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Abstract Understanding allelopathy has been hindered by
the lack of methods available to monitor the dynamics of
allelochemicals in the soil. Previous work has demonstrated
the feasibility of using polydimethylsiloxane (PDMS)
microtubing (silicone tubing microextraction, or STME) to
construct sampling devices to monitor the release of lipophilic
allelochemicals from plant roots. The objective of this study
was to use such sampling devices to intensively monitor
thiophene fluxes beneath marigolds over several weeks to
gain insight into the magnitude of temporal and spatial het-
erogeneity in these fluxes. Marigolds were grown in
rhizoboxes (20.5 x 20.5 x 3.0 cm) with 16 individual STME
samplers per box. Thiophene sampling and HPLC analysis
began 45 days after planting. At the end of the study, roots
around each sampler were analyzed by HPLC. Results con-
firmed the tremendous spatial and temporal heterogeneity in
thiophene production seen in our previous studies. STME
probes show that thiophene concentrations generally increase
over time; however, these effects were sampling-port specific.
When sampling ports were monitored at 12 h intervals, fluxes
at each port ranged from 0 to 2,510 ng day−1. Fluxes measured
over daylight hr averaged 29 % higher than those measured
overnight. Fluxes were less than 1 % on average of the total
thiophene content of surrounding roots. While the importance
of such heterogeneity, or “patchiness”, in the root zone has

been recognized for soil nutrients, the potential importance in
allelopathic interactions has seldom been considered. The
reasons for this variability are unclear, but are being
investigated. Our results demonstrate that STME can be used
as a tool to provide a more finely-resolved picture of
allelochemical dynamics in the root zone than has previously
been available.

Keywords Allelopathy . Passive sampling . PDMS .

Rhizosphere . Root exudation . Silicone tubing
microextraction . Soil analysis . Spatial heterogeneity .

STME . Temporal heterogeneity . Tagetes patula

Introduction

The understanding of allelopathy has been hindered by the
lack of methods to monitor the dynamics of allelochemicals in
the soil. Previous work has demonstrated the feasibility of
using polydimethylsiloxane (PDMS) microtubing to construct
sampling devices to monitor the release of lipophilic
allelochemicals in soil. Such devices provide measurements
of soil allelochemicals which are proportional to soil fluxes,
and thus provide a new means to test hypotheses about the
roles of these compounds in plant-plant interactions. Mohney
et al. (2009) used 1 m lengths of PDMS microtubing (silicone
tubing microextraction, STME) to monitor thiophenes exuded
by marigold roots. The microtubing was placed in soil with
the two ends exposed so that solvent could be passed through
the tubing to extract samples for HPLC analysis. PDMS has
been used in various other forms (PDMS-coated optical fiber,
PDMS solid phase microextraction fibers, PDMS-coated
stir bars, wires coated with PDMS, and PDMS sheets)
to successfully extract thiophenes from the root zone of
marigolds (Mohney et al. 2009; Weidenhamer et al. 2009)
and also the highly phytotoxic quinone, sorgoleone, from the
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root zone and root hairs of sorghum (Dayan et al. 2009;
Weidenhamer 2005).

Because PDMS selectively sorbs nonpolar compounds,
marigolds have served as a good model system for the devel-
opment of this analytical method due to the highly lipophilic
character of the principal thiophenes. The highly phytotoxic
nature of thiophenes is well-known (Campbell et al. 1982),
and allelopathic effects have been demonstrated for one
Tagetes species (Barto et al. 2011), although the major effects
reported in the literature for T. patula and T. erecta are nem-
atocidal (Evenhuis et al. 2004). Barto et al. (2011) used PDMS
microtubing samplers to demonstrate movement of hydropho-
bic thiophenes through the common mycorrhizal network
(CMN) in soil. Thiophenes were detected in root exclusion
zones beneath Tagetes tenuifolia plants at concentrations up to
four times higher when a CMN was present, and bioassays
showed that these concentrations were high enough to inhibit
the growth of a bioassay species (lettuce). PDMS-based tech-
niques have recently been applied to the analysis of other
allelochemicals in soil (Barto and Cipollini 2009; Jessing
et al. 2013), and they have been widely used in the analysis
of anthropogenic pollutants in the environment (Gouliarmou
and Mayer 2012; Gouliarmou et al. 2013; Jahnke et al. 2012).

