,  Guyot et al. 2012). 
Plants improve leaf water potential regulation when they are 
exposed to long-lasting water stress and are able to decrease the 
minimum leaf water potential without deterioration ( Otieno et al. 
2005). Nevertheless, Ophiostoma toxins could also alter water 
potential regulation, as greater concentrations of toxins could 
reduce xylem hydraulic conductivity and decrease water potentials 
below the turgor loss point ( Van  Alfen and  Turner 1975). Based 
on this possibility, it would be worthwhile to compare transpiration 
rates of healthy and stressed trees, as sap flow is driven by hydrau-
lic conductivity (closely related to conduit diameter) and water 
potential gradients. Theoretically, the transpiration rate could be 
similar in healthy and stressed trees, as lower hydraulic conductiv-
ity would be balanced by greater water potential gradients.

Re-infestation of newly developed xylem tissues could lead to 
chronic stress and to xylem modifications. Leaf water stress is 
usually accompanied by an increase in leaf mass per area ratio 
(LMA) or sapwood to leaf area ratio (‘Huber value’, HV), as leaves 
that develop with low water availability are denser and have lower 
expansion rates ( Mencuccini and  Grace 1995,  McDowell et al. 
2002,  Poorter et al. 2009,  Limousin et al. 2010). Leaf density 
modifications are also accompanied by changes in the xylem 
structure, as plants form xylem with an increased resistance to 
drought-induced cavitation in order to withstand lower water 
potentials ( Tyree and  Zimmermann 2002,  Bréda et al. 2006).

In the present study, 3 years following fungal inoculation, we 
studied the petiole anatomy, leaf morphological traits (such as 
LMA and HV), water potential, potential transpiration and maxi-
mal measured transpiration rates of branches on infected trees 
of ‘Dodoens’. We hypothesized that the long-term persistence 
of fungal hyphae inside vessels of infected trees (i) will affect 
the diameter of petiole vessels and will increase LMA and HV as 
a consequence of the possible long-term (several years) water 
stress of leaves and (ii) the transpiration rates of infected and 
non-infected trees will not differ, as lower hydraulic conductivity 
will be balanced by greater water potential gradients.

Materials and methods

Study site

The experimental field plot was located at Banská Belá, Slovakia 
(48°28′N, 18°57′E, 589 m above sea level (a.s.l.)). According 

to the meteorological station at Arboretum Kysihýbel in Banská 
Štiavnica (540 m a.s.l.), located 3.6 km southwest of the study 
site, the climate of the area is characterized by a mean annual 
temperature of 7.7 °C and a mean annual precipitation of 
831 mm. The soil has a silt-loam texture and is classified as 
Eutric Cambisol formed from the slope deposits of volcanic 
rocks (andesite and pyroclastic materials).

Plant material, fungal inoculation and host responses

The experiments were conducted on leaves and branches of 
clonally micropropagated 10-year-old trees of the Dutch elm 
hybrid cultivar ‘Dodoens’ (open pollinated Ulmus glabra Huds. 
‘Exoniensis’ × Ulmus wallichiana Planch. P39) during the 2011 
growing  season, i.e., 3 years following fungal inoculation. A total 
of three branches (one branch from each of three trees) without 
the inoculation treatment and a total of four branches (one 
branch from each of four trees) inoculated with the fungus were 
chosen. The height of the trees was 720 ± 61 cm and the stem 
diameter at breast height was 8.4 ± 1.7 cm. All branches were 
south oriented, fully exposed to sun, at least 1 m long and with 
a maximal base diameter of 2 cm. The planting scheme and the 
distribution of inoculated and control trees are shown in Figure 
S1 available as Supplementary Data at Tree Physiology Online.

