
plants

Article

In Situ Dark Adaptation Enhances the Efficiency of
DNA Extraction from Mature Pin Oak
(Quercus palustris) Leaves, Facilitating the
Identification of Partial Sequences of the 18S rRNA
and Isoprene Synthase (IspS) Genes

Csengele E. Barta *, Bethany Bolander, Steven R. Bilby, Jeremy H. Brown, Reid N. Brown,
Alexander M. Duryee, Danielle R. Edelman, Christina E. Gray, Chandler Gossett,
Amie G. Haddock, Mackenzie M. Helsel, Alyssa D. Jones, Marissa E. Klingseis, Kalif Leslie,
Edward W. Miles and Rachael A. Prawitz

Department of Biology, Missouri Western State University, 4525 Downs Drive, Agenstein-Remington Halls,
St. Joseph, MO 64507, USA; bbolander@missouriwestern.edu (B.B.); sbilby@missouriwestern.edu (S.R.B.);
jbrown71@missouriwestern.edu (J.H.B.); rbrown26@missouriwestern.edu (R.N.B.);
aduryee@missouriwestern.edu (A.M.D.); dedelman@missouriwestern.edu (D.R.E.);
cgray2@missouriwestern.edu (C.E.G.); cgossett@missouriwestern.edu (C.G.);
ahaddock@missouriwestern.edu (A.G.H.); mhelsel1@missouriwestern.edu (M.M.H.);
ajones51@missouriwestern.edu (A.D.J.); mklingseis@missouriwestern.edu (M.E.K.);
kleslie@missouriwestern.edu (K.L.); emilesiii@missouriwestern.edu (E.W.M.);
rprawitz1@missouriwestern.edu (R.A.P.)
* Correspondence: cbarta1@missouriwestern.edu; Tel.: +1-816-271-4334

Received: 28 August 2017; Accepted: 19 October 2017; Published: 24 October 2017

Abstract: Mature oak (Quercus spp.) leaves, although abundantly available during the plants’
developmental cycle, are rarely exploited as viable sources of genomic DNA. These leaves are rich
in metabolites difficult to remove during standard DNA purification, interfering with downstream
molecular genetics applications. The current work assessed whether in situ dark adaptation, to deplete
sugar reserves and inhibit secondary metabolite synthesis could compensate for the difficulties
encountered when isolating DNA from mature leaves rich in secondary metabolites. We optimized
a rapid, commercial kit based method to extract genomic DNA from dark- and light-adapted leaves.
We demonstrated that in situ dark adaptation increases the yield and quality of genomic DNA
obtained from mature oak leaves, yielding templates of sufficiently high quality for direct downstream
applications, such as PCR amplification and gene identification. The quality of templates isolated
from dark-adapted pin oak leaves particularly improved the amplification of larger fragments in our
experiments. From DNA extracts prepared with our optimized method, we identified for the first
time partial segments of the genes encoding 18S rRNA and isoprene synthase (IspS) from pin oak
(Quercus palustris), whose full genome has not yet been sequenced.

Keywords: DNA extraction; pin oak (Quercus palustris); leaves; dark adaptation; secondary metabolites;
PCR; gene identification; 18S rRNA; isoprene synthase (IspS)

1. Introduction

Oaks (Quercus spp.) have been frequently reported to be some of the most challenging species to
obtain high quality and quantity DNA from, as their leaves, shoots, and buds are particularly rich in
carbohydrates, phenolic substances and secondary metabolites [1–3], contaminants that are difficult to
remove during standard DNA isolation [4–14].
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Healthy mature leaves, having achieved their full photosynthetic capacity, produce,
and accumulate carbohydrates in high quantities during the photoperiod. These reserves are
progressively depleted overnight via cellular respiration [15]. Light availability affects leaf phenolic
content [16], as well as the rate of terpenoid synthesis, which is stimulated by light but ceases in the
dark [17,18]. Mature oak leaves are rich in carbohydrates and their phenolic profile includes molecules
such as gallotannins, ellagitannins, flavonals, catechol, resorcinol, hydroquinone, and pyrogallol [19,20].
North American oaks also synthesize terpenoid molecules, such as isoprene, while some clades of
European oaks produce other terpenoids, for example, monoterpenes [21–23]. Therefore typically
soft, non- photosynthesizing tissues (such as young roots, germinating seedlings, buds, flowers
or fruits) or young, developing leaves are preferred for genomic DNA isolation from these species
as they contain higher amounts of DNA and lower amounts of potential inhibitory metabolites
than mature leaves [24–27]. However, these tissues are often available only briefly during the
lifecycle of many long-lived woody species, unless they are maintained under controlled conditions
or in vitro, in tissue, or protoplast cultures, which require time consuming and costly preparation,
maintenance, and additional resources that often unavailable at education centered, applied learning
institutions [28,29]. The season-long availability of mature leaves is often greater for many woody
species of interest for genomic studies in temperate regions, or year-round in some species, such as live
oaks (Quercus virginiana) in the Southern United States or the Japanese evergreen oaks (Quercus acuta)
in Eastern Asia. However, their direct applications are limited due to the difficulties in isolating high
quality and quantity DNA from the metabolite rich tissue [24–27].

Commercial kits are relatively ineffective in extracting DNA from mature leaves of many species
of interest [10–14,24–27,30,31] and require time-consuming and costly pre- and/or post-processing of
samples. This may include the digestion of cell walls, isolation of intact protoplasts, enzymatic break
down of sugars, isolation of nuclei, mitochondria or chloroplasts, the concentration of the extract,
or the separation of DNA from contaminants [3,5,32–35].

Oaks are particularly abundant in the state of Missouri, accounting for over 86% of the total
hardwood forest coverage [36], and are the dominant woody species in North America, with 68%
coverage consisting of 191 million acres [37]. Despite the high scientific interest in oak genomes,
only the pedunculate oak’s (Quercus robur) genome has been sequenced to date, but these sequences
have not been yet annotated, limiting gene discovery applications [38].

Difficulties in isolating high quantities of contaminant-free genomic DNA for downstream
applications from leaves of species rich in sugars, polyphenolics, and terpenoids, prompt the urgent
need to revisit, adapt and improve DNA isolation procedures. Ideally, procedures yielding high quality
and quantity DNA would also eliminate the need of costly pre- and post-processing. The current
study aimed to: (a) exploit day- and night-time metabolic differences in mature and young pin oak
(Quercus palustris) leaves to adapt a rapid, commercial kit based DNA purification method to yield
high quantity, contaminant-free genomic DNA suitable for downstream applications; (b) test whether
the developed method can also improve the quality and quantity of DNA extracted from mature leaves
of other species with metabolic properties similar to pin oak; and, (c) as proof of concept, use the DNA
extracted from mature pin oak (Q. palustris) leaves to identify for the first time the partial sequences of
the genes encoding the 18S rRNA (a DNA barcode-gene) and isoprene synthase (IspS) for future studies.
Pin oak (Q. palustris) is native to and wide-spread in eastern and mid-western North America [37],
but studies of this species have been limited by the lack of available genetic information.

We demonstrate that higher quality and quantity DNA can be obtained from in situ dark-adapted
mature pin oak leaves, than from light-adapted, photosynthetically active healthy mature leaves.
We show that templates obtained from dark-adapted leaves are suitable for downstream applications,
such as fragment amplification or gene identification. We confirm that in situ dark adaptation also
improves either the quantity, the quality, or (in some species) both the quantity and quality of DNA
extracted from leaves of other species. Dark adaptation was especially beneficial to extractions from
other Quercus species.
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The optimized method that we describe in this study is expected to provide a safe and easily
applicable tool for genomic studies. The method is also appropriate for applied research and
in-classroom experiences, due to the short time (less than one hour) required for completion.
Rapid methods are often preferred in the applied learning laboratories of education-centered
institutions employing solely undergraduate students. The method will also decrease sample
processing costs, thus eliminating the need for pre- or post-processing and sample repeats, to gain
sufficient contaminant-free DNA for downstream applications.

2. Results

2.1. DNA Extraction from Challenging, Contaminant-Rich Leaf Samples: In Situ Dark Adaptation Improves
the Quality and Quantity of DNA Extractable from Mature Pin Oak (Q. palustris) Leaves

We optimized two DNA extraction methods (M1 and M2, Figure 1) from commercial kits that
are typically inappropriate for leaf samples of woody species rich in secondary metabolites and
sugars (such as Quercus palustris) [24–26,39,40]. M1 is based on the DNeasy Plant DNA extraction
kit (Qiagen, Hilden, Germany) using cetyl timethylammonium bromide (CTAB) for extraction, and M2
on the Power Plant extraction kit (MoBio, Carlsbad, CA, USA), precipitating contaminants with
a phenol solution. The steps of the methods are described in Section 4 and schematically presented in
Figure 1.
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Figure 1. Schematic design of the methods adapted to extract genomic DNA from light or dark-adapted
pin oak (Q. palustris) leaves or leaves of other species rich in polysaccharides and secondary metabolites:
(a) M1, using CTAB (based on Qiagen DNeasy Plant DNA extraction kit) and (b) M2, using phenol
(based on MoBio Power Plant DNA extraction kit) for contaminant removal. Red box framing indicates
steps specifically modified within this work, differing from kit manufacturer recommendations.

High quality DNA is characterized by DNA of high molecular weight, without contaminating
substances, such as proteins, polysaccharides, phenolics, or other secondary metabolites [41].
The A260/280nm absorbance ratio is typically used to assess the extent of protein contamination in
DNA extracts (with protein absorbance peaking at 280 nm). An extract with an A260/280nm ratio ≥ 1.8
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is generally accepted as protein free. Significantly lower ratios may indicate the presence of proteins
or other contaminants with strong absorbance at 280 nm [41–44]. A second measure of nucleic acid
extract purity is given by the A260/230nm absorbance ratio, with accepted values for this ratio ranging
between 1.9 and 2.2 in pure nucleic acid extracts. Lower values indicate the presence of contaminants,
such as carbohydrates or certain phenolics, which typically absorb at 230 nm [41–44].