In our previous work (Mohney et al. 2009; Weidenhamer
et al. 2009), we have in most cases observed tremendous
variability of thiophene concentrations in both time and
space measured in marigold root zones. For example,
Weidenhamer et al. (2009) found that the amount of 5-(3-
buten-1-ynyl)-2,2′-bithienyl (BBT) measured on individual 5-
cm wire probes coated with PDMS varied from 0–15.5 μg for
the Tagetes patula cultivar ‘Janie Primrose’when these probes
were inserted into soil beneath these plants in outdoor garden
beds for 24 h. Mohney et al. (2009) used similar probes to
monitor thiophenes beneath Tagetes erecta plants grown in
PVC pipes (7.5 cm ID, 44 cm tall). Four weeks after planting,
the total amounts of BBT and α-terthienyl (α-T, the other
major thiophene produced by marigolds) detected per pipe
(based on the sum of 24 different probes) varied from 1,860 to
11,200 ng. Large variation also was seen from probe to probe
and by depth. The one exception to this result was in the first
application of STME, where 1 m lengths of tubing were
distributed through a fairly large volume of soil, possibly
reducing the variability observed by an integrated measure-
ment from this large volume (Mohney et al. 2009).

The importance of temporal and spatial heterogeneity
(“patchiness”) in the rhizosphere and root zone is recognized
for soil nutrients (Hinsinger et al. 2005, 2011; Lambers et al.
2006). Roots of plants are known to exploit such patchiness
by preferentially growing in soil macropores (Passioura 1991)
and several non-mycorrhizal plant species have been found to
produce short-lived root clusters which can be effective at
extracting phosphorus when its available concentrations are
very low (Lambers et al. 2006). Variation of properties such as

soil pH, moisture, nutrient content, microbial populations, and
allelochemical concentrations in time and space and from
point to point along a root system is likely to have profound
consequences for plant-plant interactions (Blum 2011), and
the importance of developing analytical tools that can sensi-
tively measure such variation without disturbance of the
soil has received increasing emphasis (Ens et al. 2010;
Inselsbacher et al. 2011; Rudolph et al. 2013).

Studies of allelopathy generally have focused on the prop-
erties and analysis of bulk soil, due to the limitations of
previous methods of soil extraction (Weidenhamer 2007).
When variability has been considered, there has generally
been a focus on seasonal effects (de Scisciolo et al. 1990;
Muscolo and Sidari 2006; Weidenhamer and Romeo 1989),
and recently the importance of biogeographic variation of the
soil environment has been identified (Hierro et al. 2005;
Thorpe et al. 2009; Wardle et al. 2011). In split-root experi-
ments, Blum and co-workers (Lehman et al. 1994; Lyu and
Blum 1990;) demonstrated that plant responses to simple
phenolic acids such as ferulic acid and p-coumaric acid are
proportional to the fraction of the root system exposed to these
compounds. Inderjit et al. (2011) noted that issues of temporal
and spatial heterogeneity on smaller scales in the root zone are
important for studies of the roles of allelochemicals, but there
is an almost complete paucity of information about microscale
variation of allelochemical concentrations in the soil.

A significant advantage of the STME method that we have
previously developed is the ability to repeatedly sample a
volume of soil without disturbance. By modifying the design
of the STME samplers, it is possible to analyze allelochemical
concentrations at particular locations beneath a plant. The
objective of this study was to use such sampling devices to
intensively monitor thiophene fluxes beneath marigolds over
several weeks to gain insight into the magnitude of temporal
and spatial heterogeneity of these fluxes.

Methods and Materials

Rhizobox and STME Sampler construction Four Plexiglas®
rhizoboxes were constructed (20.5 x 20.5 x 3.0 cm). In each
box, four equally spaced sampling ports (4.2 cm apart) were
drilled through the boxes at four depths (2, 6.25, 10.5, and
4.75 below the soil surface), giving a total of 16 sampling
ports for STME samplers per box (Fig. 1). Four drainage holes
were drilled at the bottom of each rhizobox. At each sampling
port, an empty 1 ml polyethylene syringe wrapped with 1.1 m
of Silastic® tubing (polydimethylsiloxane, 0.30 mm ID x
0.64 mm OD, Fisher Scientific catalog no. 11-189-14) was
placed to monitor root exudation (Fig. 2). Each sampler had
1.0 m of silicone tubing exposed to the root zone, while the
remaining tubing was threaded through small holes drilled
into the syringe barrel and served as inlet and exit ports for
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Fig. 1 Schematic diagram of
rhizobox layout. Sixteen silicone
tubing microextraction (STME)
sampling devices were evenly
spaced (shaded circles), with four
samplers at 2, 6.25, 10.5, and
14.75 cm depth

