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An established method for the extraction, detection, and quantification of poly-3-hydroxybutyrate in bacteria cells was
adapted for use in higher plants and tested on hybrid poplar samples. Plant cell walls were degraded mechanically by
grinding and interfering photosynthetic pigments were removed with ethanol before extracting the polyhydroxybutyrate in
chloroform and converting it to crotonic acid in concentrated sulfuric acid. This allowed for detection and quantification by
spectrophotometric analysis at 235 nm. This method showed strong correlation when compared with a gas chromatography
based quantification method that has been used for polyhydroxybutyrate detection and quantification in plants. After the
initial development of the assay, a second, biologically independent sample set was analyzed to confirm the repeatabiiity
and accuracy of the extraction and quantification method. The secondary study showed the same strong correlation with
the gas chromatography quantification method as the initial study. This was followed by a series of assay sensitivity exper-
iments in which potential procedural deviations were examined for their relative impact on assay results. Solvent extraction
temperature and time had the greatest impact on the accuracy of the assay. While the effect of solvent to sample ratio was

also significant, it could be partially accounted for by the calibration equations.

KEYWORDS: PHB, Poly-3-Hydroxybutyrate, Quantification, Assay, Detection, Crotonic Acid, Spectrophotometry.

1. INTRODUCTION

Environmental concerns about the sustainability of, and
pollution created by petroleum-based thermoplastics have
driven research on the production bio-plastics (Holmes,
1985). Poly-3-hydroxybutyrate (PHB) is a member of
the polyhydroxyalkanoate (PHA) family, a group of
biodegradable polyester polymers that may be able to
compete commercially with non-degradable, fossil fuel
derived plastics (Mergaert et al., 1995; Lee, 1996). These
molecules are commonly produced by microorganisms in
response to physiological stress and act as energy and
carbon storage molecules, to be used when more common
energy sources have been depleted (James et al., 1999).
The high cost of PHB production in monoclonal, bacte-
rial cultures has shifted research to focus on production of
PHB in plant-based systems.

PHB biosynthesis genes from Ralstonia eutropha (for-
merly Alcaligenes), a bacterium found to produce PHB in
nature (Peoples and Sinskey, 1989), have been transformed
into several plant species including Populus trichocarpa
(Dalton et al., 2011), Arabidopsis thaliana (Kourtz et al.,
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2007), Medicago sativa L. (Saruul et al., 2001), and Sac-
charum spp. Hybrids (Petrasovits et al., 2007). Further
work is being completed to/optimize PHB production in
these systems and to expand the library of plants trans-
formed to produce the polymer (Poirier et al., 1992). One
of the challenges in this context are complex PHB detec-
tion methods which are often optimized for use in microor-
ganisms. Gas chromatography is the standard method of
measuring PHB in plants (Braunegg et al., 1978). The pro-
cess involves extracting and converting the PHB into 3-OH
butyrate before the sample can by separated by gas chro-
matography and analyzed. While this method yields accu-
rate results, gas chromatographs are costly and samples
undergo a lengthy derivatization prior to analysis. An alter-
native method used for determining PHB content in bacte-
ria involves extracting and converting PHB to crotonic acid
using concentrated sulfuric acid (Law and Slepecky, 1961).
This conversion can be carried out in 10 minutes. Cro-
tonic acid can then be quantified based on its absorbance
maximum at 235 nm via spectrophotometry and used to
estimate the PHB content. This method uses less expen-
sive equipment, can provide rapid results, and produces
accurate results that are comparable to the results from GC
(Braunegg et al., 1978; Nakashita et al., 1999). Unfortu-
nately this method had not been shown to work on plants
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because photosynthetic pigments extracted with the PHB
create high, inconsistent background signals that mask the
absorbency signal created by the crotonic acid.

In this paper we describe the development and sensitiv-
ity analyses of a modified PHB detection and quantifica-
tion protocol based on the classic crotonic acid assay. This
method was designed to overcome the difficulties posed
by plant-based systems, namely interference by photosyn-
thetic pigments and incomplete extraction caused by the
robust cell wall. This method requiring minimal product
transformation and equipment access is faster than cur-
rent techniques while producing results comparable to GC
quantification. The protocol has been optimized for use
with Populus trichocarpa, but could be applicable for use
in a much wider variety of plant-based PHB biosynthesis
systems that pose similar difficulties for traditional detec-
tion methods.