We extracted the highest quantity (Figure 2a) and quality (Figure 2b,c) genomic DNA from mature,
dark-adapted pin oak leaves using the modified protocol M1, in the presence of CTAB.

Using method M1, average DNA yield of dark-adapted leaves was of 184.8 ± 20.5 µg g−1 Fw,
with A260/280nm ratios of 1.9 ± 0.03 and A260/230nm ratios of 2.11 ± 0.031 (SE, n = 5), indicating
contaminant-free extracts. Light-adapted sample yields were significantly lower (p = 0.015),
with 126.4± 6.8 µg DNA g−1 Fw (Figure 2a) The light-adapted extract was free of protein contaminants,
as indicated by the A260/280nm ratio of 1.83 ± 0.025 (Figure 2b), however, the A260/230nm ratio of
1.9 ± 0.013 was significantly lower (p = 0.011) than that of dark-adapted leaves (Figure 2c). Yields of
dark-adapted samples were higher than values reported by Qiagen for a representative species of the
oak genus (European red oak, Quercus robur). For comparison, yields of light-adapted samples were
within the 100–150 µg g−1 Fw range reported by Qiagen for young leaves (Qiagen, DNeasy procedure).
Young leaves contain lower amounts of secondary metabolites, or enzymes capable of degrading
DNA during purification, than mature leaves [45–50]. With method M2, the approach based on
phenolic precipitation of contaminants, dark-adapted leaves yielded nearly 50% less genomic DNA
(85.5 ± 9.7 µg g−1 Fw) than the samples extracted using M1 (Figure 2a). The dark-adapted A260/280nm
ratio of 1.59 ± 0.05 was significantly lower (p = 0.001) with method M2 than M1 (Figure 2b), indicating
the presence of proteins or other contaminants absorbing at 280 nm, which may interfere with
downstream applications. The dark-adapted A260/230nm ratio of 1.81 ± 0.06 was also below the
threshold for contaminant free extracts, indicating contamination with molecules absorbing at 230 nm
(Figure 2c). Light-adapted samples extracted using method M2 yielded the lowest genomic DNA
amount of all the samples (41.6 ± 7.3 µg g−1 Fw), with an A260/280nm ratio of 1.35 ± 0.035 and
A260/230nm ratio of 0.348 ± 0.032, suggesting the presence of protein, carbohydrate, and/or phenolic
contaminants in the extract (Figure 2).

We also tested the integrity of the genomic DNA extracted from dark- and light-adapted leaves
with both methods, using gel electrophoresis. DNA integrity was not compromised during the
extraction when method M1 was used on dark-adapted samples. The genomic DNA in these samples
appears as a large molecular mass band, with no indication of trailing to suggest sheering (Figure 2d).
However, the integrity of DNA was compromised in light-adapted samples using method M1, as well
as both dark- and light-adapted leaves using M2. The trailing on the gel indicates genomic DNA
fragmentation, with large and smaller molecular mass fragments present in the samples (Figure 2d).

For comparison, we also extracted genomic DNA from young pin oak (Q. palustris) leaves,
harvested early in the season, shortly after bud opening. With method M1, young leaves yielded
185.7 ± 32.8 µg g−1 Fw and 179.5 ± 21.4 µg g−1 Fw for dark- and light-adapted samples, respectively
(n = 3). Yields from dark- and light-adapted young leaves were not significantly different (p = 0.6) and
were comparable to DNA amounts isolated from mature, dark-adapted pin oak leaves using method
M1. These results showed that dark adaptation particularly benefits mature leaves rather than young,
developing leaves. Although method M2 was less efficient on young leaves than M1, surprisingly,
the obtained yields were significantly higher (p = 0.001) than the yields obtained from mature leaves.
Using M2, we obtained DNA yields of 142.8 ± 18.5 µg g−1 Fw and 104.2 ± 38.5 µg g−1 Fw from
dark- and light-adapted samples. All of the samples were clean of contaminants (A260/280nm ≥ 1.8 and
A260/230nm ≥ 1.8), with the exception of the genomic DNA extracted from light-adapted samples using
method M2, with A260/280nm ratios of 1.65 ± 0.017 and A260/230nm ratios of 1.8 ± 0.029.
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Figure 2. Quantity and quality of DNA extracted from mature pin oak (Q. palustris) leaves. (a) DNA
yield, expressed as µg DNA g−1 fresh weight (Fw); (b) A260/280nm ratios indicative of the presence
or absence of protein-type contaminants in the DNA extract and (c) A260/230nm ratios indicative of
the presence or absence of carbohydrate or phenolic-type contaminants in the DNA extract were
measured and/or calculated based on the absorbance at 230 nm, 260 nm, and 280 nm of DNA extracts
prepared from in situ dark- or light-adapted leaves using the extraction methods M1 or M2. The red
dotted line on panel (b) indicates the 1.8 and panel (c) the 1.9 threshold ratio for A260/280nm and
A260/230nm. Values above those thresholds indicate contaminant free DNA extracts. Data are shown as
means ± standard error (SE) of five extractions (n = 5) each. Quantitative and qualitative differences
between DNA extracted from dark- and light-adapted leaves with methods M1 and M2 were analyzed
using one-way ANOVA with post-hoc Tukey HSD Test. Significant differences (at p < 0.01) are indicated
by letters above bars. Gel images shown in panel (d) are indicators of the integrity of genomic DNA
extracted using M1 and M2 on dark- and light-adapted mature leaves. The images show representative
examples of independent extractions for each method (n = 3), obtained from dark- or light-adapted
leaves. Each lane on the 2% agarose gel containing 0.5 µg/mL ethidium bromide contains 400 ng
genomic DNA. DNA size ladders were of 2 kb and 10 kb.
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Extractions with method M1 were also repeated from simultaneously harvested dark- and
light-adapted mature leaves after three months storage at –80 ◦C. Freezing and storage up to
three months did not affect the yield, purity, and integrity of extractable DNA, and extraction
efficiency was similar to the extractions performed on fresh leaf material (192.8 ± 10 µg g−1 Fw
and 157.5 ± 4.28 µg g−1 Fw from dark- and light-adapted samples).

We also extracted DNA from dark- and light-adapted mature leaves using the original protocols
on which we based our methods M1 and M2, developed by Qiagen and MoBio, respectively.
DNA yield from the original Qiagen protocol was significantly higher (p = 0.002) in dark-adapted
mature leaves (52.7 ± 7 µg g−1 Fw) than in light-adapted mature leaves (26.4 ± 2.9 µg g−1 Fw),
however, yields were nearly four times lower than the yields we obtained using M1 to extract
DNA from mature leaves. In addition, A260/280nm ≤ 1.6 and A260/230nm ≤ 1.1 ratios indicated
contamination. The procedure developed by MoBio was less efficient than the Qiagen method,
with DNA yields between 20.5 ± 2.8 µg g−1 Fw and 17.8± 1.2 µg g−1 Fw from dark- and light-adapted
samples (differences were not significant, p = 0.13). A260/280nm and A260/230nm ratios were ≤1.0,
again suggesting sample contamination with proteins and other inhibitor metabolites.

Finally, as our method M1 was based on modifications made to a kit developed from the traditional
CTAB method, we also compared the quality and quantity of DNA extracted using our method M1
from mature leaves versus the traditional CTAB method [51,52]. DNA yield with the CTAB method
was significantly (p = 0.002) higher from dark-adapted leaves (140.2 ± 17.4 µg g−1 Fw) than from
light-adapted samples (100.3± 12.9 µg g−1 Fw), indicating that dark adaptation improves the efficiency
of the CTAB method. Nevertheless, DNA yield from dark-adapted leaves was significantly (p = 0.001)
higher with our method M1 (184.8± 20.5 µg g−1 Fw, Figure 2a) than with the CTAB method. A260/280nm
and A260/230nm ratios using the CTAB method were comparable to values using M1 for dark- and
light-adapted samples.

2.2. Amplification of Chloroplast and Nuclear Gene Segments from Genomic DNA Extracted from Dark- and
Light-Adapted Pin Oak (Q. palustris) Leaves: Successful Amplification of Larger Fragments Requires DNA
Templates of Higher Purity, than the Amplification of Smaller Fragments

Chloroplast- and nuclear-genomic target fragments were selected to test the suitability of
genomic DNA extracts for fragment amplification in polymerase chain reactions (PCR). The three
selected fragments were the larger, 1300 bp, chloroplast rbcL gene for ribulose 1,5-bisphosphate
carboxylase/oxygenase large subunit (a DNA barcode gene); the medium size, 500 bp segment of the
Q. palustris STS_(sequence tagged site) 8561; and the small 209 bp segment of Q. palustris STS_8461
segment. Testing DNA isolates from dark- and light-adapted mature pin oak (Q. palustris) leaves
using methods M1 and M2 (Figure 1) suggested that the choice of methodology for genomic DNA
extraction, and consequently, the quality of the obtained extracts (Figure 2b,c) affected fragment
amplification (Figure 3).