A description of tree inoculation was given by  Solla et al. 
(2005) and  Ďurkovič et al. (2013). Briefly, the spore suspen-
sion (1 × 107 spores ml–1) of O. novo-ulmi subsp. novo-ulmi × 
O. novo-ulmi subsp. americana isolate M3 was inoculated into 
the current-year annual ring, 20 cm above the base of the stem, 
at the beginning of June 2008. This isolate proved to be ssp. 
americana in a fertility test and had a cerato-ulmin (cu) gene 
profile of ssp. americana, but also had a colony type (col1) 
gene profile of ssp. novo-ulmi ( Konrad et al. 2002,  Dvořák et al. 
2007). Fifteen weeks after tree inoculations, expressions of 
DED symptoms (leaf wilting, yellowing or dying) in infected 
trees reached up to 10%, but no signs of DED external symp-
toms were found 3 years later in 2011. Upon fungal infection, 
distinct discolorations of the stem infection zones were concen-
trated mostly in the earlywood of the 2008 annual ring (Fig-
ure 1a), where they represented 2% of the 2008 annual ring 
area at a height of 80 cm above the inoculation point. Within 
both the 2008 and 2009 annual rings, infected trees responded 
to fungal infection with the formation of barrier zones and an 
altered pattern of secondary xylem annual ring organization 
(Figure 1b) compared with that found in non-infected trees 
(Figure 1c). Fungal hyphae (Figure 1d) were microscopically 
detected inside vessels of these two annual rings causing a 
degradation of medium-molecular weight macromolecules of 
cellulose ( Ďurkovič et al. 2014). Within the 2011 annual ring, 
no discoloration of the wood and no fungal colonizations were 
observed in the infected trees. However, we occasionally 
observed minute fungal hyphae inside vessel elements of the 
leaf midrib primary xylem (Figure 1e).
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Scanning electron microscopy images  
of wood and leaf midrib

In July 2011, fully expanded leaves were sampled from the 
branches adjacent to those on which sap flow measurements 
were performed. Leaf midrib (0.4 × 0.4 cm) cross sections were 
immersed in 5% glutaraldehyde in a 0.1 M cacodylate buffer at 
pH 7.0, dehydrated in ethanol and acetone, and dried in liquid 
CO2 using a Leica EM CPD030 critical point drier (Leica Micro-
systems, Wetzlar, Germany). After the current-year growing sea-
son was completed in November 2011, 4-cm-thick wood discs 
were sawn from the trunks at a height of 1 m. Both leaf midrib 
and wood cross sections were mounted on specimen stubs, 
sputter-coated with gold and observed by high-vacuum SEM 
using a VEGA TS 5130 instrument (Tescan, Brno, Czech Repub-
lic) operating at 15 kV. In all, 18 leaf midrib cross sections and 
18 wood cross sections were examined for the presence of 
fungal hyphae inside xylem conduits of infected trees.

Sap flow and meteorology

Sap flow and meteorology measurements were performed on 
26 August 2011. This day was chosen because it was cloudless 
and followed a period of rain that reduced the likelihood of soil-
derived drought stress. Sap flow measurements were performed 
at the base of the individual branches using the EMS 62 modu-
lar sap flow system (EMS, Brno, Czech Republic). Sap flow was 
measured at 1-min intervals and stored as 10-min averages. In 
addition, the following meteorological variables were measured 
near the experimental field plot, using Minikin RTH (EMS) at 
1-min intervals and stored as 10-min averages: air temperature 

at a height of 2 m, air humidity and global radiation. Reference 
evapotranspiration (ET0) for the hypothetical grass reference 
crop was then calculated as described in  Allen et al. (1998).

Water potential

Water potentials of leaves (Ψl) and branches (Ψb) were measured 
on branches adjacent to the one where the sap flow was mea-
sured, using a Scholander pressure chamber PMS 1000 (PMS 
Instrument Co., Albany, OR, USA). To determine Ψb, one branch per 
tree was enclosed in a black plastic bag to prevent transpiration. 
The water potential of the enclosed leaves was then measured, 
based on the assumption that the water potential of the enclosed 
leaves equilibrated to the water potential in the branches ( Riceter 
1973,  Bauerle et al. 1999). The measurements were performed 
on 26 August 2011 at 2-h intervals from 06:00 to 18:00 hours.