HPLC
Vial

Syringes
Connected to
Syringe-Pump

STME Probe

Fig. 2 Schematic cross-section
of rhizobox showing silicone
tubing microextraction (STME)
samplers and method of sample
collection. Methanol was pumped
through the silicone tubing which
was wrapped around an empty
1 ml polyethylene syringe for
support, and collected in an
HPLC autosampler vial. After
sampling, air was used to purge
the tubing of excess solvent
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the sampling procedure. The samplers spanned the rhizobox
so that the inlet and exit ports were on opposite sides of the
box (Fig. 2). Prior to use, microtubing was cleaned by soaking
in methanol for 24 hr and dried at 70 ° C.

Growth Media and Plant Cultivation Conditions Plants were
grown in a greenhouse under natural sunlight during
March – June 2012. In general, daytime temperatures
ranged from 21-32o C and nighttime temperatures from 16-
22 ° C. Rhizoboxes were filled with a 1:1 (v:v) mixture of
sand and a peat/vermiculite-based growing medium
(Redi-earth® plug and seedling mix), and were placed
in large tubs with lids cut to fit the boxes so that only the tops
of the boxes were exposed to light. Aluminum foil was used
further to seal all light gaps to prevent possible degradation of
light-sensitive thiophenes. Seeds of Tagetes patula cv.
‘Nemagone’ (W. Atlee Burpee & Co., Warminster, PA,USA)
were germinated in Petri dishes on March 8 2012 and trans-
ferred to the rhizoboxes. After establishment, plants were
thinned to two seedlings per box.

Rhizoboxes normally were watered from the bottom by
maintaining them in a shallow pan (<1.0 cm) of water to
prevent drying out. Plants received biweekly topical applica-
tions of a general purpose fertilizer solution beginning ap-
proximately 1 month after planting (Peters Professional® all
purpose plant food, 24-8-16 plus B, Cu, Fe, Mn, Mo, and Zn;
prepared at recommended rate of 5 ml fertilizer concentrate
per 4 L water). The volume applied was sufficient to thor-
oughly wet the rhizobox. Fertilization was not done immedi-
ately before or during sampling.

Sampling Procedure A syringe pump (KD Scientific, model
KDS-230, Holliston, MA) was used to sample the
microtubing by pushing 2 ml of 95 % methanol (in water,
v/v) through each tube at a rate of 0.25ml min−1 followed by a
500 μl bolus of air to expel any residual solvent. The resulting
extract was collected for HPLC analysis as it exited the tubing.
This extraction method has been found sufficient to extract
>96 % of the thiophenes on the silicone tubing, and this was
confirmed by repeated sampling of a sampling port which
yielded>5 μg total thiophenes. Sampling began 45 days after
planting (DAP), and all boxes were sampled at approximately
weekly intervals on 45, 50, 57, 64, and 71 DAP. Roots were
present throughout the box by the first sampling date.
Following completion of these measurements, eight samplers
were chosen for daily monitoring for 4 days (78–81 DAP),
and all samplers were extracted at 12 h intervals in a morning-
evening-morning sequence on 84–85 DAP to see whether a
diurnal pattern to exudation could be detected.

Root Sampling At the termination of the experiment, roots in
the area surrounding each sampler (radius approximately
1 cm) were harvested by using a cork borer to cut through

the roots, carefully removing the observable roots, and then
washing away the remaining growth medium. After blotting
dry, roots were weighed to obtain a fresh root mass and then
extracted in 3.0 ml of 95 % methanol with sonication for
15 min.

HPLCMethods A standard sample ofα –terthienyl (α-T) was
obtained from Sigma Aldrich. The HPLC system was an
Agilent 1100 Series equipped with a binary gradient pump,
autosampler and diode array detector. Separation was carried
out on an Ultra C18 5 μm particle size column (150 x
4.6 mm), with detection at 360 nm. BBT and α-T were
identified based on both retention times and UV spectra using
the diode array detector (Weidenhamer et al. 2009). Analysis
of unused PDMS materials verified that these were free from
contaminants when extracted and analyzed by HPLC. As
described previously, BBT was quantified based on the ratio
of the molar absorptivity of BBT to that of α-T at 360 nm
(Weidenhamer et al. 2009). Detector response was linear for
α-T up to a concentration of 100 mg L−1. The mobile phase
was 95:5 methanol:water (v:v), at a flow rate of 1 mL min−1.
All PDMS extracts were analyzed within 24 h of extraction,
and were stored in amber autosampler vials to prevent degra-
dation from light exposure. PDMS extracts that could not be
analyzed immediately were refrigerated (4 ° C) until analysis.
No degradation of thiophenes was observed during this brief
storage. All samples were syringe filtered (0.22 μm nylon
filter) prior to analysis, and injected in duplicate with the
two runs averaged. Typical run to run variation was less than
1 %. The injection volume was 75 μl. The quantitation limit
was 0.25 ng per injection, which corresponds to a concentra-
tion of 6.7 ng per 2.00 ml extract. For the purposes of data
analysis, values below this concentration were treated as zero
even if trace amounts were observed.