When genomic DNA extracted by method M1 was used as a PCR template, all three segments were
successfully amplified (Figure 3). However, no amplification was observed when the template was the
undiluted, protein, and carbohydrate contaminated genomic DNA stock (Figure 2b,c), obtained using
method M2 for extraction (Figure 3). The lack of amplification in this case is indicative of the severe
negative impact of impurities in the DNA extract on downstream applications, such as fragment
amplification by PCR.
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Figure 3. Amplification of selected target gene fragments from DNA extracted from in situ dark- or
light-adapted mature pin oak (Q. palustris) leaves. The figure shows a representative example of PCR
amplification of the 1300 bp rbcL, 500 bp STS_8561_palustris and 209 bp STS_8461_palustris sequence
tagged site segments from dark- (D) and light-adapted (L) leaves, using extraction method M1 and M2,
on a 2% agarose gel containing 0.5 µg/mL ethidium bromide. The low molecular weight bands (at about
175 bp) in the lane showing the amplified rbcL segment (M1D and M1L) are non-specific amplification
products. A 2 kb DNA ladder was used for fragment sizing. Arrows indicate the position of the 1400,
500 and 200 bp bands in the marker line. To establish whether there is a quantitative difference between
the efficiency of the amplification of fragments, apparent bands were excised from the gel and the DNA
purified and quantified from the excised fragments. Yields of the 1300 bp rbcL amplicon fragments
were of 325 and 227.6 ng, 500 bp STS_8561_palustris of 375 and 388 ng and 209 bp STS_8461_palustris of
420 and 426 ng, for dark- and light-adapted samples, respectively. No bands were observed for any of
the samples using as template the DNA isolated by method M2, suggesting no amplification of the
target gene fragments. Abbreviations stand for: D = dark-adapted; L = light-adapted; M1 = method 1;
M2 = method 2.

To quantify the amplicons of target fragments amplified from templates obtained from dark- and
light-adapted leaves, all of the dominant band pairs (of 1300, 500, and 209 base pairs) were excised
from the gels presented in Figure 3. DNA fragments were gel purified from the excised bands using
a standard, highly reproducible procedure, developed by Macherey Nagel (NucleoSpin Gel- and
PCR Clean Up kit), and the resulting DNA extracts were quantified. The amount of rbcL amplicon
was higher in the templates from dark-adapted leaf extracts (325 ng DNA) than the templates from
light-adapted leaf extracts (227.6 ng DNA). Yields of the STS_8561_palustris fragments (375 and 388 ng,
dark- and light-adapted), or the STS_8461_palustris fragments (420 and 426 ng, dark- and light-adapted
samples) were comparable. These results indicate that differences in the purity of DNA extracted from
dark- or light-adapted mature leaves (Figure 2b,c) had a higher impact on the PCR amplification of
larger, rather than smaller, fragments in our experiments. To assess whether the dilution of the lower
quality template DNA extracted using method M2 from dark-adapted leaves (A260/280nm of 1.59 ± 0.05
and A260/230nm of 1.81 ± 0.06, Figure 2b,c), could relieve the inhibition of fragment amplification,
the template was diluted in 1:1, 1:2, 1:5, 1:10, 1:50, and 1:100 ratios. For comparison, the high quality,
contaminant free template DNA extracted from dark-adapted leaves using method M1 (A260/280nm
of 1.9 ± 0.03 and A260/230nm of 2.11 ± 0.031, Figure 2b,c) was also diluted. Results indicate that the
dilution did not affect the amplification of neither the larger 1300 bp rbcL fragment or the smaller
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209 bp STS_8461_palustris fragment (Figure 4a,b) when the contaminant-free DNA stock extracted
from dark-adapted leaves was used as concentrated or progressively diluted template. The dilution of
the lower quality template allowed for better amplification, as expected, with the dilution reducing
the amount of inhibitors in the sample. Interestingly however, the larger 1300 bp rbcL fragment
required a more extensive dilution (1:10, Figure 4a) to amplify, than the small 209 bp STS_8461_palustris
fragment (1:5, Figure 4b).
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Figure 4. The impact of DNA template dilution on the amplification of the (a) 1300 bp rbcL and
(b) 209 bp STS_8461_palustris fragments from DNA template extracted from in situ dark-adapted
leaves using method M1 or M2. DNA templates were diluted in sterile, nuclease free water at ratios
of 1:1, 1:2, 1:5, 1:10, 1:50, and 1:100, as denoted in the upper segment of the panels. 2 kb DNA ladder
was used for amplicon size determination. Arrows point to the (a) 1400 bp and (b) 200 bp fragment
position marker, for reference.

These results support our earlier finding (Figure 3, and DNA quantitative analysis) that higher
quality DNA templates may be required for the PCR amplification of larger fragments (Figure 4).
However, extracts with some contaminants can nonetheless be rescued and used in PCR applications,
when DNA templates, and consequently impurities, are appropriately diluted depending on the
molecular size of the expected fragment.

2.3. In Situ Dark Adaptation Improves the Quality and/or Quantity of DNA Extractable from Other
Challenging, Contaminant Rich Mature Leaf Samples as Well

The impact of in situ dark adaptation on DNA yield and quality has previously been assessed
in a variety of other plant species, with metabolic and biochemical profiles similar to that of pin oak
(Q. palustris) [53–61]. The mature leaves of these species are also typically rich in polysaccharides,
phenolics, terpenoids, and other secondary metabolites [48,49,56–61]. For extractions we used method
M1 since it yielded the best results in extractions from mature pin oak leaves (Figure 2). We found
that dark adaptation significantly improved the yield of DNA extracted from post oak (Q. stellata)
(p = 0.001) and loblolly pine (Pinus taeda) (p = 0.002), while the differences were less accentuated
in extracts prepared from the other tested species, American sweetgum (Liquidambar styraciflua),
black poplar (Populus nigra), and black locust (Robinia pseudoacacia) (Table 1). For comparison,
Qiagen reported significantly lower (p = 0.001) DNA yields of 200–250 µg g−1 Fw from young pine
(Pinus sylvestris) leaves.
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Table 1. Comparison of quantities and quality of DNA extracted from in situ dark- or light-adapted
mature post oak (Q. stellata), American sweetgum (Liquidambar styraciflua), loblolly pine (Pinus taeda),
black poplar (Populus nigra) and black locust (Robinia pseudoacacia) leaves using the extraction
method M1. DNA yield is expressed as µg g−1 fresh (leaf) weight (Fw). A260/280nm ratios are
indicative of the presence or absence of protein-type contaminants in the DNA extract and A260/230nm

ratios of the presence or absence of carbohydrate or phenolic contaminants. Data are shown
as means ± standard error (SE) of 3 extractions (n = 3) per species. Quantitative and qualitative
differences between DNA extracted from dark- and light-adapted leaves were analyzed using a paired
t-test, at a significance level of p < 0.01. Significant differences between dark/light treatments are
denoted by the (*) asterisk for each species.

Species DNA Yield (µg g-1 Fw) A260/280nm A260/230nm

Post oak
(Quercus stellata)

Dark 209.85 ± 26.14 (*) 1.89 ± 0.02 (*) 1.91 ± 0.015 (*)
Light 112.14 ± 17.14 1.78 ± 0.015 1.42 ± 0.011

American sweetgum
(Liquidambar styraciflua)

Dark 110.57 ± 14.57 1.80 ± 0.01 (*) 1.9 ± 0.018 (*)
Light 90.28 ± 12.85 1.6 ± 0.015 1.17 ± 0.01

Loblolly pine
(Pinus taeda)

Dark 354.42 ± 31.85 (*) 1.99 ± 0.02 2. 1 ± 0.024
Light 226.28 ± 21.42 1.91 ± 0.03 1.9 ± 0.016

Black poplar
(Populus nigra)

Dark 153.14 ± 22.71 1.86 ± 0.027 (*) 1.97 ± 0.013 (*)
Light 121.42 ± 14 1.7 ± 0.025 1.7 ± 0.02

Black locust
(Robinia pseudoacacia)

Dark 254.28 ± 22.28 2.0 ± 0.027 (*) 2.0 ± 0.02
Light 210 ± 16.42 1.77 ± 0.02 1.87 ± 0.03

DNA extracted from dark-adapted samples of all tested species, except loblolly pine (P. taeda) was
of higher quality (p < 0.01), than DNA deriving from light-adapted leaves. A260/280nm was ≥1.8 and
A260/230nm ≥ 1.9 for all dark-adapted leaf isolates, while A260/280nm ranged between 1.6 and 1.9 and
A260/230nm ranged between 1.17 and 1.9 in light-adapted mature leaf sample extracts (Table 1).

2.4. The Isolation and Identification of Partial Sequences for the Pin Oak (Q. palustris) 18S rRNA and Isoprene
Synthase (IspS) Gene: Applications in Gene Identification and Phylogenetic Analysis

To validate the suitability of DNA extracted from mature leaves for downstream gene discovery
applications, we directly amplified segments of the 18S rRNA and isoprene synthase (IspS) genes from
templates extracted from dark-adapted mature pin oak (Q. palustris) leaves with method M1.

The genome of pin oak (Q. palustris) has not been sequenced yet, so we used unspecific primers
for the amplification of both fragments. Primers were designed for known genomic segments for
the same genes, of related species, relying on the assumption of a high degree of conservation and
homology between genes and their RNA/protein products within plant clades.

We successfully amplified for the first time a 930 bp segment of the gene 18S rDNA encoding
for the 18S rRNA in pin oak (Q. palustris). The primers used for amplification were directed to the
region spanning from (5′) 230 to 1150 bp (3′) positions of the northern red oak (Quercus rubra) gene
(Accession # AF132892.1). Due to the high degree of homology and conservation of the gene encoding
for the 18sRNA between oak species (near 99% sequence identity, BLAST), the selected primers
amplified solely one fragment from the pin oak (Q. palustris) extract (Figure S1, inset I). The sequence of
the amplified fragment was analyzed and identified as a segment of the 18S rRNA gene by sequencing
and Basic Local Alignment Search Tool (BLAST) analysis.