2. MATERIAL AND METHODS
2.1. Sample Preparation

Samples were produced by co-cultivating poplar explants
with Agrobacteriym that had been transformed to con-
tain the PHB biosynthesis genes (PHBabc) linked to an
inducible promoter designed to respond to Intrepid (Busov
et al., 2010). A subset of theses produced shoots and roots
in tissue culture that were confirmed to contain the trans-
genes for the PHB biosynthesis pathway via PCR. Two
plants with the highest levels of PHB were selected for
experiments and were treated for 7-8 weeks with .05,
.1, .5, or 1 mM concentrations of Intrepid (Dalton et al.,
2011). Control samples without the engineered plasmid
were treated with the same inducing agent at the same lev-
els. Plants were also cultivated in the absence of Intrepid.
Leaf samples were harvested, dried in conventional oven
at 60 °C, and stored in ambient conditions until further
processing.

Dried samples were ground in a knife mill, until the
entire sample passed through a 2 mm screen in the bottom
of the mill. The samples were then stored in ambient con-
ditions until analysis.

2.2. Conventional Crotonic PHB
Quantification Method

One conventional protocol for determination of PHB
content in bacteria is based on conversion of PHB to
crotonic acid (trans-2-butenoic acid, CH;CH=CHCO,H)
when heated in concentrated H,SO,. Crotonic acid has an
absorbance maximum at 235 nm that can then be analyzed
to determine the PHB content (Law and Slepecky, 1961).
In this method samples are extracted with chloroform at
55-60 °C for 3 h and the extract is filtered over What-
man filter paper. A small volume of extract (0.05-0.1 mL
depending on the amount of estimated PHB concentration
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in sample) is added to a test tube and the chloroform is
evaporated to dryness before addition of 7.5 mL of concen-
trated H,SO,. The mixture is heated at 100 °C for 10 min
for complete conversion of PHB into crotonic acid, which
is quantified by measuring the absorbance of the cooled
mixture at 235 nm using concentrated H,SO, as a blank.

2.3. Method Development

The standard crotonic acid method was used on dried
and ground poplar leaves to determine its shortcom-
ings. Initially, the background caused by contamination
of the extracted PHB with photosynthetic pigments was
accounted for by the background subtraction method. In
the background subtraction method, the assay was per-
formed on a sample without PHB and absorbance mea-
sured in that sample was subtracted from all experimental
samples. This method allowed for a rough determination
of PHB content, but it was unreliable, and resulted in PHB
content estimates with high standard deviations.

To optimize the assay for plant-based systems a pri-
mary extraction and wash step was developed to remove
chlorophyll and other interfering pigments while avoid-
ing the removal of PHB. Samples from a poplar line that
had been identified to contain high PHB levels with the
background subtraction crotonic acid method were chosen
for the experiments. These samples were extracted with
ethanol, hexane, chloroform, or acetone for 2 h prior to
being analyzed with the standard crotonic acid method.
The results generated from this test, along with knowledge
of the chemical properties of PHB, chlorophyll, and the
solvents, was used to select an extraction solvent used in
the primary extraction and .wash steps.

2.4. Modified Crotonic Acid Method

The standard extraction method was modified (Fig. 1) by
adding a primary extraction and wash step prior to chloro-
form extraction to reduce the interference from chlorophyll

Modified Crotonic Acid Assay

R e
Remaining Primary
Extraction Solvent

Paplar Wash with Pnimary
Leaves Extraction Solvent

—_—
—_— (
Size Vacuum Vacuum

- Secondary Extraction
Reduction Filtration Filtration g

with Chloroform

““Solvent
Wasle

Conc.
H;S0; for
10 minutes

Reoading at

235 nm Evaparation

Fig. 1. Modified crotonic acid method for PHB determination of poplar
leaves.
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in hybrid poplar leaves. Ethanol, acetone, hexane and chlo-
roform were tested for their suitability in the first extrac-
tion step. Based on the results from these experiments,
ethanol was chosen as the primary extraction solvent used
for during the primary extraction and washing. A 1:30
solids to solvent ratio was used during the 2 h extraction
in pure ethanol at 65 °C. This was followed by vacuum fil-
tration over Whatman filter paper and washing the residual
solids two times with one volume of ethanol each time.
The solids were then dried at 85 °C for 25 minutes to
remove residual ethanol.

From this point forward the chloroform extraction was
carried out as per Law and Slepecky’s method (Law and
Slepecky, 1961) with a 1:30 solids to solvent ratio at 55 °C.
The conversion to crotonic acid was carried out with a
1:100 ratio of evaporated chloroform to H,SO,.

