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A vulnerability curve (VC) describes the extent of xylem cavitation resistance. Centrifuges
have been used to generate VCs for decades via static- and flow-centrifuge methods. Recently,
the validity of the centrifuge techniques has been questioned. Researchers have hypothesized
that the centrifuge techniques might yield unreliable VCs due to the open-vessel artifact.
However, other researchers reject this hypothesis. The focus of the dispute is centred on
whether exponential VCs are more reliable when the static-centrifuge method is used than
with the flow-centrifuge method. To further test the reliability of the centrifuge technique, two
centrifuges were manufactured to simulate the static- and flow-centrifuge methods. VCs of
three species with open vessels of known lengths were constructed using the two centrifuges.
The results showed that both centrifuge techniques produced invalid VCs for Robinia because
the water flow through stems under mild tension in centrifuges led to an increasing loss of
water conductivity. Additionally, the injection of water in the flow-centrifuge exacerbated the
loss of water conductivity. However, both centrifuge techniques yielded reliable VCs for

Prunus, regardless of the presence of open vessels in the tested samples. We conclude that
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centrifuge techniques can be used in species with open vessels only when the centrifuge

produces a VC that matches the bench-dehydration VC.

Abbreviations — BD, bench-dehydration; PLC, percentage loss of hydraulic conductivity;

LPFM, low-pressure flow meter; VC, vulnerability curve.

Introduction

There is extensive evidence that tree species with various vascular structures have different
vulnerabilities to cavitation events (Wang et al. 2014a). Vulnerability curves (VCs) have been
used for many years to quantify the tree cavitation response to drought conditions. The VC
displays the percentage loss of hydraulic conductivity (PLC) versus xylem tension
experienced during water deficit.

Since 1985, thousands of VCs have been constructed to evaluate the drought resistance of
plants (Cochard et al. 2013). Several techniques for measuring VCs have been developed and
can be classified based on how cavitation is induced or how hydraulic conductivity is
measured (Cochard et al. 2013). Bench-dehydration, air pressurization and centrifugation
have been most commonly used to induce cavitation in stems (Alder et al. 1997, Cochard et al.
1992, Ennajeh et al. 2011a, Tyree et al. 1992). Embolism induced via different methods can
be detected gravimetrically (Li et al. 2008) or through the Cavitron method (Cochard et al.
2005) by the loss of xylem hydraulic conductivity.

The Cavitron method (also called the flow-centrifuge method and ChinaTron) and the
original-rotor centrifuge method (also called the static-centrifuge method and SperryTron
method) have been a subject of debate. Cochard et al. (2010) reported that the Cavitron
method is subject to an open-vessel artifact. As stem segments are shortened, more vessels are
cut open, which leads to a more exponential-shaped curve. In contrast to a sigmoid-shaped

curve, an exponential-shaped curve indicates high PLC as soon as the xylem pressure drops
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below zero. It seems unlikely that plants would undergo such high PLC in response to a mild
water potential decrease. In recent years, studies have reported on the inaccuracy of the
Cavitron methods (Cochard et al. 2010, Choat et al. 2010, Wang et al. 2014a, Martin-StPaul et
al. 2014, Torres-Ruiz et al. 2017). However, other researchers have reported that centrifuge
curves are not always prone to the open-vessel artifact when the SperryTron method is used
(Christman et al. 2012, Sperry et al. 2012, Hacke et al. 2015).

There are several differences between the two types of centrifuge-techniques. In the Cavitron
method, the stem is tightly fixed in a narrow and limited slot. The stem ends are enclosed in
two cuvettes that are slightly larger than the stem ends. Because the holes are at different
heights on the surface of the two cuvettes, different centrifugal forces can be induced at the
two ends. Hence, the water level in the upstream cuvette decreases over time in proportion to
the water flow. The water flow through the stem can be determined by measuring the distance
between the air and water menisci in the cuvettes (Cochard et al. 2005). In the SperryTron
method, larger reservoirs are used and stem ends are remote from the reservoir ends. Because
the conductivity is not measured and the water levels at the two ends are the same during
spinning, there is no water flow through the stems (Sperry et al. 2012).

These variances in the design of the two centrifuge rotors might cause formation of additional
types of embolism during spinning. Firstly, the frequent flow induced in the Cavitron rotor
might sweep nanoparticles into the stem. These nanoparticles may be air bubbles or solid
impurities, which can be filtered out by pit membranes or vessel ends. However, in vessels
that have been cut open, solid impurities can easily be swept in and plug a functional vessel.
Air bubbles might much more easily cause embolism formation than solid impurities because
they can expand in stem vessels in which the pressure is below atmospheric pressure. Air
bubbles might also gather and expand in the centre of cut-open vessels by migrating to the
site of the most negative tension. Secondly, the cuvettes in the two centrifuge rotors are quite