Leaf and branch traits

Branches were cut at the point of sap flow measurement. Then, 
branch length (lb) and branch basal xylem area without pith 
(Axb) were measured using a tape measure and an Olympus 
SZX7 zoom stereo microscope (Olympus Czech Group Corpora-
tion, Prague, Czech Republic), respectively. Maximal sap flow 
density at the branch base (Qmax) was calculated by dividing the 
maximal measured sap flow rate by Axb. All leaves from individual 
branches were arranged from the smallest to the largest, and 
each sixth or seventh leaf (based on total number of leaves) was 
chosen for detailed analysis. For each branch, 8–32 sample 
leaves were collected. Sample leaves were scanned and the leaf 
area without petioles was measured using image analysis ImageJ 

Impact of Ophiostoma on tolerant elm hybrid ‘Dodoens’ 3

Figure 1. Distribution of DED inside the xylem tissues of infected ‘Dodoens’ trees. (a) Wood disc cross section, 80 cm above the point of inoculation, 
showing distinct infection zones (red arrows) concentrated mostly in earlywood of the 2008 annual ring. (b) Formation of many narrowed latewood 
vessels in the 2009 annual ring in response to fungal infection; SEM, cross section, scale bar = 500 µm. (c) Wild-type pattern of latewood organization 
in the 2009 annual ring of non-infected trees; SEM, cross section, scale bar = 500 µm. (d) Ophiostoma novo-ulmi subsp. novo-ulmi × O. novo-ulmi subsp. 
americana hyphae (white arrows) inside an earlywood vessel of the 2009 annual ring; SEM, radial section, scale bar = 50 µm. (e) Fungal hyphae inside 
vessel elements of the leaf midrib primary xylem; SEM, cross section, scale bar = 10 µm. Image (a) is adapted from  Ďurkovič et al. (2015); images 
(d) and (e) are adapted from  Ďurkovič et al. (2013).
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1.45 software. Sample leaves were then oven-dried at 60 °C for 
48 h and weighed. Mean leaf area (Al) was calculated from the 
sample leaves, and total leaf area (Ab) plus total leaf dry mass 
(mb) per branch were then recalculated based on the number of 
sample leaves and the total number of leaves per branch (n). 
The trait LMA was calculated as the ratio of leaf dry mass to leaf 
area, and the HV and HVm were calculated as the ratios of Axb to 
Ab and mb, respectively.

Petiole anatomy

Twenty petioles per branch were sampled. Petioles were fixed in 
FAA solution (90 ml of 70% ethanol, 5 ml acetic acid and 5 ml 
of 40% formaldehyde). Cross sections were taken manually with 
a razor blade from petioles slightly above the pulvilus, and were 
stained with phloroglucinol and HCl to highlight cell wall lignifica-
tion by red staining. Stained sections were examined using an 
Olympus BX51 light microscope (Olympus Czech Group Corpo-
ration) and photographed with an Olympus E-330 digital camera 
(Olympus Czech Group Corporation) using QuickPHOTO Micro 
2.3 software (Promicra, Prague, Czech Republic). On the micro-
graphs obtained, all vessel lumens were manually coloured using 
Adobe Photoshop 9.0.2 software (Adobe Systems Inc., San Jose, 
CA, USA). For each cross section, the maximal diameter (dmax), 
minimal diameter (dmin) and lumen area (Alum) of each vessel 
were measured within the petiole xylem area (Axl) using ImageJ 
1.45 software. Mean diameter of vessels responsible for 95% of 
hydraulic conductivity (D95) was determined as described by 
 Tyree and  Zimmermann (2002). Vessel lumen area percentage 
(NA) and vessel density (Nn) were calculated per unit area of Axl.

Measured transpiration and potential transpiration 
of branches

Leaf area-specific transpiration rate (E) was calculated by divid-
ing the measured sap flow rate by Ab. Accordingly, the maximal E 
(Emax) was calculated from maximal sap flow rate. Theoretical 
hydraulic conductivity was used to infer potential transpiration 
rate. The theoretical hydraulic conductivity of each vessel (kvess) 
was calculated according to the Hagen–Poiseuille law ( Cruiziat 
et al. 2002,  Woodruff et al. 2008) (Eq. (1)). Because the cross 
section of the vessel lumen was fitted by an ellipse, a modifica-
tion to the formula was applied as recommended by  Martre et al. 
(2000) and  Nobel (2005) (Eq. (2)). The theoretical hydraulic 
conductivity of the petiole cross section (kp) was calculated as 
the sum of all kvess in the petiole. Then, the leaf area-specific 
potential transpiration rate (Eth) was derived from the theoretical 
mass flow through the petioles (Eq. (3)).
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where ρ is the density of water at 20 °C (998.205 kg m–3), η is 
the viscosity of water at 20 °C (1.002 × 10–9 MPa s), rlum is the 
lumen radius, n is the total number of leaves and ΔΨ is the 
maximal difference between leaf and branch water potentials 
(Ψl − Ψb).