The calibration curve was developed by adding known
amounts of PHB to the hybrid poplar leaf samples and
following the modified crotonic acid protocol described
above.

2.5. Calculations

Initially, a simple calculation of PHB percent by weight
was derived directly from the best linear fit of the cal-
ibration curve. This calculation functioned well as long
as all ratios of solvent to sample remained consistent
between the calibration samples and the experimental sam-
ples, but scaling the offset (B — ﬁ) in accordance with
actual solvent to sample ratios allowed for more consistent
results (Eq. (1)). Equation 1: The equation used to con-
vert absorbance at 235 nm to percent PHB w/w and the
equation.

PHB%w/w . ((M X Abs@235 nm +é)

( Venay, X Vi,so, )
X e ———
VCHC13 Evaporated

s 1 M
10000 X Weggmore

Cal Cal Actunl Actual
( Veiicr, X Vinso, X Vanct evp X Wisample )

B=B
Actual Actual Cal Cal
Vaiicl, X Vinso, X Vetia, gvap % Wisampie

2.6. Assay Comparison and Validation Using
Gas Chromatography

An established protocol for PHB detection in plants via
gas chromatography was used as a basis for comparison
to the modified crotonic acid method. The ground sam-
ple material was weighed into aliquots of 40-80 mg and
placed into microfuge tubes. To this 800 ul of extraction
solvent was added (90% 1-butanol and 10% concentrated
HCL). The tubes were then flash frozen by submersion
in liquid nitrogen and the samples were further pulverized
with a small plastic pestle attached to an electric drill until
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the sample thawed. The tube contents were transferred to a
20-mL round bottom flask and the tube was rinsed with an
additional 2 mL of extraction solvent, which was added to
the flask. The sample was gently refluxed for 60 minutes
to convert the PHB into 3-OH butyrate. The sample was
transferred to 15 mL centrifuge tube and the volume was
adjusted to 3.0 mL with extraction solvent. Three mL of
aqueous 5% Na,CO, was added to neutralize the acid
before the tubes were briefly shaken and then centrifuged
at 1000 g for 5 minutes to quicken phase separation.
The upper (organic) phase was analyzed with a Hewlitt-
Packard model 5890 gas chromatograph equipped with a
6 ft x 1/8 in stainless column of 10% Rtx-1 100/120 silco-
port. The column temperature was maintained at 150 °C
for the first 1.5 minutes of analysis and was then raised
at a rate of 45 °C/min to 270 °C. Both the injectdr and
detector were held at 200 °C (Dalton et al., 2011).

2.7. Assay Verification

To further validate the assay the amount of PHB in a
second set of biologically independent samples was deter-
mined. These samples were produced from the same high
PHB producing events used in the development of the
method, but each plant was induced with 1 mM Intrepid
and samples were harvested over a two-month period. This
provided a set of biologically independent from samples
used for assay development and ruled out the possibil-
ity that the method was registering falsely high PHB lev-
els based on the varied levels of the Intrepid used in the
first set.

2.8. Sensitivity Analysis

.
Potential variations in the assay likely to be encountered
in practice were analyzed and the extent of assay sensitiv-
ity to these variations were quantified. During this testing,
baseline PHB content values were determined for a con-
trol sample without PHB and a sample with known PHB
content using the complete extraction and quantification
method described above. The method was repeated with
deviations in individual steps to study sensitivity of the
assay to the particular step (Table I). Extraction times, sol-
vent to sample ratios, and the number of primary solvent

Table I. The variables explored during sensitivity analysis.

Method of deviation Deviation above Deviation below

(normal) protocol protocol
Chloroform: Sample (30:1) 50:1 10:1
Ethanol: Sample (30:1) 60:1 10:1
Ethariol washes (2) 4 1
Chloroform contact time (3 h) 5h 1h
Ethanol contact time (2 h) 4h lh
Chloroform extraction temp. (60 °C)  Not explored 22 °C
Ethanol extraction temp. (65 °C) 22 °C

J. Bioprocess Eng. Biorefinery 1: 120-126, 2012
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washes were examined at levels both above and below the
recommended procedure, but extraction temperatures were
only examined below the recommended set point as tem-
peratures above the recommended temperatures were near
to the boiling point of the solvents and evaporative loss
became difficult to control.