different in size. To observe the meniscus in the Cavitron rotor, cuvettes are much smaller to
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allow them to be tightly fitted. The base area of a common cuvette is usually 1 cm?, which is
2-3 times larger than the area of a stem section frequently used in a Cavitron. Under this
circumstance, a large number of air bubbles can be created by water which hit the meniscus
when water is injected via a hypodermic needle during spinning. In the tiny space between the
air-filled water and stem ends, air bubbles can be easily swept in and migrate through the
open vessels. These bubbles can also expand quickly for the reasons described above.
Cuvettes in traditional centrifuge rotors are much larger, and no additional water is injected
during spinning, which should reduce the possibility of additional embolism formation.
Because no laboratory has been equipped with both types of centrifuges at the same time,
researchers have not been able to compare the VCs provided by the two methods for the same
species growing under the same conditions at the same time. Researchers measuring VCs
might have to transfer the samples to different laboratories around the world (Torres-Ruiz et
al. 2014) or take samples from the same species grown in different places. Neither of these
strategies can eliminate the effects of both cavitation fatigue and the environment on the VCs
at the same time.

To evaluate the accuracy of the two centrifuge types for measuring VCs, two types of
centrifuges (Cavitron and SperryTron) were manufactured by the Xiangyi Company, Hunan,
China. Cavitron was based and improved upon the design of Cochard et al. (2005), and
SperryTron imitated the original method (Alder et al. 1997), which has two original rotors of
different sizes. Using the two centrifuges, we tested the accuracy of the static- and
flow-centrifuge techniques. We also designed a series of control experiments to examine
species that produced exponentially shaped VCs to seek possible reasons for the open-vessel

artifact.

Materials and methods

Plant material
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Experiments were conducted on three tree species during September and October 2017.
Prunus persica and Acer mono were harvested from the south campus of Northwest A&F
University in Yangling Shaanxi, China (34°16N 108°4E, 457 m a.s.l.). Robinia pseudoacacia
stems were harvested from the bank of the Weihe River in Yangling. All experiments were
conducted on current-year stems that were harvested in the early morning. Excised branches
were longer than 1.3 m, which had been shown to be longer than the maximum vessel length
of all species. To prevent further dehydration, excised branches were enclosed in humidified
black plastic bags and brought to the laboratory within 20 min. Samples used in the
bench-dehydration method were harvested on rainy days so that the high water tension was

near zero.

Vessel length measurement and the estimation of the fraction of open vessels

The air injection method was used to measure vessel length. The computation method was as
described by Cohen et al. (2003) using a simplified apparatus as modified by Wang et al.
(2014a) and Pan et al. (2015). The method involves measuring the pneumatic conductivity
under low pressure (< 100 kPa) as stems are progressively cut shorter. The pneumatic
conductivity of the cut open vessels to the air (Cy) should be proportional to O, (see Eq. 4 in
Cohen et al. (2003)), where x is the stem length at which the air flow rate, O, was measured.
Using the theory of Cohen et al. (2003), Cy = Cpexp(—Ax), where C, is the limiting
pneumatic conductivity as x approaches zero, A is an extinction coefficient and x is the stem
length. The natural log of C versus x was plotted to obtain a slope, A. According to the theory
(Cohen et al. 2003), the mode and mean vessel length are given by L,,q.= —1/A4 and L0, =
—2/4, respectively. The fraction of open vessels in a segment of length x can be computed as

E=1—(
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VCs via the bench-dehydration method

VCs determined via the bench-dehydration method were obtained following the method
described by Tyree and Dixon (1986) and Sperry et al. (1988). Stems longer than 1.3 m were
sampled in the morning on rainy days and then dehydrated on a laboratory bench. Xylem
pressures were monitored in the adjacent three leaves in a pressure chamber (model 1505D;
PMS Instruments Co, Albany, OR,

USA). PLCs were assessed on three 5-cm segments near the sampled leaves. Before xylem
pressure and PLC measurements, the stems were enclosed in a closed black plastic bag to
equilibrate for at least 1 h. PLC was calculated as PLC = [ - K;/K,. The hydraulic
conductivity K, was determined with a low-pressure flow meter (LPFM) immediately after
the leaf pressure was measured. K, was obtained after the segments were flushed. An
average PLC versus a corresponding average tension was obtained, which is also a point on

the VC. At least 20 points were collected that could be evenly scattered to generate a VC.