A rooted phylogenetic tree was generated using available 18S rRNA gene sequences from species
belonging to the Fabidae order, within the Rosids clade. Figure S2 shows the sequence alignment of
the identified and database deposited (Accession # MF360746) pin oak (Q. palustris) 18S rRNA gene
fragment, aligned with the corresponding regions of the 18S rRNA genes of other species selected for
phylogeny analysis. The phylogram was generated from the aligned sequences using a maximum
likelihood analysis algorithm. Based on the derived phylogeny, we found that the pin oak (Q. palustris)
18S rRNA gene shows the highest homology with, and is most closely related to the 18S rRNA genes
of species from genera belonging to the Fagaceae family (Figures S1 and S2).
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We also successfully amplified and identified for the first time a 165 bp segment of the pin oak
(Q. palustris) isoprene synthase (IspS) gene. The isoprene synthase gene (IspS) encodes for the terminal
enzyme responsible for the production of isoprene (2-methyl-1,3-butadiene) in a variety of plant
species. As no isoprene synthase genes have been sequenced to date from any of the species belonging
to the oak (Quercus) genus we chose to use less specific primers, designed for a phylogenetically more
distant relative of the pin oak (Q. palustris), the Australian pine tree (she-oak, Casuarina equisetifolia,
Accession # LC006089.1) within the same monophyletic Rosids clade as the oaks [62]. The primers
used for amplification were directed for the 165 bp segment spanning from the (5′) 935 to 1100 bp (3′)
position of the Australian pine tree (Casuarina equisetifolia).

The amplification resulted in a single fragment when M1 extracts from dark-adapted leaves were
used as template (Figure 5).
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Figure 5. Amplification of a partial segment of the putative gene encoding for the isoprene synthase
(IspS) enzyme. PCR products were separated on a 2% agarose gel stained with 0.5 µg/mL ethidium
bromide. The arrow indicates the position of the 165 bp fragment of the putative IspS gene. Lanes 2 and
3 were loaded with representative reactions containing DNA templates isolated from dark-adapted
leaves, using M1. Lanes 4 and 5 were loaded with representative reactions containing DNA templates
isolated from light-adapted leaves, using M1. The white arrow annotates the position of the 165 bp
fragments. D = dark-adapted; L = light-adapted.

The amplified DNA fragment was gel-purified. We obtained 500 and 475 ng DNA from samples
amplified from dark-adapted leaf template DNA (Figure 5, lanes 2 and 3), which was sufficient to meet
sample submission standards for sequencing. When templates from light-adapted leaves were used,
we obtained several fragments indicating unspecific amplification. Although we detected the weak
amplification of a 165 bp fragment in samples deriving from light-adapted leaves, the amplicon that
we could excise and purify from the gel was insufficient for sequencing reactions. We were only able to
extract 95 and 75 ng DNA from the bands corresponding to the amplicons obtained from light-adapted
samples (Figure 5, lanes 4 and 5), which was insufficient for sequencing. In addition, amplification
was unsuccessful from any sample extracted using M2.

The identified IspS DNA sequence is provided in the Figure S3a. The sequence information
was re-confirmed after designing specific primers based on the original sequence information,
by re-amplifying and re-sequencing the segment. BLAST analysis indicated an 80% sequence similarity
of our fragment with the corresponding isoprene synthase (IspS) segment of the Australian pine tree



Plants 2017, 6, 52 11 of 25

(Casuarina equisetifolia). The gene segment was translated to the corresponding putative amino acid
sequence of the isoprene synthase protein from pin oak (Q. palustris) (Figure 6, Inset I), and it was
compared to and aligned with putative amino acid sequences of available isoprene synthase (IspS)
proteins (Figure S3b).
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Figure 6. Phylogenetic relationship between the putative isoprene synthase (IspS) protein segment
from pin oak (Q. palustris) identified in this study and other angiosperm isoprene synthase proteins.
The phylogram was constructed using maximum likelihood analysis. Bootstrap analysis was done with
1000 replicates. The red colored box encloses the putative pin oak isoprene synthase (UQP00000.1 is an
arbitrary annotation for the identified segment. Due to the size limitations imposed by GenBank for
sequence submissions, the short IspS gene segment of 165 bp has not been deposited in the database).
Numbers at nodes represent confidence values for splits. Branch length is proportional to the number
of substitutions per site. The figure inset (I) shows the 53 amino acid sequence segment of the pin oak
isoprene synthase (IspS) protein, identified in this study, spanning from the amino terminal (N-terminal)
position 314 to the carboxy-terminal (C-terminal) position 367. The unique F338 amino acid and the
conserved DDXXD motif are highlighted.

Sequence alignment confirmed that the selected 165 bp DNA encoded for a 53 amino acid long
protein segment, spanning from positions 314 to 367 of the expected full length isoprene synthase
enzyme. The segment is part of the putative catalytic site of the isoprene synthase enzyme [63]. In the
position corresponding to the putative 338th amino acid for the full sequence, in our protein sequence
is a phenylalanine (F338), an amino acid unique to isoprene synthase enzymes in the 338th position
(substituted most commonly by Isoleucine in other proteins) [63]. This confirms the identity of the
segment as a putative isoprene synthase protein (Figure S3b and Figure 6, Inset I). The protein also
contains the conserved DDXXD motif (in the case of the pin oak (Q. palustris) DDIYD) from position
345th to 349th in the amino acid sequence (Figure S3b and Figure 6, Inset I).
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A phylogenetic analysis was performed using the maximum likelihood analysis algorithm.
The phylogram showed that isoprene synthase proteins are diverse, with the putative pin oak
(Q. palustris) isoprene synthase fragment showing the highest homology with the Australian pine
tree (Casuarina equisetifolia) isoprene synthase. Surprisingly, the pin oak (Q. palustris) IspS showed
a relatively low homology with isoprene synthases deriving from other woody species, such as poplar
(Populus spp.) or willow (Salix spp.) (Figure 6).

3. Discussion

Developing methodologies, which facilitate the study of oak genomes is highly relevant to the
scientific community and future studies. Therefore the goal of the current study was to optimize rapid
commercial kit based procedures to overcome DNA isolation difficulties attributed to the physical and
chemical properties of metabolite rich mature leaves and eliminate the need for costly pre- and/or
post-processing steps.

We optimized and tested two DNA purification methods (M1 and M2, Figure 1) suitable for
DNA extraction from mature pin oak (Q. palustris) leaves. M1 was based on the DNeasy Plant DNA
extraction kit (Qiagen) using CTAB for extraction and M2 on the Power Plant extraction kit (MoBio),
which precipitates contaminants with a phenol solution.

As the concentration of the inhibitors synthesized in mature oak leaves shows circadian
variation [16–19,64–67], we hypothesized that in situ dark adaptation of mature leaves prior to DNA
extraction could improve the yield and quality of DNA, in comparison with extracts prepared from
light-adapted leaves. Our results demonstrate that dark adaptation improved the quantity and quality
of DNA extracts using either method, but M1 was more efficient in extracting high quantity and quality
DNA, in particular from dark-adapted mature leaves, than M2 (Figure 2). DNA integrity was preserved
only in extracts prepared from dark-adapted leaves using M1 (Figure 2d). In addition, the DNA
quantity isolated from dark-adapted leaves using M1 was significantly higher than the quantities
extracted using the original kit methods and the traditional CTAB method. We also found that dark
adaptation did not have a significant impact on the yield and quality of DNA prepared from young,
developing leaves using M1. Leaf metabolic profiles change during their development, with young
leaves accumulating lower carbohydrate amounts than mature leaves, and maximum secondary
metabolite synthesis rates are reached only after full leaf expansion and maturation, which explains
the differences we observed between young and mature leaf DNA extracts [45–50]. Of all the tested
methods, M1 was the most efficient and dark adaptation benefitted in particular genomic DNA
extractions from mature pin oak (Q. palustris) leaves using M1. DNA yields of the extracts prepared
from light-adapted leaves using M1 and the traditional CTAB method were comparable, but dark
adaptation significantly increased the yield of DNA in extracts prepared with the CTAB method as
well. However, the original Qiagen procedure was relatively ineffective in mature oak leaf extractions.
We also noted that M1 processing times were shorter (less than 1 h) than the time required for
completing the traditional CTAB extraction (over 2.5 h). Short processing times make M1 a desirable
alternative to the traditional CTAB method for classroom based, applied learning research projects,
when students only have short laboratory periods available to perform the DNA isolation.

To test the suitability of DNA extracted from light- and dark-adapted mature pin oak leaves
for PCR reactions, we amplified three gene segments (of 1300, 500, and 209 bp) from the chloroplast
and nuclear genome (Figure 3). We confirmed that the extracts from dark- and light-adapted leaves
prepared using M1 were of sufficient quality to allow for direct fragment amplification. However,
differences in template quality affected in particular the amplification of the larger fragment (Figure 3).
These data support earlier findings indicating that the quality of DNA template may be more critical
when larger fragments are amplified [68]. We hypothesize that minimal contaminant carryover does
not fully inhibit Taq polymerase activity, but may decrease the efficiency of PCR reactions amplifying
larger fragments. We also do not exclude the potential effect of DNA fragmentation in extracts isolated
from light-adapted mature leaves by M1 (Figure 2d), on PCR efficiency in our experiments. However,



Plants 2017, 6, 52 13 of 25

we exclude the possibility of an influence of gene copy numbers on the observed amplification
differences of the compared fragments, in this case, as many copies of the chloroplast rbcL are present
in plant cells and the chloroplast genome [69–71].

