ABSTRACT
Pennisetum ciliare, commonly known as buffelgrass, is an invasive grass that has led to
noticeable declines in perennial diversity and abundance. Allelopathy, which describes the
exudation of secondary metabolites that result in detrimental effects upon neighboring species,
has been implicated as a possible mechanism for buffelgrass’ success due to observations that
its root leachates inhibit the growth of native plants.5 Since past researchers have only revealed
the identity of the acids present within the leachates (Table 1), I have proposed methods in
which to extract and quantify these chemicals by employing reverse phase-HPLC.5 By comparing
retention times with that of standards for the identified allelochemicals, p-hydroxybenzoic,
vanillic, syringic, and p-coumaric acid were confirmed in buffelgrass root leachates by HPLC.
Using calibration curves, buffelgrass roots were found to consist of 5.801 × 10−3 ± 5 × 10−6 %
p-hydroxybenzoic acid, 3.259 × 10−3 ± 8 × 10−6 % vanillic acid, 4.940 × 10−3 ± 5 × 10−6 %
syringic acid, and 4.369 × 10−3 ± 5 × 10−6 % p-coumaric acid, by weight. The detection of the
acids demonstrated that these compounds were at a significant enough concentration to be
detected, thereby suggesting that they may play a major role in plant interference. By detecting
and quantifying phytotoxins in native and invasive plants, the chemicals responsible for
inhibiting plant growth could be elucidated, establishing a quantifiable criterion of allelopathy.
INTRODUCTION
Biological invasions may result in environmental transformations that alter the
biodiversity and abundance of certain ecosystems.1 Pennisetum ciliare, or buffelgrass, is a C4
bunchgrass native to Africa and parts of the Middle East that has been found responsible for
biological invasion by adversely affecting environments in North America and Australia, where it
was introduced.1,5 Buffelgrass has led to noticeable declines in native plant abundance and
diversity especially in the Sonoran Desert, where it is threatening ecological conservation. Many
factors are hypothesized to contribute to the grass’ success, including resource competition,
wherein buffelgrass more rapidly or effectively captures and exhausts soil, water, and the
availability of space; predation, wherein buffelgrass shelters small rodents from predators that
prey upon and consume native seedlings; and allelopathy, the leaching of root exudates into the
soil that inhibit the growth and survival of other plant organisms.3 While these hypotheses have
been proposed to explain why buffelgrass, or other organisms in novel contexts, dominate and
displace native communities, few studies actively quantify the relative importance of those
mechanisms.2 Therefore, in an attempt to elucidate the relative impact of one of these factors,
my research focused on the chemical aspect of allelopathic behavior suspected of buffelgrass,
to parallel analytically quantifiable data with ecologically relevant observations.
Allelopathy is a mechanism that describes the exudation of phytotoxins, which are
secondary metabolites that display detrimental effects towards neighboring species but are
seemingly harmless to the host plant.4 Prior research have demonstrated that buffelgrass root
leachates display inhibitory effects on plants in its native range, providing insight on the impact
of chemical warfare in invaded areas. Using simple paper chromatography and comparing with
standards, researchers identified the presence of eight phenolic acids contained within the

