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Abstract Dimethyl phthalate (DMP) is one of the most
widely used plasticizers. Due to its anthropogenic inputs,
DMP has become a serious contaminant in soils and water.
Hydroponic experiments were conducted focusing on
phytotoxic responses of rice seedlings (Oryza sativa L. cv.
XZX 45) to 1,2-dimethyl phthalate. Relative growth rate
(RGR) and water use efficiency (WUE) were measured as
response endpoints to quantify the effective concentrations
(ECs) of DMP to rice seedlings. As a comparison, acute
phytotoxicity of dimethyl sulfoxide (DMSO) used as sol-
vent media was also determined. Results showed that acute
toxicity of DMP to rice seedlings was evident, but selected
endpoints had different responses to DMP exposure. RGR
of rice seedlings was more sensitive to change of DMP
than WUE. EC-48 h values for 10, 20 and 50 % inhibition
of the RGR were estimated to be 6.18, 38.41 and
329.41 puM for rice seedlings exposed to DMP, respec-
tively, while smaller ECs were obtained for 96 h exposure.
Results from phytotoxicity of DMSO demonstrated that the
doses of DMSO used for dissolving DMP had a negligible
effect on rice seedlings. In conclusion, DMP is problematic
at relatively low concentrations for rice seedlings, and
inhibitory effects are highly dependent on response end-
points and the duration of exposure period.
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Introduction

Phthalate esters (PAEs) are a class of manufactured
chemicals primarily used as non-reactive plasticizers
(Rahman and Brazel 2004). They are also widely used in
the manufacture of insect repellents, synthetic fibers, cos-
metics, personal care products, food packaging, medical
devices, pharmaceuticals, paints, and industrial plastics
(Hens and Caballos 2003; Hauser et al. 2004; Chen et al.
2008; Zeng et al. 2009; Xia et al. 2011; Wang et al. 2013).
The global production of PAEs is approximately 6.0 mil-
lion tons annually (Mackintosh et al. 2006). In mainland
China, the consumption in 2011 is about 2.2 million tons
and majority has been used in the production of plastic film
(Wang et al. 2013). The large-scale production and wide-
spread application due to anthropogenic activities has
resulted in a significant release of PAEs into the environ-
ment on a continuous basis (Kong et al. 2012). Indeed, the
presence of PAEs has been observed in food, air, water,
soil, and sediment worldwide (Xie et al. 2007; Zeng et al.
2009; Srivastava et al. 2010; Wang et al. 2013). For
instance, high levels of PAEs in agricultural soils have
been detected in the Pearl River Delta (Zeng et al. 2008)
and northeast China (Xu et al. 2008).

PAEs are considered to be moderately to highly toxic
toward aquatic organisms (Cartwright et al. 2000), soil
microbial communities (Jensen et al. 2001), and insects
(Liao et al. 2009). Of the 18 commercial PAEs, dimethyl
phthalate (DMP), DEP, DBP, BBP, DEHP, and DnOP have
been classified as priority pollutants and as endocrine dis-
ruptive chemicals (EDCs) by the U.S. Environmental
Protection Agency, the European Union, and other inter-
national organizations (Liao et al. 2009; Wang et al. 2013).
It is known that toxicity and biological effect of PAEs to
various animals is well documented. For instance, PAEs

\g
’r @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-014-0704-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-014-0704-y&amp;domain=pdf