DNA templates isolated from mature pin oak leaves using M2 were of significantly lower quality
than isolates obtained by M1 (Figure 2). The contaminants in these extracts fully inhibited the
activity of the DNA polymerase, impeding the amplification of any of the three fragments in our
experiments (Figure 3). In general, diluting contaminated DNA extracts to simultaneously decrease
the concentration of inhibitors could “rescue” and restore PCR efficiency, but we found that success
in amplifying larger fragments from our M2 isolates prepared from dark-adapted oak leaves may
require more extensive dilutions than the amplification of smaller fragments. The amplification
of the larger, 1300 bp chloroplast rbcL gene fragment required at minimum a 1:10 dilution of the
template, while the smaller, 209 bp fragment was successfully amplified from a 1:5 dilution of DNA
extracts (Figure 4). On the other hand, dilution did not have an effect on the amplification of rbcL
and STS_8461_palustris fragments from DNA templates isolated using M1 from dark-adapted mature
oak leaves (Figure 4). Diluting DNA extracts therefore may provide a suitable alternative for using
less pure isolates in downstream applications if DNA concentrations are sufficiently high to allow
for substantial dilution. Otherwise, post-processing, which may include DNA precipitation, may be
required to concentrate the sample and remove contaminants. These data also support the critical role
of template quality in sensitive PCR reactions, in particular, when the target segments are larger or
present in low copy numbers.

Our data demonstrate that genomic DNA extraction from dark-adapted mature oak leaves using
M1 developed in this study is a viable alternative to extractions from young leaves when young tissue
is not available. While method M2 proved to be less efficient, a suitable amount of DNA can still be
extracted using this method, in particular from dark-adapted mature leaves (Figure 2). Though the
quality of M2 DNA extracts does not fit the most stringent quality requirements for downstream
applications, appropriate dilution of the contaminated stock may be the sole post-processing step
required to obtain DNA template suitable for PCR applications (Figures 2 and 3).

Testing the efficiency of M1 in other species with metabolic profiles similar to the pin
oak [53–61,65–67,72,73] we found that dark adaptation improved the quality and/or quantity of
mature leaf DNA extracts (Table 1). The applications of our method were most successful in species
closely related to the pin oak (such as the post oak), but may require further species-specific refining of
the extraction conditions for broader applications in other species.

In the current study we also successfully amplified and sequenced a 930 bp segment of the
gene encoding for the 18S rRNA in pin oak (Q. palustris) (Accession # MF360746), for the first time
(Figures S1 and S2).

The 18S rDNA, the nuclear gene encoding for the 18S rRNA is one of the most frequently used
genes in phylogenetic studies [69,74]. In conjunction with other chloroplast [69–71] and mitochondrial
genes [75,76], the gene encoding for the 18S rRNA from all of the major angiosperm lineages played
a particularly important role in establishing the main framework for angiosperm phylogeny, and served
as a marker for biodiversity screening as a barcode gene. The 18S rRNA gene has also been described
as an ideal internal control for reverse transcription polymerase chain reactions (RT-PCR), as its
expression levels are constant [77]. We found that the pin oak (Q. palustris) 18S rRNA gene is highly
homologous (with 99% sequence identity) with 18S rRNA genes of species from genera belonging to
the Fagaceae family, forming a monophyletic group (Figure S1).

The second gene of interest for our current work, the isoprene synthase gene (IspS), encodes
for the terminal enzyme responsible for converting dimethylallyl pyrophosphate (DMAPP),
and its isomer, isopentenyl pyrophosphate (IPP), to isoprene (2-methyl-1,3-butadiene, C5H8).
Isoprene is a volatile biogenic hydrocarbon produced in the chloroplasts of a variety of
plant species via the mevalonate-independent, 1-deoxy-D-xylulose 5-phosphate/methyl-erythritol
4-phosphate (DOXP/MEP) pathway [78]. Isoprene is released into the atmosphere in a light- and
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temperature-dependent manner [79,80], and is emitted from the leaves of many, but not all plant
species. However, the capacity to synthesize isoprene has been shown to provide a variety of benefits
to emitter species. In planta, isoprene acts to protect membranes from damages induced by high
temperature stress that is commonly experienced by plants in their native growth environment
on sunny days [50,81–83], and also protects plants from oxidative stress, potentially neutralizing
short lived, damaging reactive oxygen species [84–88]. Isoprene emission from the terrestrial
vegetation accounts for over 650 Tg of carbon that is released into the atmosphere annually [89,90].
In the troposphere, isoprene reactions may contribute to ozone formation, particularly in polluted
environments [91], and may increase the lifetime of methane—a greenhouse gas—in the atmosphere
with positive feedback on a warming climate [92].

In angiosperms, the capacity to emit isoprene has been hypothesized to have independently
evolved multiple times [63], which would support the patchy distribution of the isoprene emission
ability in various clades. From among oak species (Quercus spp.), all North American oaks emit
isoprene, but many European oaks do not. Some clades of European oaks emit isoprene, while others
emit other terpenoids as monoterpenes and a few species are non-emitters [21–23].

Sequences of the gene(s) encoding for isoprene synthase (IspS) and/or the isoprene
synthase protein have been isolated from a variety of emitter species. These include poplars
(Populus alba, Populus × canescens, Populus tremuloides, Populus trichocarpa, Populus nigra) [93–96],
kudzu (Pueraria montana) [95], willow (Salix glabra) [Accession JQ943918.1], figs (Ficus virgata,
Ficus septica), the Australian pine tree (Casuarina equisetifolia) [97], black locust (Robinia pseudoacacia),
Wisteria sp. [63], and most recently Arundo donax, a herbaceous species [98]. Identified IspS sequences
enable gene expression studies and the investigation of the evolution of isoprene synthesis and
emission in plants. However, to date, no information is available on the isoprene synthase genomic or
protein sequences of any oak species (Quercus spp.).

In this work, we amplified, sequenced, and identified for the first time a 165 bp segment of
the pin oak (Q. palustris) isoprene synthase (IspS) gene (Figure 5 and Figure S3a). We chose to
sequence the gene using the gel purified fragments best amplified from DNA templates obtained from
dark-adapted mature oak leaves using M1 developed in this study. As we used unspecific primers
for the amplification, designed for a phylogenetically distant relative of oaks, we expected multiple
unspecific fragments. Surprisingly, these reactions yielded a single band. We excised and purified the
DNA fragment from the gel, which yielded sufficient fragment DNA to meet sequencing standards.
On the other hand, we were unable to amplify in sufficient quantities for sequencing the 165 bp
segment from light-adapted leaf templates extracted by M1. These reactions resulted in multiple,
unspecific amplicons, as expected (Figure 5). Amplification was unsuccessful when templates isolated
with M2 were used.

Isoprene synthase is part of the angiosperm (mono)terpene synthase-b (TpS-b) clade, hypothesized
to have evolved from monoterpene synthases [63,98,99]. While isoprene synthase enzymes do not
necessarily show high amino acid sequence similarity between species, all feature four unique amino
acids (F338, S445, F484 and N505) in the catalytic region of the enzyme. These unique amino acids
appear to function in sterically reducing the volume of the active site. Volume reductions diminish the
possibility of an induced fit between the larger monoterpene precursor geranyl diphosphate (GDP)
and the enzyme’s active site, selectively allowing only the binding of the smaller isoprene precursor
to make isoprene, as opposed to other TpS-b enzymes, such as the monoterpene synthases [63,99].
Sequence alignment of the putative protein segment obtained by translating the sequenced pin oak
(Q. palustris) genomic segment confirmed that the 53 amino acid long partial sequence spanning
from the 314th to the 367th amino acid of the putative protein is a part of the enzyme’s catalytic site,
with phenylalanine in position 338 (F338) (Figure S3b and Figure 6, Inset I). F338 is one of the four
amino acids unique to isoprene synthase enzymes [63,99]. The protein also contains a highly conserved
DDXXD motif downstream from F338 in positions spanning the 345th to 349th amino acids in the
putative protein (Figure S3b and Figure 6, Inset I).
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The phylogram of IspS proteins revealed the highest homology between the putative pin
oak (Q. palustris) isoprene synthase, and the corresponding segment of the Australian pine tree
(Casuarina equisetifolia) isoprene synthase. Nevertheless, the Quercus palustris isoprene synthase (IspS)
appears to be significantly different from other isoprene synthases deriving from woody species,
such as Populus spp., Salix spp., or herbaceous taxa, to which kudzu (Pueraria montana) or velvet
bean (Mucuna pruriens) belong (Figure S3b and Figure 6). Our initial observations, and the fact
that minor changes in gene sequence can alter both the substrate and the product specificity of the
isoprene synthase protein (IspS), are in support of prior hypotheses on the potential independent
evolution of the isoprene emission trait in different clades as a result of convergent evolution driven
by environmental constrains [63,95,99].

4. Materials and Methods

4.1. Plant Sample Collection, Surface Sterilization and/or Storage

Approximately 50-year-old pin oak (Q. palustris) trees were identified on the 700 acre green-space
reserve of the Missouri Western State University Campus (St. Joseph, MO, USA, 39.7599◦ N,
94.7845◦ W). South-facing mature, fully developed leaves (4th or older) were selected and wrapped
in aluminum foil in situ to darken the leaves overnight, from 5 PM until mid-day, the following day,
while still attached to the branch. The foil was secured with paper clips, to prevent possible wind
gusts from removing the foil cover. The darkening served to maximize the metabolic breakdown of
accumulated sugar reserves. Adjacent leaves without foil cover were used as light-adapted controls,
and both dark- and light-adapted leaves were harvested at mid-day. For comparison, young leaves
freshly emerging from the buds were also collected, in the spring, from the same location and tree
stand. Similarly, mature leaves of other species that are characterized by high sugar and polyphenolics
concentrations were also harvested from the same site: post oak (Quercus stellata), American sweetgum
(Liquidambar styraciflua), loblolly pine (Pinus taeda), black poplar (Populus nigra), and black locust
(Robinia pseudoacacia).

For DNA extraction, three leaf disks of 1.5 cm2 (70 mg fresh weight) each per leaf were
excised from the dark- and light-adapted leaves of the broad leaf species (Q. palustris, Q. stellata,
Liquidambar styraciflua, Populus nigra and Robinia pseudoacacia) using a cork borer. From Pinus taeda,
70 mg fresh weight needle material was obtained.