leachates: gentisic, p-hydroxybenzoic (p-OH benzoic), vanillic, caffeic, chlorogenic, syringic, pcoumaric, and ferulic acid (Figure 1).5 Phenolic acids are an example of phytotoxins, in which
those mentioned have been commonly found in other invasive species and associated with
plant interference as well.5,6,7,12
While numerous studies have examined the impacts of invasive plants on ecological
systems at a macroscopic scale, less than 5% assess whether these effects arise due to specific
mechanisms individually.2 Furthermore, because the study of allelopathy is a relatively new
field of research, it has been criticized that insufficient concentrations of allelopathic chemicals
(allelochemicals) are present to actually impact other plants. Due to a lack of evidence and
allelopathy being a poorly understood area of ecology, there is a notable, ongoing debate about
its existence, significance, and applications. As mentioned, most of the criticism stems from the
paucity of experimental verification, thereby promoting the support for resource competition or
other factors being responsible for biodiversity decline, instead of allelopathy.8 In order to
counter such criticisms, I have proposed methods in which to extract and quantify the
suspected allelochemicals in buffelgrass root leachates, while seeking to resemble natural
conditions to pursue ecologically relevant data.
Large, adult buffelgrass were collected from Tucson Mountain Park, and the roots
prepared for extraction. Once the root leachates were extracted, reverse phase-high
performance liquid chromatography (RP-HPLC) was employed in the detection and attempted
quantification of the expected phenolic acids with respect to their pure standard. By associating
quantifiable data to ecologically relevant observations, I hope to establish a novel criterion of
the definition of allelopathy while addressing an important step toward a mechanistic
understanding of allelopathic interactions of an invasive grass with native competitors.
MATERIALS and METHODS
Extraction of Allelochemicals from Buffelgrass Roots5,9,10
Approximately 10 large, adult buffelgrass plants were uprooted using a spade and pick
axe from Tucson Mountain Park. In the field, the root balls were isolated from the grass and
collected in black garbage bags. Upon returning from the field, the root balls were washed
thoroughly with distilled water to remove soil and rocks, and immediately placed in an oven (60
o
C) to dry overnight. Using small garden shears, whole roots were excised and added to 60%
methanol in water (v/v) in a 1000-mL Pyrex beaker at a ratio of 1 g roots: 500 mL solvent. The
whole roots were shaken for 20 hours at room temperature using a stir plate, while being kept
from light by covering the entire apparatus with aluminum foil. Discontinued stirring allowed
any loose soil to settle to the bottom, and 100 mL of the buffelgrass root leachates was
removed. The leachate solution was vacuum filtered using a 0.45 μm Millipore filter, and
concentrated to 1/25 of its original volume using a rotovap. The concentrated leachate solution
was diluted with 100% methanol (1:1) and stored away from light in a vial covered with
aluminum foil.
Detection and Attempted Quantification of Allelochemicals11
Caffeic, syringic, and chlorogenic acid standards were obtained from VWR International,
LLC. Gentisic, vanillic, p-coumaric, p-OH benzoic, and ferulic acid standards were obtained from

Sigma Aldrich Co. LLC. Filtration before injection into the HPLC was done using a 0.45 μm
Millipore membrane filter. Reverse phase-HPLC was carried out on a Hitachi Transgenomic
D7000 HPLC with UV-Vis detection and autosampling injection on a μBondapak C18 column with
parameters: λdetection: 280 nm, mobile phase: 5% acetic acid (no gradient), flow rate: 2.5 mL/
min, run time: 20 min, column oven: 25 oC, pressure: 3500 psi.
Using volumetric glassware, 1000 ppm of each acid standard was prepared from 100%
methanol, and immediately kept from light by covering with aluminum foil. Performing a serial
dilution with 100% methanol, 250 ppm of each acid was prepared, filtered, and individually
auto-injected into the HPLC in order to confirm the elution order of the phenolic acids,
following the sequence: 1) 100% methanol (“blank”), 2) gentisic, 3) p-OH benzoic, 4) vanillic, 5)
caffeic, 6) chlorogenic, 7) syringic, 8) p-coumaric, 9) ferulic, 10) blank. Standards of known
concentrations were prepared by equally combining 250 ppm of each acid solution to create
Standard 1; Standard 2 was prepared by performing a 1:1 dilution of Standard 1 with 100%
methanol; Standard 3 was prepared by performing a 1:3 dilution of Standard 2 with 100%
methanol, giving 31.250 ppm, 15.625 ppm, and 3.906 ppm of each acid for Standard 1, 2, and 3,
respectively. After equilibration of the column, the buffelgrass leachate solution (“buffelgrass”)
and the standards (“Stds 1-3”) were filtered, placed in a 96-well plate, and auto-injected into
the HPLC following the sequence: 1) blank, 2) buffelgrass, 3) buffelgrass, 4) blank, 5) blank, 6)
Std 1, 7) Std 2, 8) Std 3, 9) blank.
Effect of Photooxidation of Allelochemicals
The 250 ppm solution of each acid standard was left exposed to light for a few days to
observe the decomposition of the acids due to photooxidation. The individual light-exposed
standard solutions along with the buffelgrass leachate solution were filtered and auto-injected
into the HPLC following the sequence: 1) blank, 2) buffelgrass, 3) blank, 4) gentisic, 5) p-OH
benzoic, 6) vanillic, 7) caffeic, 8) syringic, 9) p-coumaric, 10) ferulic, 11) blank; changing the flow
rate to 2.0 mL/ min (chlorogenic acid was not assessed for photooxidation).
RESULTS
Detection and Attempted Quantification of Allelochemicals
Past researchers used simple paper chromatography to identify phytotoxins present in
buffelgrass root leachates, and revealed the presence of 8 phenolic acids suspected to be
responsible for the allelopathic behavior observed of buffelgrass (Figure 1, Table 1).5 Using
reverse phase-HPLC with UV detection at 280 nm, each acid was auto-injected individually onto
a μBondapak C18 column, eluting with 5% acetic acid at a flow rate of 2.5 mL/ min, determining
the elution order of the phenolic acids to be gentisic, p-hydroxybenzoic (p-OH benzoic), vanillic,
caffeic, chlorogenic, syringic, p-coumaric, and finally ferulic acid (Figure 2, Table 2). Although
several mobile phases of varying polarity at different flow rates were used (not shown), efficient
separation between gentisic and p-OH benzoic acid, and vanillic and caffeic acid could not be
achieved. Complete and significant peak overlap was therefore observed (Figure 3a, Table 3) for
gentisic and p-OH benzoic acid, and vanillic and caffeic acid, respectively, making accurate
quantification for these four acids difficult.