3010

Int. J. Environ. Sci. Technol. (2015) 12:3009-3016

exposure has been found to be associated with adverse
health outcomes in humans (Lin et al. 2011), including
shorter ano-genital distances at birth (Swan 2006), respi-
ratory effects (Jaakkola et al. 2000; Hoppin et al. 2004),
and increased waist circumference and insulin resistance
(Stahlhut et al. 2007). Epidemiological evidence indicates
that boys born to women exposed to PAEs during preg-
nancy have an increased incidence of congenital genital
malformations and spermatogenic dysfunction, signs of a
condition referred to as testicular dysgenesis syndrome (Ge
et al. 2007). Experimental studies with rats showed that
PAEs induced the reproductive toxicity, developmental
toxicity, endocrine disruption, and genotoxicity (Lin et al.
2011). For example, high doses of PAEs caused increase in
liver weight, peroxisomal proliferation, and skeletal vari-
ations (Moorman et al. 2000). Limited studies have been
conducted to investigate phytotoxicity of PAEs. The effect
of DBP on the synthesis of carotene during seedling growth
has been reported (Herring and Bering 1988). It also causes
decrease in vitamin C and capsaicin content in capsicum
fruits (Capsicum annum) (Yin et al. 2003). DBP even
below 1 mg/L had significant effect on the concentration of
chlorophyll in Chinese cabbage, and the biomass showed a
severe decrease under treatment with more than 30 mg/L
of DBP (Liao et al. 2009). However, nothing is known yet
about phytotoxicity of DMP.

Toxic effects of chemicals on plants can be measured in
different approaches. Trapp et al. (2000) specially devel-
oped an acute hydroponic phytotoxicity for chemicals
using growth, transpiration, and water use efficiency to
evaluate the impacts of pollutants to plants. Stress reduces
the water use efficiency (Larcher 1995), and a change in
water use efficiency can be used as indicator for chemical
stress to the trees on a sublethal level (Trapp et al. 2000).
Our objective was to quantify the effective concentrations
(ECs) based on different response parameters, using
hydroponic experiment with rice seedlings exposed to
DMP. Two response endpoints, relative growth rate (RGR)
and water use efficiency (WUE), were studied and EC
values were estimated using the Levenberg—Marquardt
algorithm at the respective time intervals. Comparison of
the sensitivities of different response parameters to DMP
exposure based on EC values was also performed. Because
DMP is non-water soluble, organic solvent dimethyl sulf-
oxide (DMSO) is required to be an intermediate solvent for
dissolving DMP. DMSO is a polar, less-toxic, odorless and
an aprotic solvent, which acts as both soft base (sulfoxide
sulfur) and hard base (sulfoxide oxygen) (Zhu et al. 2013).
Therefore, additional experiments were conducted to clar-
ify the effect of DMSO on rice seedlings. The ECs of
DMSO for rice seedlings were also determined using
similar exposure regimes and estimation methods. This
work was conducted at the College of Environmental
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Sciences and Engineering, Guilin University of Technol-
ogy, P. R. China, from October 2013 to April 2014.

Materials and methods
Test chemicals and experiment design

Plant materials and exposure regime were identical to our
previous work (Yu et al. 2013). Fifteen-day-old rice seed-
lings (Oryza sativa L. cv. XZX 45) with similar height and
weight was transplanted to a pre-treatment solution con-
taining 1 mM CaCl, + 2 mM MES-Tris buffer (pH 6.0) for
4 hto clear the cell wall space of ions (Ebbs et al. 2008), and
then, ten rice seedlings were transferred into a 50-mL
Erlenmeyer flask filled with 50 mL modified ISO 8692
nutrient solution (Yu and Zhang 2013) with addition of
10 uM Fe-EDTA. The plants were first conditioned for 24 h
to allow adaptation to the new environmental conditions.
The flasks were all wrapped with aluminum foil up to the
flask mouth to prevent escape of water, and to inhibit
potential growth of algae inside. All flasks were housed in a
plant growth chamber with constant temperature of
25 £ 0.5 °C and a relative humidity of 60 £ 2 % under
continuous artificial light. Then, the nutrient solution in each
flask was replaced by spiked solution, except control.
1,2-Dimethyl phthalate (CAS No. 131-11-3, 99.5 % pur-
ity) and DMSO (CAS No. 67-68-5, 99 % purity) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd.
Shanghai, PR China. DMP solution was prepared by DMSO.
The final DMSO concentration in the experiment media with
DMP was maximum 0.002 %. Nominal concentrations were
used in this study. Eight different concentrations were used
for each testing chemical. Each treatment concentration was
conducted in four independent biological replicates. Two test
series (48-h and 96-h exposure period) were conducted.