Leaf disks and needle segments were surface-sterilized to remove non-leaf related sources of
DNA (such as bacterial or fungal DNA) and were washed in 95% ethanol for 5 s, 1% NaOCl for
2 min, followed by a wash in 70% ethanol for an additional 2 min [100]. Then the leaf material was
rinsed multiple times using sterile water. Surface-sterilized samples were either processed fresh,
or immediately frozen to –80 ◦C for later use, to test for storage shelf-life.

4.2. DNA Extraction and Quantification

Genomic DNA was extracted from in situ dark- and light-adapted leaves by modifying the
initial key grinding, lysis, and few intermediate steps of the PowerPlant and DNeasy DNA isolation
procedures developed by MoBio and Qiagen, respectively (Figure 1). We adapted the procedures
for efficient, high quality, and quantity DNA extraction of rigid leaf samples that are rich in
polysaccharides, phenolics, and other contaminants, conditions reported to lead to low yield in
a variety of species with these kits [24–27,30]. We chose to modify and compare the procedures of
two accessible commercial kits, the CTAB-based DNeasy Plant Mini Kit developed by Qiagen and the
phenolic separation based MoBio Power Plant Kit developed by MoBio.

The major modifications we made to the manufacturer-recommended protocols during method
adaptation aimed to (a) maximize the in situ, pre-extraction removal of potential contaminating
inhibitors of downstream applications, taking advantage of the natural differences in the metabolic
status of dark- or light-adapted leaves; (b) enhance the break-down efficiency of the mechanically
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enforced, tough, mature leaf samples; and, (c) improve the efficiency of DNA collection and
concentration during the final, DNA elution steps of the purification (Figure 1, box highlights).

For extracting genomic DNA, standard procedures call for an initial mechanical grinding of the
leaf sample in the presence of liquid nitrogen. Liquid nitrogen serves to aid the breakdown of the
tissue as well as the accessing of the nuclear material without degradation. For the present application,
we eliminated the need for liquid nitrogen and instead, prior to grinding, transferred the excised leaf
disks into pre-chilled tubes containing metal beads, and maintained the samples on dry ice for an
additional 10 min (Figure 1).

All of the extraction tubes were pre-chilled on dry ice for 15 min prior to leaf material addition.
Leaf disks and needle segments were pre-sliced to 1 mm2 slices using sterile razor blades and
transferred to the pre-chilled tubes containing four metal beads of 2.38 mm (MoBio, Carlsbad, CA, USA)
each, than kept on dry ice for 10 min. The frozen leaf material in the frozen tube was ground using
a Mini-Beadbeater-24 (Biospec (BSP) Products Inc., Bartlesville, OK, USA) set to 3000 strokes/minute
for 1 min. Lysis buffer and RNase were added to the pulverized leaf material, according to Qiagen or
MoBio plant DNA extraction kit specifications. In addition, we supplemented both types of lysis buffers
(provided by the manufacturer) with 100 mg PVP (polyvinyl pyrrolidone, MW 10,000, Sigma-Aldrich,
St. Louis, MO, USA), to aid the removal of polyphenolics from the sample, and then ground the
samples for an additional three minutes using the Mini Beadbeater-24. The homogenates were further
processed using modified steps from the standard protocols developed for the DNeasy Plant Mini Kit
(Qiagen, Hilden, Germany) and MoBio Power Plant Kit (MoBio, Carlsbad, CA, USA), as specified:

Method # 1 (M1)—modified method based on the Qiagen DNeasy Plant Mini Kit: following
sample disruption using the Mini-Beadbeater-24, samples were incubated at 75 ◦C for 10 min, instead of
65 ◦C as recommended by the manufacturer, mixing the sample thoroughly every 2 min using a vortex.
In addition, samples were incubated for an additional 5 min, with an intense final mixing at the end of
the 5 min (step 2, Quick Start protocol, Qiagen).

Note: Pre-tests indicated an increase in lysis efficiency and DNA recovery with the lysis performed
at higher temperatures, for a prolonged time. Increasing the incubation time further than the additional
5 min used in this protocol did not increase efficiency and DNA recovery.

In addition, all of the centrifugation steps requiring 6000× g were performed at 10,000× g.
DNA was eluted from the column using 100 µL AE buffer (provided by the manufacturer, Step 11,
Quick Start protocol, Qiagen), then re-loaded onto the filter and incubated at room temperature for an
additional 5 min prior to centrifugation (modified Step 12, Quick Start protocol, Qiagen) to recover
the DNA.

Method # 2 (M2)—modified method based on the MoBio Power Plant Kit: following sample
disruption, steps were followed as recommended by the manufacturer.

Extractions were also performed following the original Qiagen and MoBio protocols,
without modifications, as well as using the traditional CTAB method [51,52] for comparison with our
method M1.

The obtained DNA stock was quantified spectrophotometrically with optical density (OD) values
at 230, 260 and 280 nm (A230nm, A260nm, A280nm) recorded, using a NanoDrop One Microvolume
Spectrophotometer (NanoDrop, Thermo Fisher Scientific Inc., Waltham, MA, USA).

DNA purity was assessed by calculating the A260/280nm and A260/230nm absorbance ratios,
indicators of protein and polysaccharide contaminants, respectively [41,44,101]. The integrity of
the extracted genomic DNA was verified by agarose gel electrophoresis. Intact DNA was expected
to be of high molecular mass and concentrated in a single band, with no evidence of trailing to
indicate sheering.

4.3. Pin Oak (Q. palustris) Genomic DNA Extracts as Templates for PCR Applications

The DNA extracted from dark- or light-adapted mature pin oak (Q. palustris) leaves
using the two modified protocols M1 and M2, was tested for suitability for downstream
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applications by comparing the efficiency of PCR in amplifying chloroplast- and nuclear
gene segments, using custom designed primer pairs. A 1300 bp segment of the
Q. palustris chloroplast rbcL gene for ribulose 1,5-bisphosphate carboxylase/oxygenase large
subunit, a DNA barcode gene (Accession # AB125023; primers used: sense (forward)
5′-ATGAGTCGTAGGGAGGGAC-3′; antisense (reverse) 5′-CAATTCAATTAAGAGAACGAGCGG-3′),
a 500 bp segment Q. palustris STS 8561_palustris, sequence tagged site segment (Accession
# HF563213; primers used: sense (forward) 5′-GCTCCCATATTTCTGGCAAGC-3′; antisense
(reverse) 5′-GGTTTTCACTTAGCTTTATACATCCATAGC-3′) and 209 bp segment of Q. palustris STS
8461_palustris, sequence tagged site segment (Accession # HF563331.1; primers used: sense (forward)
5′-CAGATGAAGCAAAAGCTGTAGGTTC-3′; antisense (reverse) 5′-CCCAAAGC TTGAGCAAGC-3′)
were selected for amplification.

PCR reactions were performed in a 20 µL reaction volume (containing 150 ng DNA
template/sample, 10 µL GoTaq Green 2× Master Mix, and 1 µL of sense and antisense primers,
each of 50 pmol/µL stock).

For testing the impact of template and possibly, contaminant dilution on the efficiency of PCR
amplification of the 1300 bp rbcL and 209 bp STS_8461_palustris segments, the genomic DNA isolated
from dark-adapted leaves using both M1 and M2 methods was diluted in 1:1, 1:2, 1:5, 1:10, 1:50,
and 1:100 ratios.

PCR conditions were optimized to account for primer melting temperatures and maximum
amplifiable segment length. Cycling was performed by using the following parameters: initial
denaturation at 94 ◦C for 10 min, 45 cycles of 15 s denaturation at 94 ◦C, 60 s annealing at 52 ◦C, 120 s
elongation at 74 ◦C, and a final extension step at 74 ◦C for 5 min. PCR products were separated on
a 2% agarose gel, stained with 0.5 µg/mL ethidium bromide (Sigma-Aldrich, St. Louis, MO, USA).
The amplified bands were imaged with a CareStream Gel Logic 2200 Pro Imaging system (CareStream
Health Solutions, Rochester, NY, USA). All Purpose Lo (2k) and/or All Purpose Hi-Lo (10k) DNA
ladders (Bionexus Inc., Oakland, CA, USA) were used as references for amplicon size estimation.

To quantify the amplified fragment DNA, and characterize differences between samples,
we excised the bands from the agarose gel(s), and purified the DNA using the NucleoSpin
Gel and PCR Clean-Up kit (Macherey Nagel GmbH & Co., Duren, Germany) according to the
manufacturers’ standardized protocol. The DNA was quantified using a NanoDrop One Microvolume
Spectrophotometer (NanoDrop, Thermo Fisher Scientific Inc., Waltham, MA, USA).

4.4. Applications in Gene Identification: Isolation of Partial Sequences of Genes Encoding for the 18S rRNA and
Isoprene Synthase (IspS) from Pin Oak (Q. palustris)

To validate the suitability of DNA extracted from mature pin oak (Q. palustris) leaves in gene
discovery applications, we isolated and sequenced, for the first time, partial segments of the 18S rRNA
and isoprene synthase (IspS) genes, using as template DNA from dark-adapted mature leaves.

A primer pair (Sense: 5′-CTCGCTGCTCTGCTGATT-3′; Antisense: 5′-ATGTCTGGACCT
GGTAAGTTTC-3′) was designed to match the known sequence for the 930 bp segment spanning
from the (5′) strand’s 230 to 1150 bp (3′) position of the 18S rRNA gene from the northern red oak
(Quercus rubra) (Accession # AF132892.1), of the oak (Quercus) genus and used the primers to amplify
the corresponding segment from the 18S rRNA gene of Q. palustris.