VCs via the Cavitron method

Measurements of K, and VCs were carried out using a modified Cochard rotor in a
custom-designed centrifuge (Xiangyi, model H2100R) based on the Cavitron centrifuge
technique (Alder et al. 1997; Cochard et al. 2005). Design details have been described by
Wang et al. (2014b). Briefly, a 27.4 cm stem was flushed under 200 kPa for 30 min to remove
embolisms. The solution used for flushing and measuring K2 was 10 mM KCI that was
degassed and then filtered through a 0.02 um filter. For species of Robinia, Prunus and Acer,
stems were flushed to remove all embolisms at a pressure of 150 kPa, 200 kPa and 250 kPa
for 10 min, 20 min and 30 min, respectively. The pressure and time for flushing had been
verified to remove all embolisms in these species (Wang et al. 2014; Wang et al. 2015).
During flushing, the temperature was set to 25°C in the Cavitron. Flushed stems with both

ends in the cuvettes were mounted in the rotor and then spun at 1000 rpm (tension = 0.083
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MPa) for 10-20 min to stabilize. After stabilization, the K,,,, was measured. Higher spin rates
were then gradually applied to increase the tension, and then a series of K values were
measured sequentially until the PLC was above 98%. More than 6 VCs of each species were

fitted to the single or dual Weibull equation described by Cai et al. (2014).

VCs via the SperryTron method

A modified centrifuge, SperryTron, with two different-sized rotors (30 cm and 15 cm) was
constructed based on the traditional centrifuge technique (Alder et al. 1997, Li et al. 2008).
Stems were processed in the same way as described above. Stems were then assembled in the
relevant rotor with two ends dipped in custom-built reservoirs. Water was placed in the
bottom of the L-shaped reservoirs first so that it would reach the lateral part of the reservoirs
during spinning, which ensured that the stem ends would be submerged in water during
spinning. The desired negative pressure was induced by adjusting the spinning speed, which
was maintained for 15 min under each tension. After spinning, stems were removed from the
SperryTron. The conductivity, K, was then measured by LPFM. It is important to note that
stems may absorb water after spinning, which induces a small negative flow also called
background flow. Therefore, the flow measured in LPFM would be much lower than the net
flow. To derive the net flow, the background flow should be measured under a
non-pressurized flow (zero head flow; see Sperry et al. (2012) for a full explanation). The net
flow is the measured flow minus the background flow. At given pressures, a series of PLCs
can be obtained and a VC can be generated. To obtain a full VC, 6 stems per species were

used. VCs were fitted in the Cavitron method.

Control experiments to verify the formation of additional embolism induced in

with exponential VCs
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Robinia stem segments 27.4 cm long were spun under a low tension (spinning at 1000 rpm,
tension = 0.083 MPa) to determine the maximum conductivity. Then, the spin speed was
increased to 3363 rpm (tension = 1 MPa) and a series of conductivities were monitored at 2-3
min intervals. Before each measurement, water was supplemented to the upstream reservoirs
by a needle during spinning. After 1 h, the stems were removed from the centrifuge and

immersed in water for further measurements (described below).

The samples were immersed in water for at least 1 h to relax the tension to atmospheric
conditions to avoid the cutting artifact (Wheeler et al. 2013). To test the distribution of
embolisms, the 27.4 cm stems were cut into 5 segments of equal length. Embolism was
quantified by PLC measured by LPFM, which was calculated as PLC = I — K;/K,,.x, Where K,
is the conductivity of the cut segment. K, could be obtained after the segments were flushed.

The PLCs of each segment position were averaged from 6 replicates using different stems.

To test whether water flow during centrifugation in the SperryTron induced additional
embolism, 14.4-cm Robinia stems were used, which have the most open vessels
(approximately 53%). All stems were flushed with filtered 10 mM KCI for 10 min under 150
kPa. Before centrifugation, the maximum conductivity was measured. In the control
experiment, the water levels in the two relevant reservoirs were equal. Because the two ends
of the stem immersed in water inside the reservoirs were slightly different in diameter, this
difference was also considered. The amount of water to be placed in the reservoirs was

calculated, then accurately added through a pipette. In another experiment, 2 g of water was

This article is protected by copyright. All rights reserved.



added to the basal-end reservoir than to the distal-end reservoir. Six stems were used in each
experiment. Stems in all groups were tested under different centrifugation tensions of 0.25,
0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 4.0 MPa for 15 min. After the centrifugation, PLCs were

quantified using LPFM and the PLCs of each group were compared.

Results

Vessel length and the fraction of open vessels

The mean vessel lengths of Acer, Prunus, and Robinia were 4.47 £ 0.32 cm, 12.87 = 0.39 cm,
18.14 + 1.51 cm, respectively. The maximum vessel lengths of Acer, Prunus, and Robinia
were 17.0 £ 0.5 cm_(Yin and Cai 2018), 44.6 = 0.8 cm, 51.6 + 1.7 cm, respectively. Segments
of 27.4 cm were used for the larger rotor of the SperryTron and Cavitron. The fractions of
open vessels in the 27.4-cm segments for Acer, Prunus and Robinia were 0, 7.44, and 19.61%,
respectively. Segments of 14.4 cm were used for the smaller SperryTron rotor. The fractions
of open vessels of the 14.4-cm segments for Acer, Prunus and Robinia were 1.18, 34.56, and

52.89%, respectively (Table 1).