Relative growth rate

Rice seedlings were weighed prior to application and at
termination of exposure. The relative growth rate (RGR,
%) was calculated using the formula

_Mr — Mgy
M)

where M1, and M, are the initial and final weight (g) of
rice seedlings, respectively.

RGR x 100

Water use efficiency

Water use efficiency (WUE) (mg biomass/mL water) is the
ratio between produced biomass and water transpired
(Trapp et al. 2000).
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WUE = Me) — Mg

transpired
where M(;, and My, are the initial and final weight (mg) of
rice seedlings. Vizanspired 18 the transpiration (mL water) of
seedlings calculated by the weight loss of the plant-flask
system.

Inhibition rate

Percent inhibition rate (IR, %) on each parameter was
calculated using the equation

1/n> 0L
R, = - miien ) | o0
' 1/m Zj:l Koy

where C is concentration (UM), ¢ is time period (h), u is
different measured parameter, i is replicate 1, 2,..., n and
j is control 1, 2,..., m.

Effective concentration

Effective concentration (EC) was determined using dif-
ferent parameters of treated plants as the endpoints of acute
phytotoxicity. The EC values at the respective time inter-
vals were estimated by Levenberg—Marquardt algorithm
with 95 % confidence intervals using Logistic Model of
Origin v. 9.0, which is a commonly used program designed
for logistic dose response in Chemistry.

A —A

P
()

where A; is the initial value, A, is the final value, X; is the
central value for EC of the does—response curve, and P is

flx) =4 +

the slope of dose-response curve; f(x) is the function of
chemical concentration x; here, it refers to percent inhibi-
tion rate for each selected parameter to determine the
Levenberg—Marquardt coefficients.

Statistical method

Analysis of variance (ANOVA) and Tukey’s multiple
range test was used to determine the statistical significance
at 0.01 or 0.05 between the treatments (Sachs 1992).

Results and discussion
Acute phytotoxicity of DMSO to rice seedlings

Phytotoxicity of DMSO expressed in terms of RGR and
WUE of rice seedlings exposed to DMSO was evident
(Table 1). Compared with the non-treated seedlings,
0.35 mM DMSO slightly enhanced both RGR and WUE
after 48-h exposure (p > 0.05), which declined at further
DMSO concentrations in comparison to control. It is noted
that a significant reduction in RGR as well as WUE was
detected with rice seedlings exposed to DMSO at greater
than or equal to 1.41 mM (p < 0.05), but all plants showed
positive growth after 48-h exposure. A different result was
obtained in the treatment with 96-h exposure of DMSO, in
which decreases in both RGR and WUE were observed
with increasing concentration of DMSO. However, both
parameters remained slightly changed up to 0.71 mM of
DMSO treatment (p > 0.05), compared with the non-trea-
ted rice seedlings after 96-h exposure. The RGR and WUE
showed a severe decrease under treatment with more than
1.41 mM (p < 0.05) in respect to control. All seedlings

Table 1 Effects of various DMSO concentrations (mM) on relative growth rate (RGR, %) and water use efficiency (WUE, mg biomass/mL

water transpired) of rice seedlings

Conc. (mM) 0 0.35 0.71 1.41 7.05 14.10 28.21 56.42
RGR (%)
48-h 31.87 36.54 29.50 23.44%* 18.98* 15.92* 13.63* 8.25%
(3.42) (3.49) (3.23) (3.88) (2.79) (2.64) (0.64) (1.46)
96-h 66.21 64.86 59.71 48.71%* 32.31% 18.63* 12.43* —2.40%*
(8.21) (3.06) (5.11) (6.11) (4.63) (3.62) (2.93) (0.61)
WUE (mg/mL)
48-h 61.59 64.40 60.46 58.14 54.20 51.31* 51.81%* 38.90*
(4.82) (2.95) (1.03) (3.19) (3.72) (2.81) (2.08) (6.48)
96-h 32.89 30.33 29.87 28.52 27.27 18.89* 13.82% —4.27%*
(0.99) (1.29) (4.83) (3.05) (4.12) (1.76) (2.38) (1.71)