After the elution order was confirmed, three standard mixtures with known
concentrations of all 8 phenolic acids were auto-injected (Figure 3a) following the buffelgrass
leachate solution (Figure 3b), in an attempt to detect and quantify the phenolic acids present in
the buffelgrass leachates. Matching the retention times of the buffelgrass leachate solution
(tR,buffel) with that of the phenolic acid standards (tR,std mix), peak 1,2 at 2.32 min suggested the
presence of gentisic and/ or benzoic acid; peak 3 at 3.44 min suggested the presence of vanillic
acid; peak 6 at ~5.4 min suggested the presence of syringic acid; and peak 7 at ~6 min suggested
the presence of p-coumaric acid. Peaks indicated by “*” did not match the retention time of any
standards, and therefore remained unidentified. RP-HPLC analysis indicated an absence of the
detection for caffeic, chlorogenic, and ferulic acid in the buffelgrass leachate solution.
By manually integrating the area under each peak using the peak height and width at
half height, and treating gentisic and p-OH benzoic acid as a single combined compound
(gentisic/ p-OH benzoic), calibration curves for the acids suggested to be present in the
buffelgrass leachate solution were constructed (Table 3). LINEST regression analysis
demonstrated R2 values >0.99 for all linear equations, indicating a good fit of the data obtained
(Table 4a-4d). Using the calibration curve for gentisic/ p-OH benzoic acid (Figure 4a), an average
concentration of 1.46 ± 0.11 𝑝𝑝𝑚 for the combined compound was found in the buffelgrass
leachate solution; using the calibration curve for vanillic acid (Figure 4b), an average
concentration of 0.82 ± 0.02 𝑝𝑝𝑚 was found; using the calibration curve for syringic acid
(Figure 4c), an average concentration of 1.25 ± 0.14 𝑝𝑝𝑚 was found; and using the calibration
curve for p-coumaric acid (Figure 4d), an average concentration of 1.10 ± 0.13 𝑝𝑝𝑚 was found.
Back calculating the weight percent of each acid with respect to the initial mass of roots
analyzed, gentisic/ p-OH benzoic acid consisted of 5.801 × 10−3 ± 5 × 10−6 %, vanillic acid
consisted of 3.259 × 10−3 ± 8 × 10−6 %, syringic acid consisted of 4.940 × 10−3 ± 5 ×
10−6 %, and p-coumaric acid consisted of 4.369 × 10−3 ± 5 × 10−6 % of the dry weight of
whole buffelgrass roots.
Effect of Photooxidation of Allelochemicals
To assess the effect of photooxidation on the decomposition of the phenolic acids of
interest, the standards were left exposed to light then auto-injected following the buffelgrass
leachate solution using a similar HPLC method, but at a flow rate of 2.0 mL/ min. Dismissing
chlorogenic acid (since it was not analyzed for photooxidation), caffeic, p-coumaric, and ferulic
acid seemed to be significantly affected by photooxidation, resulting in two characteristic peaks
after being exposed to light (Figure 5a). Since oxidation would form a more polar compound,
the oxidized species was found to be responsible for the first peak, and the unoxidized species
responsible for the second, as indicated by #b and #a, respectively (Table 5). Given that peak
overlap is observed for peaks 6 and 7b, which are responsible for syringic and oxidized pcoumaric acid (p-coumaric (ox)) respectively, the identity of peak 6, 7b of the buffelgrass
leachate solution is uncertain. Although syringic acid was initially suggested to be present in the
buffelgrass leachate solution when compared with standards before oxidation, when
considering photooxidation, that same peak could actually be responsible for p-coumaric (ox).