VCs obtained by bench-dehydration

The bench-dehydration VCs of the three species were typically sigmoidal (Fig. 1), and these
were used to evaluate the VCs yielded by the centrifuges. The bench-dehydration VCs
showed a safe range before the PLC increased rapidly. The results indicated that the
vulnerability differs among the three species. Acer displayed the highest absolute P;,, Psy and
Pgg(Table 2). Robinia displayed the lowest absolute Ps) and Pgs, which means that Robinia
was the most vulnerable species. Although samples were harvested on steadily rainy days,
Prunus still exhibited small embolisms under near-zero tensions. Comparing the
bench-dehydration VCs of Prunus and Robinia described in previous studies (Cochard et al.

2010, Wang et al. 2014a), we found that the VCs in the two species were very similar.
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Although the sampling sites of Prunus and the sampling time of Robinia were different from

those described in the previous studies, they had similar VCs.

VCs obtained by centrifuge-based methods

The results showed that the VCs of the two centrifuge-based methods were similar in shape
(Fig. 2). In the Acer results, the shape of the VCs of the 27.4-cm and 14.4-cm segments
measured by the SperryTron were similar to the bench-dehydration VC. P;; in SperryTron
(27.4 cm) was lower than P;, in Cavitron (27.4 cm), whereas Pgg was higher, and Ps, showed
no significant difference. For Prunus, the shapes of the VCs from all measurements by
Cavitron and SperryTron method were almost the same. When the stems of Prunus were
shortened to 14.4 cm, the resulting VC was slightly shifted relative to the bench-dehydration
VC. There were no significant differences found in P;, Psy or Pgsfor Prunus (Table 2). For
Robinia, all the centrifuge VCs showed exponential curves. VCs measured by Cavitron
method resulted in the most vulnerable curves, followed by the VCs of SperryTron for

14.4-cm stems and those of SperryTron for 27.4-cm stems.

The effect of open vessels on the shape of VCs

The results above revealed that the effect of open vessels on VCs differs among species. The
VC of the 14.4-cm Acer segment was more vulnerable than that of the 27.4-cm segment as
measured by SperryTron, but the fractions of open vessels in both 14.4-cm and 27.4-cm
segments were extremely low (1.18 and 0%, respectively). For Prunus, the faction of open
vessels in the 14.4-cm segment was 27.12% higher than that of the 27.4-cm segment.
However, the 14.4-cm segment VC was less vulnerable. For Robinia, the more open vessels

that were present, the more vulnerable the VCs were.
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PLCs change in 1 h under 1 MPa centrifugation with a series of water injections

The tension was increased to 1 MPa after K, was measured at a low tension of 0.083 MPa in
the Cavitron, which caused the conductivity to decrease by 29.48-52.17%, with an average of
41.77 + 3.07%. In the subsequent hour, PLCs continued to increase during water-injection and
measurements. The lowest growth was 13.19%, and the highest was an increase of 26.57%,

with an average increase of 20.48 £ 1.67% (Fig. 3).

Distribution of PLCs along the stem

It has been reported based on theoretical analysis that the most negative tension occurs in the
centre of the rotor and the tension increases along the axis of rotation (Cai and Tyree, 2010).
Embolism formed in the stem should be proportional to the tension. Our results indicated that
PLCs were not evenly distributed along the stem. The PLCs distributed at five cut segments
from the basal end to the distal end were 62.11 +9.23%, 53.02 £4.91%, 41.22 + 6.50%, 26.19
+ 5.51% and 24.10 = 6.06%. The greatest PLC occurred at the basal end, and PLCs decreased

from the basal end to the distal end.

The effect of water difference on PLCs in stems centrifuged in a SperryTron

Controlling the water difference between the two relative cuvettes induces water flow during
centrifugation. PLCs were significantly different at 0.5 and 1.0 MPa, with higher PLCs under
the control of a 2 g water difference than with a 0 g water difference. However, PLCs were
not significantly different under the remaining tensions (Fig. 5). These results suggest that
water flow under mild tension induced slightly higher embolism formation. However, the

effect of water flow on embolism formation can be ignored under more negative tensions. In
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all cases, the VCs of Robinia via SperryTron were inaccurate regardless of whether water

flow was induced or not.

Discussion

It has long been debated whether centrifuge techniques are reliable for measuring long-vessel
species, especially for the centrifuge with original rotor. Researchers have come to a
consensus that the Cavitron method is not appropriate to measure VCs in long-vessel species
(Cochard et al. 2010, Choat et al. 2010, Wang et al. 2014a, Torres-Ruiz et al. 2017). The
factor thought to be responsible for this inaccuracy is called the open-vessel artifact. As the
stems are cut to a short length, intact long vessels are cut open, which then do not have vessel
ends to filter tiny particles. These tiny particles may lead to bubble nucleation, and the
bubbles can grow rapidly and migrate to the middle of the stem to embolize the intact vessel.
However, other researchers have reported that centrifuge curves are not always prone to the
open-vessel artifact when the SperryTron method is used because these centrifuge curves
match the bench-dehydration curves in their studies (Christman et al. 2012, Sperry et al. 2012,
Hacke et al. 2015).