Values are mean of four independent biological replicates. Numerical values in brackets represent SD. Asterisk symbol refers to the significant
difference between DMP treatment and control (p < 0.05)
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Table 2 Effects of various DMP concentrations (M) on relative growth rate (RGR, %) and water use efficiency (WUE, mg biomass/mL water

transpired) of rice seedlings

Conc. (uM) 0 15.36 30.72 61.43 122.87 245.74 491.48 982.95
RGR (%)
48-h 36.19 29.64* 28.44* 27.93* 24.74% 22.13* 13.99%* 6.36*
(2.69) (0.79) (3.23) (2.90) (3.63) (3.20) (2.41) (1.30)
96-h 59.99 48.56* 45.92% 38.52* 37.49* 35.49* 24.34%* —2.76%*
(3.21) (2.70) (5.22) (2.57) (3.32) (4.24) 2.91) (0.65)
WUE (mg/mL)
48-h 68.54 57.50 56.71* 55.22% 53.80* 44.61%* 31.55% 22.37*
(3.97) (6.33) (6.43) 4.97) (3.32) (4.34) (4.22) (4.04)
96-h 28.98 26.93 26.31 23.97 23.43 22.07* 20.86* —5.35%
(3.56) (3.27) (2.34) (2.59) (2.12) 0.91) (3.44) (1.17)

Values are mean of four independent biological replicates. Numerical values in brackets represent SD. Asterisk symbol refers to the significant

difference between DMP treatment and control (p < 0.05)

showed positive growth after 96-h exposure, except the
treatment exposed to 56.42 mM of DMSO.

Acute phytotoxicity of DMP to rice seedlings

Table 2 shows the changes of selected parameters of rice
seedlings exposed to DMP at different exposure periods. A
remarkable reduction in RGR was observed (p < 0.05)
with all DMP treatments after 48-h exposure in comparison
to control, while a significant decrease in WUE was
detected with rice seedlings exposed to DMP at greater
than or equal to 30.72 uM (p < 0.05). When exposed to a
period of 96 h, rice seedlings showed different responses to
DMP. Compared with non-treated rice seedlings, the RGR
decreased significantly with increasing concentrations of
DMP treatments (p < 0.05). DMP also caused reduction in
WUE, but the decrease was significant (p < 0.05) at
245.74-982.95 uM. Our experimental results showed that
only the highest DMP dose of 982.95 uM yielded negative
values of RGR and WUE.

Effective concentrations of DMSO for rice seedlings

Table 3 displays the inhibitory effects of DMSO, as mea-
sured by different response variables, on rice seedlings
observed at different exposure periods. It is obvious that
higher doses of DMSO caused more severe inhibition rates
on selected parameters, in which the inhibitory rate of RGR
significantly increased to approximately 57.24 % at the
treatment of 28.21 mM after 48-h exposure, in comparison
with control. It is worthwhile to note that inhibitory effect
was also dependent on duration of exposure. Indeed, higher
inhibition rates of both RGR and WUE were observed at
the treatments of 96-h exposure, especially at the higher
doses of DMSO.

’r @ Springer

Table 3 Inhibition rate (IR, %) of relative growth rate (RGR, %) and
water use efficiency (WUE, mg biomass/mL water transpired) of rice
seedling exposed to DMSO

Conc. 0 035 071 141 7.05
(mM)

14.10 28.21 56.42

RGR
48-h 0 —14.63 746 2646 4047 50.07 5724 74.13

96-h 0 2.04 982 2644 5120 71.86 8122 103.62
WUE

48-h 0 —454 186 564 1200 16.71 1589 36.86

96-h 0 7.78 9.17 1329 17.06 42.55 57.96 112.99

Values are mean of four independent biological replicates

For calculation of EC values, the Levenberg—Marquardt
algorithm was performed using nonlinear regression. The
simulation curves of concentration—response model shown
in Fig. 1 indicated that all trends yielded were significant,
judged by the critical R for given n (¢ = 0.05) (Sachs
1992). Therefore, the EC values for different parameters at
the respective time intervals can be calculated using the
fitting equations. Results of the EC values are depicted in
Table 4. It is of interest to note that complete different
results were observed using different endpoints to deter-
mine the ECs. All EC values based on RGR were smaller
than those on WUE, suggesting that RGR of rice seedlings
is more sensitive to DMSO exposure than WUE.