Xylem area-specific conductivity (kx), leaf area-specific con-
ductivity (kl) and leaf mass-specific conductivity (km) were then 
calculated as kp divided by xylem area (Axl), leaf area (Ab) and 
leaf mass (mb), respectively.

Abbreviations of the traits used in this study are given in Table 1.

Statistical analysis

Data were analysed using multiple analysis of variance, which 
was complemented by analysis of variance for each dependent 
variable. Differences between infected and non-infected trees 
were evaluated using the Student’s t-test, with the significance 
limit set to P < 0.05. Multivariate associations were analysed 
with a principal component analysis (PCA) to describe patterns 
of covariation among leaf, branch and ecophysiological traits. 
Mean values are presented with ± standard deviation (SD). Sta-
tistical analysis was carried out using the R statistical program ( R 
 Development  Core  Team 2012).
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Table 1. Overview of the traits studied, their abbreviations and the units 
used throughout this study.

Trait Explanation Unit

Ab Branch leaf area m2

Al Leaf area cm2

Axb Branch basal xylem area mm2

Axl Leaf petiole xylem area mm2

D95 95th percentile vessel diameter µm
E Measured transpiration g m−2 h−1

Emax Maximal measured transpiration g m−2 h−1

Eth Theoretical transpiration g m−2 h−1

ET0 Reference evapotranspiration g m−2 h−1

HV Huber value per leaf area m2 m−2

HVm Huber value per leaf dry mass mm2 g−1

kl Leaf area-specific hydraulic conductivity kg m−1 MPa−1 s−1

km Leaf dry mass-specific hydraulic 
conductivity

kg kg−1 m MPa−1 s−1

kx Petiole xylem area-specific hydraulic 
conductivity

kg m−1 MPa−1 s−1

lb Branch length m
LMA Leaf mass per area ratio g m−2

mb Leaf dry mass g
n Number of leaves –
NA Vessel lumen area percentage %
Nn Vessel elements density no. per mm2

Qmax Maximal sap flow density g mm−2 h−1

Ψl Leaf water potential MPa
Ψmin Minimal leaf water potential MPa
ΔΨ Gradient of water potential MPa m−1
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Results

Influence of the fungus on transpiration  
of branches and the examined traits

The mean predawn water potential was −0.3 ± 0.14 MPa irre-
spective of fungal infection, indicating adequate soil water avail-
ability. The ET0 reached a maximum of 800 g m–2 h–1. The 
transpiration rate (E) of infected trees was found to be lower 
from morning until late afternoon than that of non-infected trees 
(Figure 2). Accordingly, maximum branch transpiration rates 
(Emax) were 42% lower in infected versus non-infected trees 
(P = 0.036, Table 2), while the calculated potential transpiration 
rate (Eth, Eq. (3)) showed no difference between the two treat-
ments. Even though Emax of infected trees was lower, no signifi-
cant differences were observed between infected and 
non-infected trees in the daily course of leaf water potential (Ψl, 
Figure 3), minimum leaf water potential (Ψmin) and gradient of 
water potential (ΔΨ, Table 2). Infected trees had also a lower 
maximal sap flow density (Qmax, P = 0.047, Table 2), which was 
consistent with a lower Emax per unit of branch xylem area (Axb, 
P = 0.047, Table 2) in infected trees. The mean Emax of all 
branches was 191 ± 66 g m–2 h–1 and was 18% lower than the 
mean Eth. The value of Emax in infected trees was on average 
lower by 20% than Eth, in contrast to non-infected trees, where 
Emax exceeded Eth by 1%. However, the Eth to Emax ratio did not 
differ between infected and non-infected trees (P = 0.30, 
 Figure 4). The LMA, HV and HVm also did not differ between 
infected and non-infected trees (see Table S1 available as 
 Supplementary Data at Tree Physiology Online). Additionally, the 
Axb, branch leaf area (Ab), leaf dry mass (mb) and other leaf and 
branch traits did not differ between these two treatments (see 
Tables S1 and S2 available as Supplementary Data at Tree 
 Physiology Online).