Microscopy Methods Fluorescence microscopy of marigold
roots was performed using anOlympus IX71microscope with
a DAPI filter (340–390 nm excitation bandwidth and 420 nm
long-pass emission filter). Samples were covered with dis-
tilled water and imaged using 10X, 40X, and 60X objectives.
Images were captured with a SPOT camera and software
(SPOT Imaging Solutions, Sterling Heights, MI).

Data Analysis Data for the 16 sampling ports per box were
analyzed both separately and by averaging the two inner and
two outer locations at each depth. Data were analyzed using
the designs of experiments by methodologies including
ANOVA and multiple linear regression. After examining re-
siduals obtained from preliminary models, a log (x+1) trans-
formation was applied to response variables in order to estab-
lish normality. Adding 1 to datamade zero values available for
analyses with the log transformation. The statistical software
SPSS 19.0 for Windows was utilized to run these procedures
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on the transformed sample data. The homoscedasticity of the
data was verified.

Results

STME Sampling Shows High Variability in Both Time and
Space Table 1 reports the amounts of the major marigold
thiophene BBT recovered by each STME sampler at a depth
of 2 cm on 45–84 DAP. Results of the univariate analysis of
variance for these data are shown in Table 2. Variability
between rhizoboxes, depths, ports, and DAP were all highly
significant, as well as several of the two-way interaction
terms. Similar results were seen for α-T (Table 3). When
establishing models for BBT and α-T, it was assumed that
higher order interaction terms (3-way and above) were not
important to explain the variations of BBT and α-T. This is
because the experiment was not replicated in terms of DAP.

Within a given rhizobox, adjacent samplers often yielded
very different results (Table 1). For example, at 84 DAP, inner
port A of rhizobox 2 measured 2189 ng BBT, while the other
inner port measured only 14 ng BBT. Both BBT and α-T are
highly lipophilic and therefore expected to be not greatly
mobile in soil solution. Thus, these results reflect real varia-
tions in thiophene release over these small distances. Between
rhizoboxes, variation also was quite high. For the inner

Table. 1 Amounts of BBT (ng) detected by individual samplers at 2 cm
depth. The locations of the four sampling ports at each depth correspond
to Fig.1

Box 1

DAP Outer port A Inner port A Inner port B Outer port B

45 0 0 0 19

50 37 27 230 30

57 42 138 736 23

64 823 309 631 66

71 998 294 88 300

84 492 140 432 485

Box 2

45 63 0 146 0

50 0 28 0 167

57 557 761 49 235

64 249 557 23 173

71 190 71 7 55

84 2899 2189 14 856

Box 3

45 0 20 0 372

50 43 96 229 293

57 37 186 895 603

64 745 800 228 217

71 734 251 183 257

84 1418 302 325 367

Box 4

45 30 303 0 0

50 25 215 43 8

57 114 90 374 12

64 41 27 91 12

71 50 18 204 12

84 147 60 433 102

Table. 2 Univariate analysis of variance for BBT measurements

Source Type III Sum
of Squares

df Mean
Square

F P-Value

Corrected
Model

1610.242a 128 12.580 6.406 .000

Intercept 2329.152 1 2329.152 1186.142 .000

Box 137.459 3 45.820 23.334 .000

Depth 179.113 3 59.704 30.405 .000

Port 33.576 3 11.192 5.700 .001

DAP 692.171 13 53.244 27.115 .000

Box * Depth 114.871 9 12.763 6.500 .000

Box * Port 82.215 9 9.135 4.652 .000

Box * DAP 102.592 25 4.104 2.090 .002

Depth * Port 30.222 9 3.358 1.710 .085

Depth * DAP 43.758 21 2.084 1.061 .388

Port * DAP 49.733 29 1.715 .873 .659

Error 820.800 418 1.964

Total 8982.553 547

Corrected Total 2431.042 546

a R Squared=.662 (Adjusted R Squared=.559)