Effective concentrations of DMP for rice seedlings

Similarly, a statistical program was used to estimate EC
values of DMP for rice seedlings, according to the inhibi-
tory effects of DMP on different variables of plants
(Table 5). Therefore, a dose-dependent curve was
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Fig. 1 Simulation curves of inhibition rates of various parameters of
rice seedlings exposed to different DMSO concentrations at different
exposure periods (a 48-h, b 96-h; RGR relative growth rate, WUE
water use efficiency; values are mean of four independent biological
replicates)

Table 4 Estimation of the ECs of DMSO and DMP to rice seedlings
using different endpoints for phytotoxicity

Chemicals RGR WUE
DMSO (mM)
48-h 0.97 2.07 11.93 7.96 2347 104.33
96-h 0.54 1.35 6.48 1.72 6.15 21.32
DMP (uM)
48-h 6.18 38.41 32941 12.84 65.55 509.56
96-h 2.37 290.86 25497 26.63 338.14 629.62

simulated from the results of percentage of inhibition rate
of selected parameters in function of concentrations of
DMP (Fig. 2), which evidenced significant response pat-
terns, judged by the critical R for given n (« = 0.05) (Sachs
1992). It is obvious that the smaller EC value was obtained
using RGR than using WUE. This suggested that exposure
of DMP caused more seriously inhibitory effect on RGR
than that on WUE.

Comparison to other findings

An important step involved in assessing the environ-
mental safety and ecological risk of different chemicals is
to determine the effective concentration, in which plant
assays are required to measure ultimate adverse responses
of plants to target chemicals. In the literature review of
Nellessen and Fletcher (1993), responses of plants to
organic chemicals were grouped in three -categories:
unique features, common features and growth parameters.
It is known that different response endpoints such as hoot
length, biomass production, percentage germination, and
root growth were often selected for phytotoxic determi-
nation (Sanchez-Pardo and Zornoza 2014). In the present
study, RGR and WUE were selected as sensitive variables
to determine phytotoxicity of DMP to rice seedlings.
Although a dose-dependent decline in both parameters
was observed in DMP-treated rice seedlings, RGR and
WUE showed different responses to DMP exposure.
Indeed, a clear difference in the inhibitory effect on RGR
and WUE was observed. This is probably due to the fact
that DMP resulted in more adverse damage on biomass
growth of plants than transpiration. It is obvious when
levels of chemicals accumulated in plant materials are
below toxicity threshold, plants are able to maintain their
normal functioning (Yu 2014). However, if phyto-assim-
ilation rate of chemicals is slower than accumulation in
plants, phytotoxic effects could appear. It is worthwhile to
note that only the highest DMP dose of 982.95 pM
yielded negative values of RGR and WUE at the treat-
ments of 96-h exposure, suggesting that (1) phyto-
removal of DMP into plant materials from hydroponic
solution was apparent; (2) phyto-degradation of DMP
might be a process involved and the velocity was highly
dependent on the DMP doses supplied; (3) plant materials
are also a sink for bioaccumulation of DMP in rice
seedlings, this caused, as consequence, phytotoxicity to
rice seedlings.

Liao et al. (2009) investigated effects of DBP on Chi-
nese cabbage at the morphological and proteome-level
changes, in which 50 mg/L of DBP resulted in etiolation of
leaves with decrease in biomass and content of chlorophyll
after 42 days exposure. Additionally, phyto-transport of
DBP from low parts into upper parts of plants was evident,
and DBP accumulation in plant materials showed dose-
dependent manner (Liao et al. 2009). In the proteomic
analysis, three increasing protein spots were observed,
which are responsible for biosynthesis of fatty acids, signal
transduction of phototropic response, and nitrate assimila-
tion in plant cells, respectively (Liao et al. 2009). Growth
inhibition of DBP on algae (Paviova viridis) was also
detected (Xiao et al. 2013), where 5.0 mg/L of DBP killed
the algae cells completely, and the content of chlorophyll
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Table 5 Inhibition rate (%) of relative growth rate (RGR, %) and water use efficiency (WUE, mg biomass/mL water transpired) of rice seedling
exposed to DMP