Allometric relationships among the examined traits

The trait Eth was positively correlated with LMA (P = 0.014, 
r2 = 0.73, Figure 5) and leaf area-specific hydraulic conductivity 
(kl, P = 0.006, r2 = 0.81). The LMA was also positively corre-
lated with kl (P = 0.03, r2 = 0.64, Figure 5). Correlation between 
LMA and petiole xylem area-specific hydraulic conductivity (kx) 

Impact of Ophiostoma on tolerant elm hybrid ‘Dodoens’ 5

Figure 2. Transpiration of infected and non-infected trees during the day 
of measurement (26 August 2011). Infected trees show a lower transpi-
ration from the morning until late afternoon. Thick lines indicate average 
transpiration and grey background with dashed lines indicates SD. 
Abbreviations are given in Table 1.

Table 2. Comparison of transpiration, sap flow density and water poten-
tial measurements between infected and non-infected trees. Abbrevia-
tions are given in Table 1. Data represent means ± SD. Significance is 
denoted as *P < 0.05.

Trait Unit Non-infected Infected P-value

Emax g m−2 h−1 250.38 ± 66.58 145.75 ± 30.23 0.036*
Eth g m−2 h−1 250.27 ± 76.44 221.54 ± 116.40 0.728
Emax to Axb – 3.73 ± 0.81 1.66 ± 0.17 0.047*
Qmax g mm−2 h−1 1.27 ± 0.49 0.54 ± 0.24 0.047*
Ψmin MPa −1.57 ± 0.06 −1.54 ± 0.10 0.359
ΔΨ MPa m−1 0.67 ± 0.15 0.58 ± 0.10 0.682

Figure 3. Leaf water potential in infected and non-infected trees from 
06:00 to 18:00 hours during the day of measurement (26 August 
2011). There is no difference in leaf water potential between infected 
and non-infected trees. Circles denote mean values and bars denote SD. 
Abbreviations are given in Table 1.

Figure 4. Comparison between the maximal measured transpiration 
(Emax) and calculated potential transpiration (Eth). Open circles denote 
non-infected trees, and closed circles denote infected trees. Dashed line 
signifies 1 : 1 ratio.
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was non-significant (P = 0.07, r2 = 0.51, Figure 5), and no rela-
tionships have been found between LMA and other leaf traits. 
However, kx showed a strong correlation with leaf area (Al, 
P = 0.005, r2 = 0.81), leaf  xylem area (Axl, P < 0.001, 
r2 = 0.92), vessel element density (Nn, P = 0.005, r2 = 0.82), 
vessel lumen area percentage (NA, P < 0.001, r2 = 0.98) and 
mean vessel diameter (D95, P < 0.001, r2 = 0.97, Figure 6). 
Correlations of this kind, except that between kx and Al, could be 
expected, as hydraulic conductivity is tightly driven by vessel 
dimensions. The leaf dry mass-specific hydraulic conductivity 
(km) did not show any correlation with other leaf traits except Nn 
(P = 0.05, r2 = 0.57). The trait Nn also correlated with kl 
(P = 0.007, r2 = 0.79). In addition, neither HV nor HVm had any 
significant correlation with any leaf and branch traits other than 
those used for calculation of HV or HVm (i.e., Axb, mb and Ab).

Associations among the examined traits

The first axis of PCA explained 31% of the variation and showed 
strong negative loadings for LMA, Al and Axl, and hydraulic traits 

such as kx, kl and Eth (Figure 7, Table S3 available as Supplemen-
tary Data at Tree Physiology Online). In contrast, a strong posi-
tive loading was found for Nn. The second axis explained 21% 
of the variation and showed strong positive loadings for HV, HVm 
and Axb, and a strong negative loading for Ab. The traits Emax and 
ΔΨ had a very close association, indicating a strong correlation. 
Similarly, LMA was closely associated with petiole hydraulic 
traits (D95, kx and NA) as well Eth, which connects the petiole 
hydraulics with ΔΨ. The multivariate analysis of PCA did not 
show any distinctive segregation between infected and non-
infected trees (Figure 7).