In the present study, the bench-dehydration curves from the three species were sigmoidal, and
two (Prunus, Robinia) were similar to results reported by Cochard et al. (2010) and Wang et
al. (2014a) using the same method. Therefore, we used the bench-dehydration curves as

reference VCs in the current research.

Are all centrifuges and species subject to the open-vessel artifact?

Among the three species, despite the sigmoidal VCs obtained by all methods for Acer, it was
worth to note three characteristics in terms of the shape of VCs. The first characteristic was

that the VC of 14.4 cm segment was more vulnerable than the VC of 27.4 cm segment
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produced by the SperryTron method, with the Ps, decreased from 4.66 MPa to 4.01 MPa (Fig.
2). The fractions of open vessels in both 14.4 cm and 27.4 cm segments were extremely low
(1.18 and 0%, respectively), which seemed unlikely to generate the significant change for Ps.
However, the ratio of open-to-centre vessels (vessels which are cut open from the end to the
centre of the stem) increased to 16.8% in segment of 14.4 cm, but it was still quite low in the
segment of 27.4 cm (1.6%). The sharp increase of the fraction of open to centre vessels in
segment of 14.4 cm might account for the more vulnerable VC. In addition, it was much
faster for embolism to spread and reach equilibrium in a shorter segment.

The second characteristic was that the slope of VC produced by the Cavitron method was
much steeper than the VCs produced by other methods. The reason might be that the
embolism induced by Cavitron method was accumulated by cyclic water injection through the
whole measurement. While in a SperryTron, the segment experienced the cycle of mounting,
spinning and removing, leading to a simultaneous change of the bubble pressure inside the
embolized vessels from the desired tension induced via centrifugation to the atmosphere,
which might lead to the recovery of the conductivity (Wang et al. 2015) and account for the
gentle slope of VC produced by SperryTron.

The third characteristic was that the PLCs of Acer in SperryTron method was increased earlier
than in Cavitron method, especially under tensions from 2.0 MPa to 4.7 MPa (Fig. 2). It
indicated that a part of xylem conduits in Acer could not tolerate drastic change of tensions
during the measurement with SperryTron method, while the increase of tension was
consecutive and mild in Cavitron. In addition, frequent flow induced in Cavitron might act as
a disincentive to the embolism formation under mild tensions.

The VCs of Prunus measured in different ways were most similar to each other. We found no
significant differences in Psy or Pgs between the Cavitron and SperryTron curves. Although
there were 27.12% more open vessels in the 14.4 cm segments than in the 27.4 cm segments,

the VCs generated with 14.4 cm segments in the SperryTron showed that they were slightly
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more resistant to cavitation. When 27.4 cm segments were used to generate VCs, the results
obtained by the two centrifuge techniques were almost the same. Compared with the same
species used by Cochard et al. (2010), we found that the VCs of Prunus generated by
bench-dehydration were similar. However, Cochard et al. concluded that the segment length
of Prunus changed the shaped and the Ps, of VCs, in contrast with our results.

However, the results were quite different with Robinia, in which the mean vessel length was 5
cm longer than that of Prunus. The open vessels of Robinia were 52.89 and 19.61% for the
14.4 cm and 27.4 cm segments, respectively. The centrifuge VCs of Robinia were typically
exponential, which differed the most from the sigmoidal bench-dehydration VCs among the
species tested. This finding is consistent with the results reported by Wang et al. (2014a). VCs
of the shorter segments showed that they were more vulnerable, which may have been caused
by more open vesselsthan in longer segments. All the findings from Robinia with the
centrifuge techniques seem to be consistent with the open-vessel hypothesis (Choat et al.
2010, Cochard et al. 2010, Torres-Ruiz et al. 2014, Choat et al. 2016).

From the above argument, we conclude that not all species with a large number of open
vessels will exhibit an exponential VC according to the centrifuge technique. If a species

generates an exponential VC, both centrifuge techniques will reveal this pattern.

Could the open-vessel artifact in have been induced by water flow during

centrifugation?

Researchers have raised two possible explanations for the open-vessel artifact. Some
researchers have speculated that air bubbles can be induced in the cuvettes at the beginning of
the spinning or from injected water during conductivity measurements. These nanobubbles
could be easily swept into the open vessels, which simultaneously drain water (Choat et al.