Conc. (uM) 0 15.36 30.72 61.43 122.87 245.74 491.48 982.95
RGR
48-h 0 18.13 21.41 22.82 31.64 38.85 61.34 82.43
96-h 0 19.05 23.45 35.79 37.52 40.84 59.42 104.58
WUE
48-h 0 16.11 17.26 19.43 21.51 3491 53.97 67.36
96-h 0 7.07 9.21 19.15 17.29 23.84 28.02 118.46

Values are mean of four independent biological replicates

a
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Fig. 2 Simulation curves of inhibition rates of various parameters of
rice seedlings exposed to different DMP concentrations at different
exposure periods (a 48-h, b 96-h; RGR relative growth rate, WUE
water use efficiency; values are mean of four independent biological
replicates)

and carotenoids significantly decreased with increasing
concentrations of DBP.

In this study, DMSO was used as solvent media to
dissolve DMP. The maximum concentration of DMSO was
approximately 0.002 % (<0.35 mM). Results from phyto-
toxicity of DMSO showed that such a dose was unable to
cause significant impact on rice seedlings. Estimation of
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EC, also provided evidence to confirm that involvement
of DMSO in phytotoxicity of DMP to rice seedlings is
negligible. It is conclude that adverse responses of rice
seedlings exposed to DMP observed is chiefly resulted
from DMP rather than a joint toxicity of DMSO and DMP.

The EC is defined by the concentration of a chemical,
which produces percentage inhibition of the maximum
possible response for that chemical. In the case of this
study, toxic responses include 10, 20, and 50 % inhibition
of the RGR and WUE. It is of interest to note that using
RGR as a variable always yielded lower EC values than
using WUE for both testing chemicals at any exposure
period, suggesting that RGR is more sensitive than WUE.
For instance, the EC1(-48 h for WUE was more than a
factor of 2 higher than that obtained for RGR at the
treatment with DMP. However, a much higher variation in
EC values between WUE and RGR was observed at the
treatment of 96-h exposure, implying that phytotoxicity of
DMP increased with exposure time. This gives rise to
conclusion that phyto-assimilation of DMP may be a very
slow process in rice seedlings. For phytoremediation pro-
jects, phyto-accumulation of DMP by rice seedlings largely
occurs in rice seedlings during a short-term exposure. RGR
of rice seedlings is a sensitive bioindicator for risk
assessment of DMP.

Reliability of EC estimation using Levenberg—
Marquardt algorithm

The EC values in this study were estimated by Levenberg—
Marquardt algorithm. Although all fits using nonlinear
regression were significant, as indicated by the high
regression coefficient R?, several unusual EC values have
been found. For instance, the estimated EC;,-48 h value
for WUE at the treatment with DMSO was 7.96 mM, while
7.05 mM DMSO yielded 12 % inhibition on WUE from
experimental measurements. This is largely due to the fact
that the data of WUE from experimental observation were
only in a range of —4.54 to 36.86 %. Such data led to an
unreliable simulation curve and hence to large errors in EC
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estimation. A similar result was also found in the 48-h
DMP treatment. However, it is observed that DMSO and
DMP caused more serious inhibition on WUE, when
increasing exposure period. The estimated EC-96 h values
for both variables were much closer to the results of
experimental measurements. It is to suggest that the reli-
ability of using Levenberg—Marquardt algorithm to esti-
mate EC values is largely dependent on experimental
observations of variables, which must be distributed
homogeneously in the range of 0-100 %; otherwise, this
method will lead to a large error in EC estimation.

Conclusion

Results from our experiments indicated that acute phyto-
toxicity of DMP on rice seedlings was apparent. Responses
of RGR and WUE to DMP exposure showed the dose-
dependent decline. The estimation of EC values revealed
that RGR of rice seedlings was more susceptible to change
of DMP than WUE. Further research on the molecular
mechanisms involved in metabolic responses of DMP to
plants is required to improve our understandings.
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