Discussion

Influence of the fungal infection on leaf traits and 
transpiration of branches

Following rapid earlywood formation in the host during the 
spring season, the subsequent colonization of earlywood ves-
sels by fungal hyphae may influence both the development of 
leaf biomass and anatomy as a consequence of the xylem water 
pathway disturbance ( Van  Alfen and  Turner 1975,  Newbanks 
et al. 1983). The leaves in DED-affected trees frequently show 
responses similar to those of leaves subjected to drought 
stress—i.e., LMA and HV increased ( McDowell et al. 2002, 
 Poorter et al. 2009,  Limousin et al. 2010), and conduit size, leaf 
area and transpiration rates decreased ( Tyree and  Zimmermann 
2002,  Otieno et al. 2005,  Bréda et al. 2006,  Urban and  Dvořák 
2014). In infected trees of ‘Dodoens’, the spreading of fungal 
hyphae was restricted to the 2008 and 2009 secondary xylem 
annual rings ( Ďurkovič et al. 2014), thereby leaving the current-
year annual ring without distinct fungal colonization. This might 
be a reason why we did not find any significant differences for 
the majority of the examined leaf and branch traits between 
infected and non-infected trees. The occasional occurrence of 
minute fungal hyphae inside vessel elements of the leaf midrib 
primary xylem might result either from the still continuing sporu-
lation of the hyphae present in vessels of the previous 2008 
and 2009 secondary xylem annual rings or from reintroduction 
of the fungus into the examined branches from the surrounding 
forest environment. Nevertheless, this event had no direct influ-
ence on the anatomical and morphological traits of infected 
trees during leaf expansion. From a biochemical point of view, 
such a pattern could be explained by the intrinsic mechanisms 
of tolerance of the xylem tissues. The host tree cell wall defence 
system has great ability to impede the spreading of the Ophios-
toma pathogen ( Ouellette and  Rioux 1992,  Martín et al. 2007, 
 Ďurkovič et al. 2014) by playing a key role in the production of 
fungitoxic substances ( Duchesne 1993,  Smalley and  Guries 
1993,  Hubbes 2004).

In contrast to the leaf traits examined in this study, as well as 
leaf transpiration that was investigated in a previous study by 
 Ďurkovič et al. (2013), infected trees showed a lower transpiration 

6 Plichta et al.

Figure 5. Linear dependencies of potential transpiration (Eth), xylem 
area-specific conductivity (kx) and leaf area-specific conductivity (kl) on 
LMA. Open circles denote non-infected trees, and filled circles denote 
infected trees. 
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(E) during the day as well as a significantly lower maximal tran-
spiration rate (Emax) of  branches than non-infected trees. 
Infected trees also showed a lower sap flow density (Qmax) at the 
base of the branches. We assume that infected trees likely had 
an increased number of cavitated vessels in either the leaves or 
the earlywood of branches. Unlike the study of  Ďurkovič et al. 
(2013) where the authors measured leaf transpiration using an 
infra-red gas analyser equipped with a small leaf cuvette at the 
end of June 2011, in this study, we measured sap flow within 
entire branches late in the growing season, at the end of August 
2011. Peak evapotranspiration typically occurs during July. We 
hypothesize that during the growing season, the fungal spores 
and hyphae spread and grew slowly through the conductive 
pathways up to the leaf midribs, while the fungal hyphae were 
producing high molecular weight toxins ( Takai and  Richards 
1978). These toxins are able to decrease the hydraulic conduc-
tivity by the occlusion of pit membranes ( Van  Alfen and  Turner 
1975), leading to both a blockage and the cavitation of the ves-
sels during periods with high transpiration demands ( Hacke 
et al. 2001,  Cochard et al. 2004a,  Brodribb and  Holbrook 
2005a). In order to maintain gas exchange similar to healthy 
leaves, leaf water potential has to decrease by way of greater 
evaporation from the stomata so that adequate volumes of 
water can reach the leaf. However, infected and non-infected 

Impact of Ophiostoma on tolerant elm hybrid ‘Dodoens’ 7

Figure 6. Linear dependencies of leaf area (Al), petiole xylem area (Axl), mean diameter of vessels (D95), vessel lumen area percentage (NA) and ves-
sel density (Nn) on xylem area-specific hydraulic conductivity (kx). Open circles denote non-infected trees, and filled circles denote infected trees.