Similarly, primers (Sense: 5′-GGTGGAAGAACACTGGCC-3′; Antisense: 5′-CCCATCTCTCG
ATAGCATTTG-3′) were designed for the 165 bp segment, spanning from 5′ position 935 to 1100 bp
of the known isoprene synthase (IspS) of the Australian pine tree (she-oak, Casuarina equisetifolia)
(Accession # LC006089.1). As no isoprene synthase genes have been sequenced to date from any of the
species belonging to the oak (Quercus) genus, we chose a more distant relative of our species of interest
that is within the same monophyletic Rosids clade [62] as a reference.
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All of the PCR reactions were performed in 20 µL reaction volume (containing 150 ng DNA
template/sample, 10 µL GoTaq Green 2×Master Mix, and 1 µL of sense and antisense primers, each of
50 pmol/µL stock) and 0.6 µL of 25 mM sterile MgCl2.

Cycling conditions to amplify the 930 bp segment of 18S rRNA gene were set up as follows: initial
denaturation at 94 ◦C for 10 min, 40 cycles of 15 s denaturation at 94 ◦C, 60 s annealing at 52 ◦C, 120 s
elongation at 74 ◦C, and a final extension step at 74 ◦C for 5 min. The isoprene synthase (IspS) gene
segment was amplified under similar conditions, except the number of cycles was increased to 45 and
the annealing temperature lowered to 49 ◦C, to account for the potential weak or partial pairing of
the used primers, directed for the known gene of a more distant relative of our species of interest.
We opted for the use of the above, less specific primer set instead of using degenerate primers due to
the difficulties met in sequencing the amplicon using degenerate primers in performed pre-tests.

The amplified PCR products were separated on a 2% agarose gel and stained with 0.5 µg/mL
ethidium bromide (Sigma-Aldrich, St. Louis, MO, USA) and the bands were imaged with a CareStream
Gel Logic 2200 Pro Imaging system (CareStream Health Solutions, Rochester, NY, USA). All Purpose
Lo (2k) and/or All Purpose Hi-Lo (10k) DNA ladders (Bionexus Inc., Oakland, CA, USA) were used as
references for amplicon size estimation.

The amplified fragments were excised from the agarose gel and purified using the NucleoSpin
Gel and PCR Clean-Up kit (Macherey Nagel GmbH & Co., Duren, Germany) according to
the manufacturer’s instructions. The gel-purified DNA was quantified using a NanoDrop One
Microvolume Spectrophotometer (NanoDrop, Thermo Fisher Scientific Inc., Waltham, MA, USA).
The exact sequence of the obtained candidate PCR fragments was determined by Sanger-sequencing
using the services provided by Eurofin Genomics (Eurofin Genomics, LLC., Louisville, KY,
USA, https://www.eurofinsgenomics.com/en/home.aspx), using the same primers used for their
amplification. The samples were sequenced in multiplicates (n = 3) in both sense and antisense directions.

In addition, after the initial sequencing of the 165 bp fragment of the gene encoding for the
pin oak (Q. palustris) isoprene synthase, based on initial sequence information, an additional set
of specific primers was designed (sense: 5′-GTGTTTCTTATGGACAATGGGATTA-3′; antisense:
5′-CTCGATAGCATTTGTGAACACTC-3′) and the fragment was re-amplified and re-sequenced to
re-confirm the sequence information.

Basic Local Alignment Search Tool (BLAST) engine-powered searches of the GenBank Nucleotide
Database of NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi) were performed using the nucleotide
sequences resolved through sequencing, confirming the identity of the isolated 18S rRNA gene segment
and the 165 bp isoprene synthase (IspS) gene segment. The identified sequence for the 18S rRNA
gene was deposited in the NCBI Gen Bank under the Accession # MF360746. Due to sequence size
limitations for GenBank submissions (≥200 bp), the short isoprene synthase (IspS) sequence was not
deposited in the database.

The putative isoprene synthase (IspS) gene segment was also translated to the encoded amino
acid sequence using the ExPASy Tool (SIB, Swiss Institute of Bioinformatics), and screened for one
of the four amino acids within the range of our identified sequence segment (F338), described to be
unique to isoprene synthase proteins (IspS), differentiating them from related homologous terpene
synthases (TpS) [63].

CLUSTALW [102] (K-Align, http://www.ebi.ac.uk/Tools/msa/kalign/, European
Bioinformatics Institute, EMBL-EBI) was used for multiple sequence alignment of the 18S
rRNA DNA sequence and isoprene synthase protein sequence. The phylogenetic trees of the
DNA sequence encoding for the 18S rRNA and isoprene synthase protein sequences were
constructed using the phylogeny algorithm sequence, based on maximum likelihood analysis,
developed and powered by the Laboratoire d’Informatique, de Robotique et Microelectronique
de Montpellier, France (LIRMM, http://www.phylogeny.fr/) [103–106]. Bootstrap analysis
was done with 1000 replicates. The phylogram was plotted using the FigTree 1.4.3 software
(http://tree.bio.ed.ac.uk/software/Figuretree).

https://www.eurofinsgenomics.com/en/home.aspx
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ebi.ac.uk/Tools/msa/kalign/
http://www.phylogeny.fr/
http://tree.bio.ed.ac.uk/software/Figuretree
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4.5. Statistical Analysis

Quantitative and qualitative differences (total DNA yield, A260/280nm, and A260/230nm yield ratio
differences) between DNA extracted from dark- and light-adapted pin oak (Q. palustris) leaves with
methods M1 and M2 were analyzed using one-way ANOVA with post-hoc Tukey HSD Test at a p < 0.01
significance level, with a sample size of five extractions each (n = 5). For all of the other species, a paired
t-test was conducted at a p < 0.01 significance level on a sample size of n = 3. Data are shown as means
± standard error (SE).

5. Conclusions

In summary, we demonstrated that high quantity and quality genomic DNA can be extracted
from abundantly available mature oak leaves (and leaves of a variety of other species), in particular,
using the extraction method M1 we developed in this work. Though mature leaves were rarely used
for DNA extractions in the past due to their high carbohydrate and secondary metabolite content,
we demonstrated that in situ dark adaptation of leaves increased the yield and improved the quality of
the obtained extracts, as compared to the efficiency of extraction from light-adapted leaves. We attribute
these differences to the diurnal vs. nocturnal metabolic differences of the studied species. We propose
in situ dark adaptation or pre-dawn harvesting of mature leaves as an ample resource for future DNA
extractions when the availability of other tissues is limited. When we tested our extracts for suitability
for downstream applications, we were able to amplify both nuclear and chloroplast genes, which also
indicated that the obtained clean extracts can readily be used to study possibly all genes, regardless of
their genomic origin (nuclear, mitochondrial, chloroplastic), minimizing the need for genome isolation
and pre-processing.

To validate our extraction method and DNA extract suitability for downstream molecular genomic
applications, we identified for the first time segments of the genes encoding for the 18S RNA and
isoprene synthase from pin oak (Q. palustris), a species whose genome has not been sequenced and
from which only a few genes have been isolated to date.

The identification of the partial sequence of pin oak (Q. palustris) isoprene synthase (IspS) lays
the groundwork for studying changes in the expression of the gene under a variety of environmental
conditions, to better understand how the current- and expected-future climate may affect the synthesis
and release of isoprene into the atmosphere. Expression studies are also expected to apply the novel
information provided by elucidating the partial sequence of the gene encoding for the Q. palustris 18S
rRNA, a suitable internal reference gene for RT-PCR applications.

In addition, adding genomic information from other species to the collection of known IspS
sequences holds a promise for answering many of the remaining questions related to the single origin
or convergent evolution of the isoprene emission trait in the plant kingdom.

Supplementary Materials: The following are available online at www.mdpi.com/2223-7747/6/4/52/s1,
Figure S1: Phylogenetic relationship between the gene encoding for the 18S rRNA fragment (18S rDNA) identified
in this study from pin oak (Q. palustris) leaves (Accession # MF360746) and other 18S rDNA sequences from
families of the Fagales order, Figure S2: DNA sequence alignment of the 18S rDNA segments used for phylogenetic
analyses (tree presented in Figure S1), Figure S3: IspS DNA sequence and protein sequence alignment.
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25. Echevarría-Zomeño, S.; Abril, N.; Ruiz-Laguna, J. Simple, rapid and reliable methods to obtain high quality
RNA and genomic DNA from Quercus ilex L. leaves suitable for molecular biology studies. Acta Physiol. Plant
2011, 34, 793–805. [CrossRef]

26. Gómez-Garay, A.; Bueno, Á.; Pintos, B. Identification of DNA-Microsatellite Markers for the Characterization
of Somatic Embryos in Quercus suber. In Microsatellites; Kantartzi, S., Ed.; Methods in Molecular Biology
(Methods and Protocols); Humana Press: Totowa, NJ, USA, 2013; Volume 1006. [CrossRef]

27. Curtu, A.L.; Sofletea, N.; Toader, A.V.; Enescu, M.C. Leaf morphological and genetic differentiation between
Quercus robur L. and its closest relative, the drought-tolerant Quercus pedunculiflora K. Koch. Ann. For. Sci.
2011, 68, 1163–1172. [CrossRef]

28. Loyola, V.; Vazquéz, F. Methods in Molecular Biology: Plant Cell Culture Protocols, 2nd ed.; Humana Press Inc.:
Totowa, NJ, USA, 2006; Volume 318, ISBN 978-1-59259-959-2.