2010, Wang et al. 2014a). Another explanation is that bubble nuclei can be induced by
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flushing the sample or by flow measurement perfusion of open vessels because open vessels
cannot filter the nuclei through pit membranes (Rockwell et al. 2014). It is likely that these
nuclei cause bubble expansion that can block a vessel under low tension. Flow in a stem in a
Cavitron is frequently induced for the measurement of conductivity. In contrast, flow in the
SperryTron rotor can be much lower because the water level at the two ends of the stem will
rapidly reach equilibrium, and there is no additional water being injected into the cuvettes.
These considerations raise the question as to whether an exponential curve could account for
the water flow during centrifugation.

After a series of control experiments, we concluded that continuous injection of water
decreased the water conductivity. This effect may occur because the injection of water
stimulates the formation of air bubbles, which continuously migrate into the middle part of
the stem section contributing to embolism formation. Additional evidence for this process is
that the distribution of PLC did not match the theoretical expectation that the highest level of
embolism would occur in the middle of the stem, where the tension is the most negative
(Alder et al. 1997, Wang et al. 2014a). Our results are consistent with those of Martin-StPaul
et al. (2014), who observed that the highest embolism exists at the water injection end, where
the nanobubbles were produced. These nanobubbles migrate in the direction of the flow,
resulting in a gradual step-down trend along the stem.

Our results indicated that the open-vessel artifact may also exist in the SperryTron method.
Regardless of whether the water flow was controlled, PLC increased rapidly even under mild
tension (Fig. 5). Rockwell (2014) reported that both flow measurement perfusion and flushing
induced bubble nuclei in the vessels, even if the stem was not flushed, and bubble nuclei from
the reservoirs could still invade the xylem driven by buoyancy during spinning. Indeed, our
results in Fig. 5 support this hypothesis. We should also note that flow will inevitably induce
more bubble nuclei, which exacerbates embolism formation in open vessels under mild

tension. When higher tension is applied, even a small number of nuclei can produce the same
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embolisms due to their rapid growth and expansion.

Why was not subject to the open-vessel artifact?

We argue above that the open-vessel artifact is related to the species rather than the centrifuge
method. Prunus segments 14.4 cm in length possess 34.56% open vessels, or even up to 69.22%
if open-to-centre vessels are included. However, we did not observe a sharp rise in PLC under
mild tension, and we did not find that the 14.4 cm segments were more vulnerable than the
27.4 cm segments. Therefore, we conclude that occurrence of the open-vessel artifact is
dependent on the species. Open vessels are considered an important factor accounting for the
exponential curve (Cochard et al. 2010), but not all long-vessel species that have open vessels
in centrifuge samples produce an exponential curve. With the development of techniques
applied to plant hydraulics, new insights have been obtained in understanding the mechanisms
of embolism formation, including the characteristics of the hydrophobic surfaces of the
conduits, xylem surfactants, etc. (Jansen and Schenk 2015, Schenk et al. 2017). Further

insight into the mechanisms of the open-vessel effect may be obtained in future research.

Conclusions

Our study aimed to compare the static-centrifuge method and the flow-centrifuge method in
the production of VCs to conclude on the long-lasting debate on whether one, both or none of
these techniques are reliable. We showed that more than in the techniques, the unreliability
lies in the sample species itself. We confirmed that centrifuge-based techniques (Cavitron and
SperryTron method) may give inaccurate VCs for Robinia with long vessels. The injection of
water in the Cavitron method exacerbated the loss of water conductivity due to the hypothesis
of the ‘open vessel’ artifact. However, centrifuge techniques yielded reliable VCs for Prunus,

regardless of the presence of open vessels. Further investigation is needed to resolve how
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species like Prunus avoid the 'open vessel' artefact produced by the centrifuge-based

techniques.

Author contributions

PY., J.C. and G.D. designed the experiments. P.Y., FM., Q.L. and R.A. performed the
experiments. P.Y. and Q.L. analysed the data and wrote the article. J.C. and G.D. revised the

article.

Acknowledgements — The authors wish to acknowledge the following grant that made this
research possible: a grant from the Natural Science Foundation of China (grant no. 31570588)

to J.C.

References

Alder NN, Pockman WT, Sperry JS and Nuismer S (1997) Use of centrifugal force in the
study of xylem cavitation. ] Exp Bot 48: 665-674

Cai J and Tyree MT (2010) The impact of vessel size on vulnerability curves: data and models
for within-species variability in saplings of aspen, Populus tremuloides Michx. Plant
Cell Environ 33: 1059-1069

Cai J, Li S, Zhang H, Zhang S and Tyree MT (2014) Recalcitrant vulnerability curves:
methods of analysis and the concept of fibre bridges for enhanced cavitation
resistance. Plant Cell Environ 37: 35-44

Choat B, Badel E, Burlett R, Delzon S, Cochard H and Jansen S (2016) Noninvasive
Measurement of Vulnerability to Drought-Induced Embolism by X-Ray
Microtomography. Plant Physiol 170: 273-282

Choat B, Drayton WM, Brodersen C, Matthews MA, Shackel KA, Wada H and McElrone AJ