DISCUSSION
Biological invasions are recognized as a main cause in biodiversity loss, devastating
ecosystems and conservation efforts. Buffelgrass is one invasive plant that, initially introduced
to prevent erosion and feed cattle, has ultimately led to noticeable declines in native plant
abundance and diversity, especially in the Sonoran Desert.1 Of the mechanisms hypothesized to
contribute towards the grass’ invasive success, allelopathy is one of the least studied, yet the
most criticized. Previous analysis of the phytotoxins exuded from its roots by Hussain, et al
(2011) revealed the presence of 8 phenolic acids suggested to be responsible for buffelgrass
allelopathy (Table 1).5 However, investigation of the researchers’ methods demonstrated that
their identification protocol was undeveloped. Given that only 6 of the 8 chemicals identified
were confirmed using standards (standards were not used for gentisic or syringic acid), their
methods also proved rudimentary since simple paper chromatography and mere comparison
with standard Rf values were employed. Their extraction methods also did not resemble natural
conditions since they acidified their solvent to a pH of 2-3 and used an organic extraction
technique with 100% ether; both providing ecologically irrelevant data. So although the
identification of the chemicals present in buffelgrass root leachates had been implicated, the
significance of those chemicals were never quantified, or sought to be ecologically relevant.
Therefore, I have conducted methods that more closely resemble natural conditions to extract,
and attempt at quantifying the suspected allelopathic chemicals (allelochemicals) in buffelgrass
root leachates to counter the criticisms aimed at allelopathy and establish a criterion of its
definition.
By employing a reputable analytical technique with more advanced capabilities, reverse
phase-high performance liquid chromatography (RP-HPLC) coupled with UV-Vis spectroscopy
was successfully used to separate the majority of the allelochemicals of interest based on their
polarity and size, providing a method to detect and quantify them. Preparing standards of the
phenolic acids that were suggested to be present by past researchers, RP-HPLC confirmed the
elution order of the acids to be gentisic, p-hydroxybenzoic (p-OH benzoic), vanillic, caffeic,
chlorogenic, syringic, p-coumaric, and ferulic acid (Figure 2, Table 2).5 The elution order of the
acids correlated with their molecular structure (Figure 1); in accordance with gentisic and p-OH
benzoic acid, being the smallest and most polar compounds, the two would have the least
interaction with the non-polar column (stationary phase), but the most interaction with the
polar mobile phase, thereby having the shortest retention time (tR); while ferulic and pcoumaric acid, being bulkier and more non-polar, the two would have the most interaction with
the non-polar column, thereby having the longest tR.
Due to the limitations of equipment and time, the separation of the phenolic acids was
not optimized, resulting in peak overlap observed for gentisic and p-OH benzoic acid, and
vanillic and p-coumaric acid (Figure 2). Even after changing the polarity and flow rate of the
mobile phase, the peak overlaps persisted, making quantification for these four compounds
difficult. Yet, by manually integrating the area under each peak, treating gentisic and p-OH
benzoic acid as a single combined compound (gentisic/ p-OH benzoic), and apportioning the
vanillic and caffeic acid peak to their respective identity, construction of calibration curves for
the phenolic acid standards was possible. RP-HPLC analysis of the buffelgrass leachate solution
indicated the presence of gentisic/ p-OH benzoic, vanillic, syringic, and p-coumaric acid when