3. RESULTS AND DISCUSSION
3.1. Primary Solvent Choice

Several factors were considered in selecting a primary
extraction and wash solvent. The first criterion was that
the modified crotonic acid assay using the selected primary
solvent produces results comparable result to those pro-
duced with the background subtraction method with lower
standard deviation. When a given primary extraction sol-
vent produced PHB concentration estimates significantly
different from the results generated with the background
subtraction method the solvent was reasoned to either
not fully extract the pigments (resulting in higher than
expected values) or to partially extract PHB (resulting in
lower than expected values). The comparison between a
sample’s PHB concentration as determined by the back-
ground subtraction method and the same sample’s PHB
concentration as determined by the modified crotonic acid
method with four different wash solvents is shown in
Figure 2.

Based on the comparison in Figure 2, ethanol and ace-
tone received the most consideration as a primary extrac-
tion and wash solvents. The higher boiling point of ethanol

Chloroform

Hexane

Acetone

Ethanol

Background :
Subtraction T
Estimate |

0 2 4 6

Estimated PHB Content of Sample
(malg)

Primary Extraction Solvent Used

Fig. 2. A comparison of PHB concentration of a sample by the back-
ground subtraction method and using four different solvents in
the modified crotonic acid assay.
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(78.4 °C) as compared to acetone (56.53 °C) was an advan-
tage in that it allowed both extraction steps to be per-
formed near the chloroform’s boiling point of 61.2 °C. It
was noted that PHB estimates were slightly higher when
the wash was performed with ethanol than with acetone.
This was likely because while PHB is partially soluble in
acetone, it is insoluble in ethanol (Anderson and Dawes,
1990). The acetone was likely extracting a small amount
of PHB that was then not available for detection after the
secondary chloroform extraction. Hence ethanol was cho-
sen as the solvent for the primary extraction and wash
steps in the modified crotonic acid assay.

3.1.1. Calibration 4

The calibration curve generated for the modified chloro-
form extraction protocol is shown in Figure 3. The rela-
tionship between absorbance and PHB concentration was
linear in the range of 0~5.5 wg/mL PHB concentrations
and up to an absorbance of 0.7. Therefore, samples with
absorbance >(.7 were diluted and the concentration was
measured to assure a linear operating range. While this
dilution was accounted for at least in part by the calibra-
tion equations, it would be advisable to use same dilution
for all the samples.

It should be noted that calibration curves need to be
made with the equipment used to run experimental sam-
ples. During our research, when attempts were made to
calculate PHB concentrations using data produced using
one set of equipment and a calibration curve produced
using another the agreement between the crotonic acid
assay and PHB quantiﬁc/ation by GC was not strong (not
reported).

y = 8.9959x - 0.8096
R?=0.99639

Added PHB in final diluted sample {ug/ml)

0 - T L] T 1
0 0.2 0.4 0.6 0.8
Absorbance at 235nm

Fig. 3. The PHB calibration curve for crotonic acid method was created
by adding known amounts of PHB crystals to leaf material that
did not contain the PHB synthesis pathway.
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3.2. Comparisons of Modified Crotonic Method and
Gas Chromatography

Portions of the ground samples used for development and
testing of the modified crotonic acid quantification method
were treated to convert PHB to 3-OH butyrate and ana-
lyzed by gas chromatography. The results were compared
with the results generated by the modified crotonic acid
assay in Figure 4(A). GC analysis of PHB has been used
for detection and quantification in both bacteria (Braunegg
et al., 1978) and plants such as tobacco (Nakashita et al.,
1999) and was considered the standard for this study.
The correlation between the GC and modified crotonic
acid assay was high (R?> = 0.67). It should be noted that
while the two methods did produce well-correlated results,
the correlation was not one to one. This may be attributed
to minor differences in the calibration curves or differences
in extraction efficiency. If both methods are to be used in

(A) 03
y =0.4758x + 0.0063 *
R?=0.67606 L 2
*

4]

]

>

-]

3

£

[i1]

T

o

®

-0.25 0 0.25 0.5
(B) 0.3
y =0.2445x + 0.0316
R2=0.63868

o 0.2

(U]

o=

a

5

E

g 0.1

o

=

0 — o - \
-0.25 0 0.25 0.5
% PHB (w/w) by Modified Crotonic
Acid Assay

Fig. 4. A comparison of the spectrophotometric method (X-axis) based
on the conversion of PHB to crotonic versus the gas chromato-
graphic method based on derivatization of PHB into the butyl
ester of 3-OH butyrate performed on (A) samples induced with
Intrepid concentrations of 0, .05, .1, .5, or 1 mM harvested in
bulk, and (B) samples induced with 1 mM Intrepid harvested
over a 2 month period.
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a study a correction factor may need to be implemented
to make the methods align. These results demonstrate the
utility of the method for developing a high throughput
screening methods and clone selection.