(2010) Measurement of vulnerability to water stress-induced cavitation in grapevine:

This article is protected by copyright. All rights reserved.



a comparison of four techniques applied to a long-vesseled species. Plant Cell
Environ 33: 1502-1512

Christman MA, Sperry JS and Smith DD (2012) Rare pits, large vessels and extreme
vulnerability to cavitation in a ring-porous tree species. New Phytol 193: 713-720

Cochard H, Badel E, Herbette S, Delzon S, Choat B and Jansen S (2013) Methods for
measuring plant vulnerability to cavitation: a critical review. ] Exp Bot 64: 4779-4791

Cochard H, Cruiziat P and Tyree MT (1992) Use of Positive Pressures to Establish
Vulnerability Curves. Plant Physiol 100: 205-209

Cochard H, Damour G, Bodet C, Tharwat I, Poirier M and Améglio T (2005) Evaluation of a
new centrifuge technique for rapid generation of xylem vulnerability curves. Physiol
Plant 124: 410-418

Cochard H, Herbette S, Barigah T, Badel E, Ennajeh M and Vilagrosa A (2010) Does sample
length influence the shape of xylem embolism vulnerability curves? A test with the
Cavitron spinning technique. Plant Cell Environ 33: 1543-1552

Cohen S, Bennink J and Tyree MT (2003) Air method measurements of apple vessel length
distributions with improved apparatus and theory. J Exp Bot 54: 1889-1897

Ennajeh M, Nouiri M, Khemira H and Cochard H (2011a) Improvement to the air-injection
technique to estimate xylem vulnerability to cavitation. Trees 25: 705-710

Hacke UG, Venturas MD, MacKinnon ED, Jacobsen AL, Sperry JS and Pratt RB (2015) The
standard centrifuge method accurately measures vulnerability curves of
long-vesselled olive stems. New Phytol 205: 116-127

Jansen S and Schenk HJ (2015) On the ascent of sap in the presence of bubbles. Am J Bot
102:1561-1563

Li Y, Sperry JS, Taneda H, Bush SE and Hacke UG (2008) Evaluation of centrifugal methods
for measuring xylem cavitation in conifers, diffuse- and ring-porous angiosperms.

New Phytol 177: 558-568

This article is protected by copyright. All rights reserved.



Martin-StPaul NK, Longepierre D, Huc R, Delzon S, Burlett R, Joffre R, Rambal S and
Cochard H (2014) How reliable are methods to assess xylem vulnerability to
cavitation? The issue of 'open vessel' artifact in oaks. Tree physiol 34: 894-905

Pan R, Geng J, Cai J and Tyree MT (2015) A comparison of two methods for measuring
vessel length in woody plants. Plant Cell Environ 38: 2519-2526

Rockwell FE, Wheeler JK and Holbrook NM (2014) Cavitation and its discontents:
opportunities for resolving current controversies. Plant Physiol 164: 1649-1660

Schenk HJ, Espino S, Romo DM, Nima N, Do AY, Michaud JM, Papahadjopoulos-Sternberg
B, Yang J, Zuo YY, Steppe K and Jansen S (2017) Xylem Surfactants Introduce a
New Element to the Cohesion-Tension Theory. Plant Physiol 173: 1177-1196

Sperry JS, Christman MA, Torres-Ruiz JM, Taneda H and Smith DD (2012) Vulnerability
curves by centrifugation: is there an open vessel artefact, and are 'r' shaped curves
necessarily invalid? Plant Cell Environ 35: 601-610

Sperry JS, Donnelly JR and Tyree MT (1988) A method for measuring hydraulic conductivity
and embolism in xylem. Plant Cell Environ 11: 35-40

Torres-Ruiz JM, Cochard H, Choat B, Jansen S, Lopez R, Tomaskova I, Padilla-Diaz CM,
Badel E, Burlett R, King A, Lenoir N, Martin-StPaul NK and Delzon S (2017) Xylem
resistance to embolism: presenting a simple diagnostic test for the open vessel
artefact. New Phytol 215: 489-499

Torres-Ruiz JM, Cochard H, Mayr S, Beikircher B, Diaz-Espejo A, Rodriguez-Dominguez
CM, Badel E and Fernandez JE (2014) Vulnerability to cavitation in Olea europaea
current-year shoots: further evidence of an open-vessel artifact associated with
centrifuge and air-injection techniques. Physiol Plant 152: 465-474

Tyree MT, Alexander J and Machado JL (1992) Loss of Hydraulic Conductivity Due to
Water-Stress in Intact Juveniles of Quercus-Rubra and Populus-Deltoides. Tree

physiol 10: 411-415

This article is protected by copyright. All rights reserved.