comparing tR,buffel with that of tR,std mix (Table 3). Calibration curves were, therein, specifically
constructed for those acids (Figures 4a-4d), and the weight percent of gentisic/ p-OH benzoic,
vanillic, syringic, and p-coumaric acid, with respect to the dry weight of buffelgrass roots, was
determined. Buffelgrass roots were found to consist of 5.801 × 10−3 ± 5 × 10−6 % gentisic/ pOH benzoic acid combined, 3.259 × 10−3 ± 8 × 10−6 % vanillic acid, 4.940 × 10−3 ± 5 ×
10−6 % syringic acid, and 4.369 × 10−3 ± 5 × 10−6 % p-coumaric acid (Table 4e).
Although the concentrations determined for vanillic, syringic, and p-coumaric acid were
below the limit of quantitation (LOQ), suggesting that the calculated concentrations were not
representative of buffelgrass roots as a whole, RP-HPLC analysis of the buffelgrass leachates did
demonstrate, however, that these specific allelochemicals are at a significant enough
concentration, to not only be detected, but to also be the chemicals considered most
responsible for inhibitory effects observed of buffelgrass under natural conditions. Calibration
curves with more than 3 standards could have lowered the LOQ to make the determined
concentrations significant.
Since the extraction of buffelgrass phytotoxins for RP-HPLC detection had never been
performed before and reported in the literature as of yet, the extraction procedure and
detection methods were a compilation of several techniques from different literature sources.
Even though 60% of an organic solvent was used for extraction, the protocol closely resembled
natural conditions, wherein methanol was used to also prevent the oxidation of the desired
phenolic acids.12 Understanding that phenolic acids are highly susceptible to decomposition due
to photooxidation, this effect was tested on the standards to see if any peaks observed in the
buffelgrass leachate solution could have been due to an oxidized phenolic acid instead. When
the standards were exposed to light, 3 of the 7 acids were shown to be significantly affected by
phootoxodation (Figure 5a) (noting that chlorogenic acid was not assessed for photooxidation).
Detection of caffeic, p-coumaric, and ferulic acid resulted in two characteristic peaks; the peak
on the right was the unoxidized species (a), whereas the peak on the left was the more polar
oxidized species (b). Observing the molecular structure of caffeic, ferulic, and p-coumaric, we
see that all three compounds contain a double bond in the hydrocarbon chain of the carboxylic
acid, suggesting that the double bond is the component susceptible to oxidation. Observing the
retention times of the buffelgrass solution (Table 5), peak 5, which was initially responsible for
syringic acid when compared with standards before photooxidation, actually eluted similarly
with the oxidized species of p-coumaric acid (p-coumaric (ox). Therefore, if the extraction
procedure was not performed carefully and the buffelgrass leachate solution not kept from
light, the peak initially confirmed as syringic acid, could actually be responsible for p-coumaric
(ox).
Given that the exposure to light was indeed carefully considered, the detection and
quantification of vanillic, syringic, and p-coumaric acid was successfully performed.
Furthermore, because a standard was never used by previous researchers to confirm the
presence of gentisic acid, and because the absorbance of gentisic acid is so low (even at
concentrations of 250 ppm), it is suggestive that the combined gentisic/ p-OH benzoic peak
could accurately be representative of just p-OH benzoic acid, thereby rendering the
quantification of p-OH benzoic acid successful as well.
For future experiments, I hope to optimize separation of the peaks responsible for each
phenolic acid with maximum resolution in order to accurately quantify the chemicals detected

in buffelgrass root leachates. Further research could also employ RP-HPLC to quantify similar
compounds in other invasive species as well as native species that are not suspected of
interference. Determining what makes a plant allelopathic or not by detecting the presence or
lack of significant concentrations of certain phytotoxins, such as the ones present in buffelgrass,
would help establish a criterion of the definition of allelopathy, providing evidence against
criticisms for the phenomenon.
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FIGURES and TABLES
Figure 1. Phytotoxins Identified in Buffelgrass Root Leachates5
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The molecular structure of the 8 phenolic acids identified in buffelgrass root leachates and suspected of
5
phytotoxicity, are provided. The identity of the compounds are given in Table 1.

Table 1. Identity of the Phytotoxins in the Buffelgrass Root Leachates
Number
1
2
3
4
5
6
7
8

Identity
gentisic acid
p-OH benzoic acid
vanillic acid
caffeic acid
chlorogenic acid
syringic acid
p-coumaric acid
ferulic acid

The identity of the 8 phenolic acids identified in buffelgrass root leachates, drawn in Figure 1.

5

Figure 2. Confirmation of the Elution Order of the Individual Phenolic Acid Standards

RP-HPLC separation of the individual phenolic acid standards on a μBondapak C18 column with 5% acetic acid as the
mobile phase at a flow rate of 2.5 mL/ min; MeOH = methanol blank, 1 = gentisic acid, 2 = p-OH benzoic acid, 3 =
vanillic acid, 4 = caffeic acid, 5 = chlorogenic acid, 6 = syringic acid, 7 = p-coumaric acid, 8 = ferulic acid. The
individual HPLC chromatograms of each acid helped determine their elution order, with retention times (tR)
summarized in Table 2.