To verify this correlation, the assay was repeated on a
set of samples independent from those used in the devel-
opment of the assay. These samples were from plants
treated with 1 mM Intrepid and were harvested over a
2-month period. The resulting PHB values were again
compared with PHB quantification values obtained by gas
chromatography. The results of this comparison (Fig. 4(B))
showed a similarly strong correlation (R?> = 0.63) to that
of the initial trial. The differences in regression between
the two trials were not significant (p = 0.13).

3.3. Assay Sensitivities Testing

The sensitivities of the assay were examined through the
comparison of PHB levels determined using the recom-
mended modified crotonic acid assay procedure and using
the same method with variations made to individual steps.
Solvent to sample ratios, extraction temperature, extraction
duration, and the number of ethanol washes were exam-
ined. Each deviation was tested in triplicate on both control
samples without PHB and samples with PHB. Figure 5
shows the resulting discrepancies and indicates that impor-
tance of optimum extraction temperature and time.

Decreased temperature appeared to cause incomplete
extraction during both primary ethanol and secondary
chloroform extraction steps. Incomplete pigment extrac-
tion with ethanol led to higher than expected PHB esti-
mates by addition of unaccounted-for background while
incomplete PHB extractiofi by chloroform resulted in
lower than expected PHB readings.

Deviations in extraction time also lead to assay incon-
sistencies for both the ethanol and chloroform extrac-
tion steps. Shortened chloroform extraction duration led
to incomplete extraction of PHB and resulted in lower
PHB estimates. Increased ethanol extraction time resulted
in lower PHB estimates, perhaps due to increased extrac-
tion of interfering pigments. Increasing the chloroform and
decreasing ethanol extraction times did not lead to devia-
tions beyond the standard deviation of the samples tested
with the recommended procedure.

The values in Figure 5 were calculated with Eq. (1)
which was able to partially account for the different chlo-
roform to sample ratios, but the accuracy of the assay was
observed to decrease as the sample to chloroform ratio
deviated from the 1:30 ratio used in creation of the cal-
ibration curve. Additionally, since extraction times, tem-
peratures, the number of ethanol washes, and the ethanol
to sample ratio were not incorporated into the calibration
equations, these should be held constant across all experi-
ments to generate consistent results.

J. Bioprocess Eng. Biorefinery 1: 120—-126, 2012
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Assay Sensitivities

[ | |
8 .g :Recommended Procedure ‘ [ — |
[*3 :
4 —_ |
= % 22°C Chloroform Extraction | — p——— |

[ [ | .

li 22°C Ethanol Extraction | ———

§ 5§ Hour Chioroform Extraction _ﬁ | |
BE = e —
ﬁ [ 1 Hour Chloroform Extraction L e ‘ ||
] ]

4 Hour Ethanol Extraction | e —

f
—— | | 1 |
o - 1 Hour Ethanol Extraction e —— [ |
-
% 1:50 Sample:Chloroform Extraction :—. |
E | S— |
S =9 1:10 Sample:Chloroform Extraction _——
K4 J— |
g 1:60 Sample:Ethanol Extraction e |
©
» = |  ———
1:10 Sample:Ethanol Extraction — — |
] & |
2 { 4 Ethanol Washes e— '
=
1 Ethanol Wash = s |
- - : i .
gzr;ple Containing 5y 200 150 100 0 © 50 100 300 350 400
® PHB free sample % Deviation from Recommended Procedure

Fig. 5. Average percent deviations from controls determined using the recommended crotonic acid method (1:30 solvent solid ratio, 2 h ethanol
extraction at 65 °C, 2 ethanol washes, 3 h chloroform extraction at 60 °C) and varied as described in the Sensitivity Analysis Methods section.
PHB concentrations were calculated with equation 1 to limit error by changing background concentration, but for maximum accuracy it is
important that conditions and dilution ratios used for generating the calibration curve be used for unknown samples.

4. CONCLUSION

The method of detecting and quantifying PHB by con-
version to crotonic acid followed by spectrophotometric
analyses, which was developed for use in bacteria, was
successfully modified for use with plant tissues by adding
a primary ethanol extraction and wash step. Results show
a strong and repeatable correlation between the devel-
oped method and the more conventional, but also more
time consuming and expensive, method for detection and
quantification by gas chromatography. The primary ethanol
extraction and wash steps in the modified crotonic acid
assay overcome the difficulties in PHB quantification that
are likely to be present in many plant pant based systems.
This makes it a good candidate for rapid PHB detection in
future plant centered PHB research.
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