Tyree MT and Dixon MA (1986) Water stress induced cavitatioe and embolism in some
woody plants. Plant Physiol 66: 397-405

Wang R, Zhang L, Zhang S, Cai J and Tyree MT (2014a) Water relations of Robinia
pseudoacacia L.. do vessels cavitate and refill diurnally or are R-shaped curves
invalid in Robinia? Plant Cell Environ 37: 2667-2678

Wang YJ, Burlett R, Feng F and Tyree MT (2014b) Improved precision of hydraulic
conductance measurements using a Cochard rotor in two different centrifuges. J Plant
Hydro 1: e0007

Wang Y, Pan R and Tyree MT (2015) Studies on the tempo of bubble formation in recently
cavitated vessels: a model to predict the pressure of air bubbles. Plant Physiol 168:
521-531

Wheeler JK, Huggett BA, Tofte AN, Rockwell FE and Holbrook NM (2013) Cutting xylem
under tension or supersaturated with gas can generate PLC and the appearance of
rapid recovery from embolism. Plant Cell Environ 36: 1938-1949

Yin P and Cai J (2018) New possible mechanisms of embolism formation when measuring
vulnerability curves by air injection in a pressure sleeve. Plant Cell Environ,

doi.org/10.1111/pce.13163

Table 1. The mean vessel length, maximum vessel length and the fraction of open vessels in
14.4 and 27.4 cm segments of three species. L, is the mean vessel length given by the
mean £+ SE. ML, is the maximum vessel length given by the mean = SE. F,._j44 and

F,v.274 are the fraction of open vessels in segments of 14.4 and 27.4 cm, respectively.

Species L,, cm ML,, cm Fov274, %0 Fov-144, %0
Acer 4.47+£0.32 17.0£0.5 0.00 1.18

Prunus 12.87 £0.39 44.6 +£0.8 7.44 34.56

Robinia 18.14 £ 1.54 51.6 +1.7 19.61 52.89
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Table 2. Means and SE of the absolute pressure P;,, Psy, Pss (in MPa) of the three species
computed with four methods (BD, bench-dehydration; Cavitron; SperryTron-27.4, segment
length was 27.4 cm; SperryTron-14.4, segment length was 14.4 cm). The maximum absolute

pressure at each level is indicated in bold. Significant differences are indicated by different

letters (Student’s t-test = d 0.05) between the two methods by considering all samples.

SperryTron SperryTron
Species PLC BD Cavitron
(27.4) (14.4)
P, 3.14 3.96 £ 0.08a 2.93 £0.24b 2.75+£0.22b
Acer Psp 4.98 4.75+0.15a 4.66 +£0.14a 4.01 £0.12b
Pgs 6.49 5.44 +£0.10a 6.41 £0.14b 5.26+0.13a
P, 1.41 0.79 £0.13a 0.85 +£0.05a 1.48 £0.11b
Prunus Psy 4.07 3.81+0.19a 3.77+0.20a 3.91+£0.08a
Pss 5.45 5.32+0.06a 5.44+0.23a 5.31+0.06a
P, 2.11 0.22 £0.04a 0.43 +0.04b 0.32 £0.03ab
Robinia Psp 3.34 0.43 +£0.02a 0.96 £ 0.02b 0.73 £0.05¢
Pss 4.07 249+0.01la 3.75+0.17b 1.78 £0.16¢
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Figure legends

Fig. 1. Xylem vulnerability to cavitation of three tree species via the bench-dehydration
method. Closed symbols represent native or dehydrated embolisms under relative tension.
The black lines are the VCs computed with a single or dual Weibull fit.

Fig. 2. VCs of three species plotted with three techniques. The black lines with triangles are
VCs obtained via the Cavitron technique; lines with diamonds are the VCs obtained via the
SperryTron technique generated with 27.4 cm segments; lines with squares are the VCs
obtained via the SperryTron technique generated with 14.4 cm segments. The black lines with
no symbols are the VCs generated via the bench-dehydration methods.

Fig. 3. The changes in PLCs in six stems over 1 h under a tension of 1 MPa in the Cavitron
system. Twenty-two measurements are listed in the figure. Black solids are the average PLCs
of six points from different stems. Error bars represent standard errors of six points.

Fig. 4. The distribution of PLCs in different parts of the stem centrifuged for 1 h under 1 MPa
in the Cavitron. Numbers 1 to 5 represent different segments from the basal end to the distal
end. Each bar represents the average PLC computed from six segments. Error bars are the
standard error (n = 6). Different letters indicate significant differences at P<0.05 based on a
t-test.

Fig. 5. VCs of Robinia via the SperryTron method under different experimental conditions.
The solid squares are the PLCs generated with 2 g water difference in the relative reservoirs
in the SperryTron system. Open squares indicate the PLCs generated with the same water
level in the relative reservoirs in the SperryTron. Each point with error bars corresponds to the
average of six points with standard error. The symbols * and ** indicate that the means are

significantly different from the PLCs under the same tension at £<0.05 and 0.01, respectively.
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