Figure 7. Positions of the examined branch and leaf traits plus positions 
of the examined trees on the first and second axes of the PCA. The bot-
tom and left-hand axes refer to the examined traits; the top and right-
hand axes refer to the examined trees. Percentages of variation explained 
by each of the axes are given in parentheses. I1–I4 denote infected 
trees; N1–N3 denote non-infected trees. Trait abbreviations are given in 
Table 1.
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trees showed a similar course of leaf water potential (Ψl) 
throughout the day, leading to the lower transpiration rate of 
infected trees. Moreover, when transpiration demands are high 
at midday, the leaf water potential decreases to its specific min-
imum ( Tyree and  Zimmermann 2002), stomata start to close 
( Yang and  Tyree 1993,  Brodribb and  Holbrook 2003,  Klein 
2014) and the transpiration rate decreases. In our case, mini-
mum water potential (Ψmin, −1.6 MPa) was not influenced by the 
presence of fungal hyphae in the water-conducting xylem cells, 
which is typical for more isohydric species that close their sto-
mata to regulate their leaf water potential at a species-specific 
minimum ( Klein 2014,  Martínez-Vilalta et al. 2014). Consider-
ing such a value for Ψmin and a gradient of Ψ ∼0.5 MPa m−1, the 
water potential in branches reached values close to −1.0 MPa. 
Such a water potential could result in a substantial loss of con-
ductivity in small branches of elm trees ( Venturas et al. 2013, 
 2014).

Potential and measured transpiration of branches

Transpiration is directly driven by stomatal conductance and by 
the leaf-to-air vapour pressure gradient. An increase in both 
leads to water loss from leaves and generates a water pressure 
drop in leaves, which is the main driving force for the water 
transport in xylem. The leaf hydraulic conductance is a major 
determinant of tree water transport capacity ( Sack et al. 2005), 
which could indirectly affect transpiration when a decrease in 
hydraulic conductance is translated into a decline in leaf water 
potential and stomatal closure ( Brodribb and  Holbrook 2005b). 
The potential transpiration rate (Eth) that we calculated links the 
xylem capacity for water transport ( Lewis and  Boose 1995, 
 Tyree and  Zimmermann 2002) with its driving force ( Tyree 
1997) and, as such, could indirectly describe the maximal per-
formance of transpiration for any given condition. It could be 
expected that Eth of healthy ring-porous trees should be slightly 
higher than the measured transpiration (Emax), as the theoretical 
hydraulic conductivity calculated according to the Hagen– 
Poiseuille law often overestimates real hydraulic conductivity 
( Cruiziat et al. 2002,  Cochard et al. 2004b). However, in this 
study, Eth of non-infected trees was similar to Emax and, in gen-
eral, Eth closely reflected Emax. Similar values for theoretical 
(based on anatomy of petioles) and measured transpiration 
were also found in laurel forests by  Čermák et al. (2002) and for 
young oak trees (R. Plichta, manuscript in preparation). These 
results suggest that cross-sectional dimensions of vessels in 
petioles are not over-dimensioned ( Čermák et al. 2002), as they 
are tightly driven by low cost–efficiency trade-offs ( Zimmermann 
1978,  Sperry 2003,  Sperry et al. 2008). The traits Eth and Emax 
provided a direct comparison of variables with the same dimen-
sions and units and thus could capture the extent of branch 
dysfunction and/or potential infestation. In general, infested 
trees should have a lower Emax than Eth due to lower hydraulic 
conductivity. However, the relationship between Eth and E did not 

differ substantially between the two treatments even though Eth 
of infected trees was higher by 20% than Emax.

Interestingly, Eth was independent of leaf size, although peti-
ole hydraulic conductivity decreased significantly with decreas-
ing leaf size. This independence was caused by the variation in 
the water potential gradients that occurs between leaves and the 
base of branches. A comparison of gradients between branches 
could be complicated by differences in anatomical and hydraulic 
characteristics, in particular, the hydraulic resistances at junc-
tions (petiole–shoot, shoot–shoot), where the main changes in 
water potential most often occur ( Zimmermann 1978,  Tyree 
and  Zimmermann 2002).