Table. 3 Univariate analysis of variance for α-T measurements

Source Type III Sum
of Squares

df Mean
Square

F P-Value

Corrected Model 1501.16a 128 11.728 7.76 .000

Intercept 737.157 1 737.17 485.013 .000

Box 134.179 3 44.726 29.428 .000

Depth 188.473 3 62.824 41.335 .000

Port 29.023 3 9.674 6.365 .000

DAP 546.721 13 42.055 27.670 .000

Box * Depth 92.002 9 10.222 6.726 .000

Box * Port 110.003 9 12.223 8.042 .000

Box * DAP 56.953 25 2.278 1.499 .060

Depth * Port 22.921 9 2.547 1.676 .093

Depth * DAP 37.709 21 1.796 1.181 .263

Port * DAP 74.912 29 2.583 1.700 .014

Error 630.747 415 1.520

Total 3936.541 544

Corrected Total 2131.908 543

a R Squared=.704 (Adjusted R Squared=.613)
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sampling ports, amounts of BBT detected at 84 DAP were in
close agreement only for rhizobox 3 (302 and 325 ng), while
for other boxes the difference between inner port samplers
was at least three-fold (rhizobox 1) up to more than one
hundred fifty-fold (rhizobox 2).

Over the course of the experiment, the amount of thio-
phenes detected by individual samplers fluctuated greatly.
The highest amount of thiophenes detected on an individual
sampling port was for rhizobox 3 outer port A at 2 cm depth,
which was one of the selected ports sampled 78–81 DAP (data
not shown). At 78 DAP, the total amount of BBT measured

was 7,173 ng, along with 4,227 ngα-T (11,400 ng total). This
was more than a 10-fold increase in the amount of thiophenes
detected on this port compared to the 71 DAP measurement
(Table 1). By contrast, outer port B at 2 cm depth in this
rhizobox showed a 28 % decrease in thiophene content over
the same time period, reflecting the highly port-specific nature
of these findings.

Overall Trends in Thiophene Release Despite the high vari-
ability at a small scale, the amounts of thiophenes measured
overall by STME sampling tended to increase with time,

Fig. 3 Average amounts of α-
terthienyl (α-T) (ng) measured at
45, 50, 57, 64, 71, and 84 days
after planting (DAP) for the outer
and inner sampling ports. Depths
of samplers were: a (2 cm); b
(6.25 cm); c (10.5 cm); and d
(14.75 cm) below the soil surface
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as did the relative proportion of α-T in the root exudate
(Figs. 3, 4, 5, 6). For example, the overall trend for the
amounts of BBT measured by STME samplers over time
shows an increase (Figs. 4, 6b), although statistical analysis
showed that the relationship of BBT and DAP was box-
specific (box*DAP, P=0.002, Table 2). The overall trend
in the amounts ofα-T (Fig. 3, Fig. 6a) also showed an increase
with time, although the relationship ofα-Tand DAPwas port-
specific (port*DAP, P=0.014, Table 3). The percentage of α-
T in root exudates also increased gradually over time for most
depths and sampler locations (Figs. 5, 6c). However, the

statistical analysis showed that the relationship of percentage
of α-T and DAP was port-specific (port*DAP, P=0.017,
results not shown). The highest amounts of thiophenes detect-
ed were measured in the shallowest samplers (2 cm depth,
Figs. 3a, 4a); however the effect of depth was box-specific
for both BBT (box*depth, P<0.001; Table 2) and α-T
(box*depth, P<0.001; Table 3).

Measurement of Flux Rates When STME samplers were
monitored frequently (12 h intervals), the magnitude of thio-
phene flux ranged from 44 to 1,078 ng day−1. Based on our

Fig. 4 Average amounts of
5-(3-buten-1-ynyl)-2,2′-bithienyl
(BBT, ng) measured at 45, 50, 57,
64, 71, and 84 days after planting
(DAP) for the outer and inner
sampling ports. Depths of
samplers were: a (2 cm); b
(6.25 cm); c (10.5 cm); and d
(14.75 cm) below the soil surface
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two samplings, there is some evidence of a diurnal pattern to
these fluxes, although that requires further study (Table 4).
The average thiophene flux in the evening (84.5 DAP) was
197 ng day−1, while the average thiophene flux measured in
the morning was 29 % lower, 153 ng day−1. This difference
was statistically significant (DAP, P=0.008; Table 5). As seen
in the average overall trends, the highest thiophene fluxes
were measured at the shallowest depth (Table 4), and depth
was a significant variable in the statistical analysis of these
data (P<0.001, Table 5). The highest measured flux by an

individual sampler was 2,510 ng day−1 for rhizobox 2 inner
sampling port A at 2 cm depth (all individual measurements
are provided in Supplemental Table S1).