Table 2. Retention Times of the Individual Phenolic Acid Standards
Peak
MeOH
1
2
3
4
5
6
7
8

Identity
tR (min)
blank
1.27
gentisic
2.19
p-OH benzoic
2.25
vanillic
3.31
caffeic
3.53
chlorogenic
4.23
syringic
5.12
p-coumaric
5.74
ferulic
10.02

The retention times (tR) from Figure 2 are listed to assess the elution order and separation of the peaks responsible
for each phenolic acid, given the HPLC method used. Due to inefficient separation, the peaks responsible for
gentisic and p-OH benzoic acid overlap, and vanillic and caffeic acid overlap (as visualized in Figure 2), making
quantification for these four acids in the buffelgrass leachate solution inaccurate.

Figure 3a. HPLC Chromatogram of the Phenolic Acid Standard Mixture at Three Concentrations

Figure 3b. HPLC Chromatogram of the Buffelgrass Leachate Solution (Flow Rate: 2.5 mL/ min)

RP-HPLC separation of (a) the phenolic acid standard mixture at three known concentrations and (b) the buffelgrass
leachate solution on a μBondapak C18 column with 5% acetic acid as the mobile phase at a flow rate of 2.5 mL/ min;
MeOH = methanol blank, 1 = gentisic acid, 2 = p-OH benzoic acid, 3 = vanillic acid, 4 = caffeic acid, 5 = chlorogenic
acid, 6 = syringic acid, 7 = p-coumaric acid, 8 = ferulic acid, * = unidentified. The identity of the peaks in the
buffelgrass solution (b) was determined by comparing the retention times with that of the standards (a), and
summarized in Table 3. The relative area under the peaks was manually calculated, and used to generate calibration
curves for the phenolic acids identified in the buffelgrass solution, as shown in Figures 4a-4d, to determine their
associated weight percent of the total dry weight of buffelgrass roots, as summarized in Table 4.

Table 3. Retention Times of the Phenolic Acids in the Standard Mixture and the Buffelgrass
Leachate Solution
Peak
1
2
3
4
5
6
7
8
*

Identity
tR,std mix [min]
tR,buffel (trial 1) [min]
tR,buffel (trial 2) [min]
gentisic
2.30
2.32
2.32
p-OH benzoic
vanillic
3.46
3.44
3.44
caffeic
3.62
chlorogenic
4.42
syringic
5.31
5.38
5.39
p-coumaric
5.96
6.02
6.00
ferulic
10.49
unidentified
3.03, 4.04, 4.64, 6.76, 12.92 3.04, 4.06, 4.64, 6.74, 12.98

Retention times from Figures 3a-3b are listed to identify the peaks observed in the buffelgrass leachate solution
(tR,buffel) with respect to the standard mixture (tR,std mix). The matched retention times suggested the presence of
gentisic acid and/or p-OH benzoic acid, vanillic acid, syringic acid, and p-coumaric acid in the buffelgrass leachate
solution. Due to inefficient separation, there is no peak differentiation between gentisic acid and p-OH benzoic
acid, and significant peak overlap for vanillic acid and caffeic acid, making quantification for these acids difficult.

Figure 4. Calibration Curves for the Phenolic Acid Standards Identified in the Buffelgrass
Leachate Solution
(a)
(b)

(c)

(d)

By matching the retention times of the peaks found in the buffelgrass leachate solution (t R,buffel) with that of the
standard mixture (tR,std mix), the presence of gentisic / p-OH benzoic acid, vanillic acid, syringic acid, and p-coumaric
acid were found in the leachates, as summarized in Table 3. Calibration curves were, therefore, constructed for (a)
the gentisic/ p-OH benzoic acid overlap, (b) vanillic acid, (c) syringic acid, and (d) p-coumaric acid based on the
relative area calculated, and the known concentrations prepared of the standards.