Allometric relationships

Leaf traits are often closely associated with plant growth. The 
leaf area to cross sectional xylem area ratio (HV) is the trait 
connecting plant hydraulic architecture with carbon allocation 
( Tyree and  Zimmermann 2002,  Larcher 2003). However, in 
this study, HV and HVm correlated only weakly with other leaf 
and branch traits. Huber value does not always describe the 
water-conducting capacity very well, especially in ring-porous 
species, when it does not take into account the amount of func-
tional xylem ( Zimmermann 1978,  Tyree and  Zimmermann 
2002). Therefore, some authors have proposed using the area 
of sapwood instead of whole xylem area (e.g.,  Cruiziat et al. 
2002). In this study, we did not distinguish the area of sap-
wood, which in elm trees could be limited to just several of the 
outermost rings. This could lead to HV variation and a discon-
nection from other traits.

Leaf mass per area ratio is another fundamental trait that is 
significantly correlated with a number of other leaf traits ( Sack 
et al. 2003,  Sack and  Holbrook 2006). Several authors have 
proposed that LMA is coordinated with a complex of traits that 
have a bearing on leaf and plant carbon economy and should be 
more or less independent of transpiration rate ( Wright et al. 
2004,  Sack et al. 2005). However, we found significant, positive 
relationships between LMA and both leaf area-specific conduc-
tivity (kl) and Eth. Moreover, LMA is related to gas exchange 
variables ( Donovan et al. 2011,  Ďurkovič et al. 2013). In spite 
of this, we did not find a relationship between leaf mass-specific 
conductivity (km) and LMA ( Nardini et al. 2012). As confirmed 
by PCA, we found LMA to be correlated more closely with leaf 
area-specific traits. The reason for this could be that, in contrast 
to other authors, we focussed on petiole conductivity. The LMA 
of the examined trees ranged from 86 to 126 g m–2 indepen-
dently of the inoculation treatment. Higher LMA is derived from 
higher leaf density or thicker leaf lamina ( Poorter et al. 2009, 
 Ďurkovič et al. 2012). As we did not find a relationship between 
LMA and leaf area (Al), we suppose that the increase we 
observed in LMA was connected with an increase in leaf thick-
ness ( Ďurkovič et al. 2013). Generally, an increase in LMA is 
associated with higher carbon costs per leaf area, and the 
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 co-occurring increase in kl and Eth in this study could indicate a 
greater possibility of water supply per leaf area. This is in accor-
dance with increasing LMA in thicker sun leaves, the construc-
tion of which consumes more carbon and water ( Sack et al. 
2003).

Interestingly, branches with abundant and smaller leaves had 
a total leaf area (Ab) similar to that of branches that bore fewer 
and larger leaves. The smaller Al was accompanied by decreas-
ing xylem-specific conductivity in petioles (kx), as xylem in 
smaller leaves contained more vessels (increase in vessel ele-
ments density, Nn) with lower diameter (decrease in 95th per-
centile vessel diameter, D95) and thicker cell walls (decrease in 
vessel lumen area percentage, NA). Thus, the decrease in Al 
resulted in the improvement of leaf tolerance to hydraulic dys-
function ( Nardini et al. 2012), which occurred at the expense of 
higher carbon costs for denser xylem construction. On the other 
hand, the total carbon cost for such leaf construction could not 
be higher, as LMA did not increase in smaller leaves.

Conclusion

The results presented here showed that, 3 years following fungal 
inoculation, the hyphae of O. novo-ulmi subsp. novo-ulmi × O. 
novo-ulmi subsp. americana had no influence on the examined 
anatomical and morphological traits in ‘Dodoens’ trees. Both 
infected and non-infected trees followed the same course of 
leaf development. Also, physiological measurements did not 
reveal any substantial decline in tree functionality. On the other 
hand, the difference in transpiration of  branches between 
infected and non-infected trees highlighted the predisposition of 
‘Dodoens’ trees to xylem dysfunction should they be subjected 
to new highly aggressive strains of DED in the future. Three 
years following fungal inoculation, phenotypic expressions for 
the majority of the examined traits revealed a constitutive nature 
for their possible role in DED tolerance.

Supplementary data

Supplementary data for this article are available at Tree Physiology 
Online.
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