Root Thiophene Content And Root Exudates There was no
correlation of thiophene content ofmarigold roots around each
sampler (either on a μg g−1 or total μg basis) to the amount of
thiophenes measured by STME samplers. For both BBT and
α-T, the relationship of root concentration to measured
amounts of each thiophene was not significant (data not

Fig. 5 Average percentage of
α-terthienyl (α-T) in total
thiophenes measured at 45, 50,
57, 64, 71, and 84 days after
planting (DAP) for the outer and
inner sampling ports. Depths of
samplers were: a (2 cm); b
(6.25 cm); c (10.5 cm); and d
(14.75 cm) below the soil surface
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shown). The root mass and average thiophene content of
marigold roots is reported by depth on both a per gram and
total amount basis in Table 6. Concentrations of both BBTand
α-T were highest around the shallower (2 cm and 6.25 cm)
samplers, while due to much greater root mass at the bottom of
the rhizoboxes, the total thiophene content of roots around the
deepest samplers (149 μg) was almost as great as that found at
2 cm (163 μg, Table 6). The thiophene fluxes (Table 4)
measured at 84.5 (evening measurement, daytime flux) and
85 DAP (morning measurement, nighttime flux) are less than
1 % on average of the total thiophene content of surrounding
roots (Table 5), but differences in flux rates were not correlat-
ed with root thiophene content.

Within marigold roots, thiophenes are localized in resin
ducts. Resin ducts containing the highly fluorescent thio-
phenes are visualized easily by fluorescence microscopy
(Fig. 7). Fluorescence at the tips of root hairs suggests
that there may be some amount of active exudation to
the soil.

Discussion

Further Development of the STME Method While the STME
method clearly is useful in analysis of lipophilic root exudates,
and provides significant advantages in permitting the repeat-
ed, undisturbed sampling of the same soil volume, there are a
number of questions associated with this new method that
remain to be explored. The silicone tubing of the samplers
creates a sink for thiophenes that is not normally present in the
soil. The regular flushing of the samplers will reinvigorate the
samplers as sinks, but the samplers will also serve as a source
for thiophenes to surrounding soil when concentrations on the
silicone exceed those in the surrounding soil. Previous work
(Weidenhamer et al. 2009) has shown that wire solid phase
root-zone extraction (SPRE) probes constructed by inserting
stainless steel wire into 10-cm lengths of a slightly larger
diameter tubing than that used in this experiment lost 25 %
of the amount of α-T loaded onto a probe over a 24 hr period
when placed in control soils. Thus, these samplers do not
function as traps to permanently remove thiophenes from the
system. This, combined with the presence of other sinks for
thiophenes in the soil (microbial degradation, transport
through the soil common mycorrhizal network, absorption to
soil organic matter and clays, and uptake of thiophenes by
other plants and organisms in field situations) means that the
amounts of thiophenes measured represent an underestimate
of the actual amounts of thiophenes flowing through this
system. Examination of how STME samplers change micro-
bial distributions in soil (e.g., whether microbes colonize the
surface of the samplers or are concentrated around the sam-
plers) is another significant question that needs to be
addressed.

By contrast with methods that solely measure point-in-time
concentrations of compounds, STME samplers have distinct
advantages (Mohney et al. 2009; Williamson and
Weidenhamer 1990). Direct soil extractions can be biased
due to the extraction of root fragments, and the magnitude of
this potential bias is suggested by our data on root thiophene
content in comparison to the amounts measured by the sam-
pling devices (Table 6). In addition, to the extent that toxicity
is a function not only of static concentrations (which reflect
the balance of input and output rates at a given point in time)
but also flux rates (Williamson and Weidenhamer 1990), the
STME samplers provide a means to begin to estimate the
dynamic nature of inputs of root exudate compounds in the

Fig. 6 Overall amounts (ng) of (a) α-terthienyl (α-T); (b) 5-(3-buten-1-
ynyl)-2,2′-bithienyl (BBT); and (c) percentage of α-terthienyl measured
at 45, 50, 57, 64, 71, and 84 days after planting (DAP). Values are
averaged for all boxes, sampling ports, and depths
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soil. While using the STME samplers every few days provides
a relative measure of the amount of thiophenes that have
been released over that time period in a particular volume of
soil, the results of repeated samplings on 12 h intervals
(Tables 4, S1) suggest that short-interval sampling can provide
a much better picture of short-term flux rates.