Table 4. LINEST Regression Analysis of the Calibration Curves for the Phenolic Acid Standards
(a)
(b)
slope 0.000277 0.000635 intercept
+ 2.14E-07 4.33E-06 +

slope 0.000187 0.000545 intercept
+ 1.12E-05 0.000227 +

R2 0.999999 4.14E-06 s(y)

R2 0.996451 0.000217 s(y)

(c)

(d)
slope 0.000263 0.001165 intercept
+ 1.79E-05 0.000364 +

slope 0.000505 0.00234 intercept
+ 3.53E-05 0.000717 +

R2 0.995373 0.000348 s(y)

R2 0.995117 0.000686 s(y)

Linear regression analysis was performed using the Microsoft Excel LINEST function on the calibration curves for (a)
gentisic/ p-OH benzoic acid, (b) vanillic acid, (c) syringic acid, and (d) p-coumaric acid.

Table 4e. Quantification of Phenolic Acids in the Buffelgrass Leachate Solution
Identity
gentisic/ p-OH benzoic
vanillic
syringic
p-coumaric

tR,std mix
(min)
2.30
3.46
5.31
5.96

Trial 1
Conc (ppm)
1.38
0.81
1.15
1.01

Trial 2
Conc (ppm)
1.55
0.84
1.34
1.19

Avg Conc
(ppm)
1.46
0.82
1.25
1.10

Std Dev Wt% of
(ppm) Roots (%)
0.11
0.02
0.14
0.13

5.801E-03
3.259E-03
4.940E-03
4.369E-03

Std Dev (%)
5E-06
8E-07
5E-06
5E-06

The presence of gentisic / p-OH benzoic acid, vanillic acid, syringic acid, and p-coumaric acid were found in the
buffelgrass root leachates by RP-HPLC by matching the observed retention times of peaks with that of standards, as
shown in Figures 3a-3b and summarized in Table 3. Using the calibration curves in Figures 4a-4d for the phenolic
acids identified in the leachates, the weight percent of the phytotoxins was calculated with respect to the dry
weight of whole buffelgrass roots.

Table 5. Retention Times of the Phenolic Acid Standard Mixture after Photooxidation and the
Buffelgrass Leachate Solution
Peak
1,2
3
4a
4b
5
6a
6b
7a
7b
*

Identity
gentisic
p-OH benzoic
vanillic
caffeic
caffeic (ox)
syringic
p-coumaric
p-coumaric (ox)
ferulic
ferulic (ox)
unknown

tR, standard (min)

tR, buffel (min)

5.21

5.23

7.64
8.04
6.86
11.51
13.07
11.51
18.29
16.31
-

7.57
11.56
12.96
11.56
6.76, 9.92, 14.12

The retention times from Figures 5a-5b are listed to identify the peaks observed in the buffelgrass leachate solution
(tR,buffelgrass) with respect to the standard mixture after photooxidation (t R,standard-ox). Photooxidation seemed to
significantly affect caffeic, p-coumaric, and ferulic acid, resulting in two characteristic peaks instead of just one. Due
to inefficient separation, the peak responsible for syringic acid was masked by the peak overlap from the oxidized
form of p-coumaric acid (p-coumaric (ox)). Therefore, although syringic acid was initially suggested to be present in
the buffelgrass leachate solution when compared with standards before oxidation, when considering
photooxidation of the phenolic acids instead, that same peak could actually be responsible for p-coumaric (ox).

Figure 5a. HPLC Chromatogram of the Phenolic Acid Standard Mixture after Photooxidation

Figure 5b. HPLC Chromatogram of the Buffelgrass Leachate Solution (Flow Rate: 2.0 mL/ min)

RP-HPLC separation of (a) the phenolic acid standard mixture and (b) the buffelgrass leachate solution on a
μBondapak C18 column with 5% acetic acid as the mobile phase at a flow rate of 2.0 mL/ min; MeOH = methanol
blank, 1,2 = gentisic acid and/ or p-OH benzoic acid, 3 = vanillic acid, 4a = caffeic acid, 4b = oxidized caffeic acid, 6 =
syringic acid, 7a = p-coumaric acid, 7b = oxidized p-coumaric acid, 8a = ferulic acid, 8b = oxidized ferulic acid
(summarized in Table 5). HPLC analysis of the standards after photooxidation (a) helped determine whether the
identified or unidentified peaks from the buffelgrass leachate solution (b) were either due to the oxidized or
unoxidized species of the phenolic acids of interest. (Note: chlorogenic acid was not analyzed)