Potential Mechanism for Heterogeneous Release of
Thiophenes from Marigold Roots Because these thiophenes
are highly lipophilic, their movement in soil by both diffusion
and transpiration effects will be limited. We previously veri-
fied the low diffusion potential of α-T by placing PDMS
probes loaded with a known amount of α-T in either sand or
a 1:1 sand:growth media mixture identical to that used in these
experiments. Diffusion away from the loaded PDMS probes
was measured and shown to be very slight when using clean

PDMS probes to monitor the distance and quantity of thio-
phene transport (Mohney et al. 2009). Thus the detection of
very high quantities of thiophenes around particular samplers
implies that the thiophenes have been released in the imme-
diate vicinity of the sampler. Additionally, the moisture levels
in the rhizoboxes were maintained at constant levels by the
method of watering in part to minimize large gradients in soil
moisture. However, such gradients may be important in the
field and could have significant impacts on the heterogeneous
distribution of root exudates.

Poli et al. (1995) reported the occurrence of thiophenes
within marigold roots in two arrays of six reservoirs that abut
the endodermis. The presence of high concentrations of sulfur
in these reservoirs in comparison to surrounding tissue was
confirmed by Sacchetti et al. (2001) using X-ray microanaly-
sis. Our observations (Fig. 7) confirm the occurrence of such
reservoirs within the root, and the presence of these reservoirs
suggests a possible mechanism for the release of localized,
high concentrations of thiophenes by the roots. If such a
channel were breached by physical breakage of the root, or
by a root herbivore or microbial attack, release of channel
contents into the soil could create zones of extremely high
thiophene content at the point of attack. While we did not
introduce root herbivores into our system, the rhizoboxes were
not a sterile environment so the impact of soil microorganisms
on the possible release of thiophenes from the root is certainly
plausible but unknown. The rhizobox construction and stable
position of the sampling devices should have prevented root
breakage to a major extent. Our microscopic observations also
suggest the possibility of exudation from the tips of root hairs.
Further experiments are needed to understand the mechanism
of release of thiophenes from marigold roots.

Potential Ecological Importance of Temporal and Spatial
Heterogeneity of Allelochemical Distribution in the Root
Zone While differences in soil properties at a broad geograph-
ic scale are now recognized as important determinants of plant
growth, including the effectiveness of allelopathic root

Table. 5 Univariate analysis of variance for thiophene flux measurements

Source Type III Sum
of Squares

df Mean
Square

F P-Value

Corrected Model 341.077a 46 7.415 3.627 .000

Intercept 1736.575 1 1736.575 849.499 .000

Box 72.077 3 24.026 11.753 .000

Depth 88.651 3 29.550 14.456 .000

Port 5.127 3 1.709 .836 .478

DAP 15.059 1 15.059 7.366 .008

Box * Depth 84.446 9 9.383 4.590 000

Box * Port 26.848 9 2.983 1.459 .177

Box * DAP 5.508 3 1.836 .898 .446

Depth * Port 40.225 9 4.469 2.186 .031

Depth * DAP 2.295 3 .765 .374 .772

Port * DAP .840 3 .280 .137 .938

Error 165.583 81 2.044

Total 2243.25 128

Corrected Total 506.660 17

a R Squared = .673 (Adjusted R Squared = .488)

Table. 4 Average thiophene flux
detected per sampler (ng day−1)
when sampled at 12 hr intervals.
Values are for the sum of BBTand
α-terthienyl, with the proportion
of α-terthienyl as indicated. An
initial sampling at 84 DAP was
used to remove accumulated thio-
phenes prior to sampling at 84.5
and 85 DAP

Outer ports Inner ports

Depth, cm DAP Thiophene flux,
ng day−1

% α-T Thiophene flux,
ng day−1

% α-T

2 84.5 766 21.1 1078 22.0

85 770 22.5 623 20.9

6.25 84.5 167 16.1 96.9 9.3

85 86 12.7 43.7 0.0

10.5 84.5 517 23.2 74.1 13.4

85 407 12.5 63.2 15.1

14.75 84.5 167 13.6 292.9 11.0

85 289 8.0 165.4 5.4
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exudates (Thorpe et al. 2009), the impact of smaller-scale
differences in chemical properties as seen in this study
has not been considered, in part due to the lack of tools to map
allelochemical dynamics in soil. Roots modify soil properties
in a number of ways that create gradients of concentrations of
inorganic and organic soil components, differences in pH,
microbial populations, and diurnal movements of water in
and out of the root constantly change local conditions in the
rhizosphere and root zone (Hinsinger et al. 2005, 2011).
Heterogeneity of exudation or release of allelochemicals into
the soil may be mitigated somewhat by the impact of the
common mycorrhizal network (CMN) of hyphae in soil,
which can extend the bioactive range of root-exuded
chemicals and facilitate transport from high concentration
regions to lower concentration regions of soil (Barto et al.
2011, 2012). Transport of allelochemicals through the CMN
may also protect allelochemicals from rapid degradation by
moving them away from microbial “hot zones” in the
rhizosphere.

Others (Belz and Hurle 2005; Tharayil et al. 2009, 2010)
have reported diurnal fluctuations in the exudation of
allelochemicals, and Thayaril and Triebwasser (2010) suggest
that the pulsing of allelochemical release may be important in
overcoming biotic and abiotic degradation mechanisms in
soil. While we have measured greater release of thiophenes
over daylight hr, the magnitude of diurnal variation seems
generally modest in comparison to other variation observed in
this study.

Studies of resource competition among plants show that
small-scale heterogeneity in soil nutrients may determine
competitive outcomes and be a factor in successional changes
(Campbell et al. 1991; Gross et al. 1993). Whether heteroge-
neity in allelochemical concentrationsmay impact allelopathic
interactions has not been explored. There will likely be differ-
ences among allelochemicals depending on whether they are
taken up and translocated throughout the plant or bind to the
root and exert toxic effects at the site of exposure (Dayan et al.
2009). Smaller scale patchiness in allelochemical distributions
may allow establishment of otherwise sensitive species in
zones of low allelochemical concentration if that patchiness
persists over time. The impact of the type of heterogeneity of
allelochemical distribution observed in this study on plant
growth responses needs to be investigated. Other than the
split-root experiments conducted by Blum and co-workers
(Lehman et al. 1994; Lyu and Blum 1990) with simple phe-
nolic acids, the potential effects of heterogeneous distribution
of toxic allelochemicals in soil have not been explored.

Hinsinger et al. (2011) emphasize that the complexity of
rhizosphere processes necessitates the use of modeling in-
formed by data to developing models for how rhizosphere
complexity may impact plant growth. For example, Darrah
(1991) showed that when root exudates were released at high
rates in localized areas for a short amount of time, there was
less degradation of the exudates by microorganisms than if the
exudates were released uniformly along the root. Thus, release
of localized, high concentrations of allelochemicals could
increase the impact of allelopathic compounds on competitors.
Previous modeling studies have provided useful insights into
the effect of plant density on allelopathic interactions (San
Emeterio et al. 2007; Sinkkonen 2007) and it is likely that
modeling of heterogeneous allelochemical fluxes may yield
other useful insights.

In summary, STME provides a useful new window on the
temporal and spatial chemical dynamics of the rhizosphere.
Our results demonstrate that STME can provide a much more
finely-resolved picture of the dynamics of allelochemicals in
the root zone than has previously been available. The fluxes
and distribution patterns of organic compounds produced by
root exudates in soil (substrates) and the potential implications
of such fluxes and distribution patterns to plant-plant allelo-
pathic interactions are little understood but may have major
implications in the field. Understanding their significance will

Table. 6 Thiophene content of
marigold roots harvested at the
end of the experiment

Depth, cm Fresh mass, g BBT, μg g−1 α-T, μg g−1 Total, μg g−1 Total, μg % α-T

2 0.3663 333 113 446 163 24.5

6.25 0.2833 341 124 465 130 25.4

10.5 0.3654 266 87 353 128 23.8

14.75 0.7394 165 38 203 149 17.8

Fig. 7 Fluorescence microscopy imaging of resin ducts in marigold roots
containing fluorescent thiophenes. Fluorescence possibly due to exuda-
tion of thiophenes can be seen at the tips of some root hairs
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likely be crucial to translation of research on allelopathy into
practical applications for weed-control in agriculture and man-
agement of invasive allelopathic plants.
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