29. Kuzminsky, E.; Meschini, R.; Terzoli, S.; Pavani, L.; Silvestri, C.; Choury, Z.; Scarascia-Mugnozza, G.
Isolation of Mesophyll Protoplasts from Mediterranean Woody Plants for the Study of DNA Integrity
under Abiotic Stress. Front. Plant Sci. 2016, 7, 1168. [CrossRef] [PubMed]

30. Ceccherini, M.; Poté, J.; Kay, E.; Maréchal, J.; Pietramellara, G.; Nannipieri, P.; Vogel, T.M.; Simonet, P.
Degradation and transformability of DNA from transgenic leaves. Appl. Environ. Microbiol. 2003, 69, 673–678.
[CrossRef] [PubMed]

31. Bless, C.; Palmeter, H.; Wallace, M.M. Identification of Acer rubrum using amplified fragment length
polymorphism. J. Forensic Sci. 2006, 51, 31–38. [CrossRef] [PubMed]

32. Paterson, A.H.; Brubaker, C.L.; Wendel, J.F. A rapid method for extraction of cotton (Gossypium spp.) genomic
DNA suitable for RFLP or PCR analysis. Plant Mol. Biol. Rep. 1993, 11, 122–127. [CrossRef]

33. Collins, G.G.; Symons, R.H. Extraction of Nuclear DNA from Grape Vine Leaves by a Modified Procedure.
Plant Mol. Biol. Rep. 1992, 10, 233–235. [CrossRef]

34. Lutz, K.A.; Wang, W.; Zdepski, A.; Michael, T.P. Isolation and analysis of high quality nuclear DNA with
reduced organellar DNA for plant genome sequencing and resequencing. BMC Biotechnol. 2011, 11, 54.
[CrossRef] [PubMed]

35. Lumaret, R.; Tryphon-Dionnet, M.; Michaud, H.; Sanuy, A.; Ipotesi, E.; Born, C.; Mir, C. Phylogeographical
variation of chloroplast DNA in cork oak (Quercus suber). Ann. Bot. 2005, 96, 853–861. [CrossRef] [PubMed]

36. Missouri’s Forests 2008, Resource Bulletin NRS—54, USDA-FS. Available online: https://www.nrs.fs.fed.
us/pubs/rb/rb_nrs54.pdf (accessed on 2 September 2011).

37. United States Department of Agriculture, Natural Resources and Conservation Service, USDA-NRCS.
Available online: https://plants.usda.gov/core/profile?symbol=qupa2 (accessed on 5 February 2002).

38. Plomion, C.; Aury, J.-M.; Amselem, J.; Alaeitabar, T.; Barbe, V.; Belser, C.; Bergès, H.; Bodénès, C.; Boudet, N.;
Boury, C.; et al. Decoding the oak genome: Public release of sequence data, assembly, annotation and
publication strategies. Mol. Ecol. Resour. 2016, 16, 254–265. [CrossRef] [PubMed]

39. Tesniere, C.; Torregrosa, L.; Pradal, M.; Souquet, J.M.; Gilles, C.; Dos Santos, K.; Chatelet, P.; Gunata, Z.
Effects of genetic manipulation of alcohol dehydrogenase levels on the response to stress and the synthesis
of secondary metabolites in grapevine leaves. J. Exp. Bot. 2005, 57, 91–99. [CrossRef] [PubMed]

40. Cavender-Bares, J.; Ackerly, D.D.; Baum, D.A.; Bazzaz, F.A. Phylogenetic overdispersion in Floridian oak
communities. Am. Nat. 2004, 163, 823–843. [CrossRef] [PubMed]

41. Varma, A.; Padh, H.; Shrivastava, N. Plant genomic DNA isolation: An art or a science. Biotechnol. J. 2007, 2,
386–392. [CrossRef] [PubMed]

42. Lange, D.A.; Peñuela, S.; Denny, R.L.; Mudge, J.; Concibido, V.C.; Orf, J.H.; Young, N.D. A Plant DNA
Isolation Protocol Suitable for Polymerase Chain Reaction Based Marker-Assisted Breeding. Crop Sci. 1998,
38, 217–220. [CrossRef]

43. Sablok, G.; Gahlot, P.; Gupta, A.K.; Pareek, K.; Shekhawat, N.S. Extraction of PCR-usable DNA from trees
adapted to arid environment. Plant Omics 2009, 2, 103–109.

http://dx.doi.org/10.1093/treephys/tps069
http://www.ncbi.nlm.nih.gov/pubmed/22848089
http://dx.doi.org/10.1007/s11738-011-0880-z
http://dx.doi.org/10.1007/978-1-62703-389-3_8
http://dx.doi.org/10.1007/s13595-011-0105-z
http://dx.doi.org/10.3389/fpls.2016.01168
http://www.ncbi.nlm.nih.gov/pubmed/27574524
http://dx.doi.org/10.1128/AEM.69.1.673-678.2003
http://www.ncbi.nlm.nih.gov/pubmed/12514059
http://dx.doi.org/10.1111/j.1556-4029.2005.00005.x
http://www.ncbi.nlm.nih.gov/pubmed/16423220
http://dx.doi.org/10.1007/BF02670470
http://dx.doi.org/10.1007/BF02668355
http://dx.doi.org/10.1186/1472-6750-11-54
http://www.ncbi.nlm.nih.gov/pubmed/21599914
http://dx.doi.org/10.1093/aob/mci237
http://www.ncbi.nlm.nih.gov/pubmed/16103038
https://www.nrs.fs.fed.us/pubs/rb/rb_nrs54.pdf
https://www.nrs.fs.fed.us/pubs/rb/rb_nrs54.pdf
https://plants.usda.gov/core/profile?symbol=qupa2
http://dx.doi.org/10.1111/1755-0998.12425
http://www.ncbi.nlm.nih.gov/pubmed/25944057
http://dx.doi.org/10.1093/jxb/erj007
http://www.ncbi.nlm.nih.gov/pubmed/16291801
http://dx.doi.org/10.1086/386375
http://www.ncbi.nlm.nih.gov/pubmed/15266381
http://dx.doi.org/10.1002/biot.200600195
http://www.ncbi.nlm.nih.gov/pubmed/17285676
http://dx.doi.org/10.2135/cropsci1998.0011183X003800010036x


Plants 2017, 6, 52 22 of 25

44. Healey, A.; Furtado, A.; Cooper, T.; Henry, R.J. Protocol: A simple method for extracting next-generation
sequencing quality genomic DNA from recalcitrant plant species. Plant Methods 2014, 10, 21. [CrossRef]
[PubMed]

45. Bracho-Nunez, A.; Welter, S.; Staudt, M.; Kesselmeier, J. Plant-specific volatile organic compound emission
rates from young and mature leaves of Mediterranean vegetation. J. Geophys. Res. 2011. [CrossRef]

46. Keel, S.G.; Schädel, C. Expanding leaves of mature deciduous forest trees rapidly become autotrophic.
Tree Physiol. 2010, 30, 1253–1259. [CrossRef] [PubMed]

47. Rasulov, B.; Bichele, I.; Laisk, A.; Niinemets, Ü. Competition between isoprene emission and pigment
synthesis during leaf development in aspen. Plant Cell Environ. 2014, 37, 724–741. [CrossRef] [PubMed]

48. Jeong, M.L.; Jiang, H.; Chen, H.S.; Tsai, C.J.; Harding, S.A. Metabolic Profiling of the Sink-to-Source Transition
in Developing Leaves of Quaking Aspen. Plant Physiol. 2004, 136, 3364–3375. [CrossRef] [PubMed]

49. Griffin, K.L.; Turnbull, M.H. Out of the light and into the dark: Post-illumination respiratory metabolism.
New Phytol. 2012, 195, 4–7. [CrossRef] [PubMed]

50. Sharkey, T.D.; Singsaas, E.L. Why plants emit isoprene. Nature 1995, 374, 769. [CrossRef]
51. Doyle, J.J.; Doyle, J.L. A rapid procedure for DNA purification from small quantities of fresh leaf tissue.

Phytochem. Bull. 1987, 19, 11–15.
52. Murray, M.G.; Thompson, W.F. Rapid isolation of high molecular weight plant DNA. Nucleic Acids Res. 1980,

8, 4321–4326. [CrossRef] [PubMed]
53. Nagel, L.M.; Bassman, J.H.; Edwards, G.E.; Robberecht, R.; Franceshi, V.R. Leaf anatomical changes in

Populus trichocarpa, Quercus rubra, Pseudotsuga menziesii and Pinus ponderosa exposed to enhanced ultraviolet-B
radiation. Physiol. Plant 1998, 104, 385–396. [CrossRef]

54. Tissue, D.T.; Lewis, J.D.; Wullschleger, S.D.; Amthor, J.S.; Griffin, K.L.; Anderson, R.O. Leaf respiration
at different canopy positions in sweetgum (Liquidambar styraciflua) grown in ambient and elevated
concentrations of carbon dioxide in the field. Tree Physiol. 2002, 22, 1157–1166. [CrossRef] [PubMed]

55. Makkar, H.P.; Dawra, R.K.; Singh, B. Tannin levels in leaves of some oak species at different stages of maturity.
J. Sci. Food Agric. 1991, 54, 513–519. [CrossRef]

56. Warren, J.M.; Bassman, J.H.; Fellman, J.K.; Mattinson, D.S.; Eigenbrode, S. Ultraviolet-B radiation alters
phenolic salicylate and flavonoid composition of Populus trichocarpa leaves. Tree Physiol. 2003, 23, 527–535.
[CrossRef] [PubMed]

57. Kim, K.; Labbé, N.; Warren, J.M.; Elder, T.; Rials, T.G. Chemical and anatomical changes in Liquidambar
styraciflua L. xylem after long term exposure to elevated CO2. Environ. Pollut. 2015, 198, 179–185. [CrossRef]
[PubMed]

58. Aspinwall, M.J.; King, J.S.; Booker, F.L.; McKeand, S.E. Genetic effects on total phenolics, condensed tannins
and non-structural carbohydrates in loblolly pine (Pinus taeda L.) needles. Tree Physiol. 2011, 31, 831–842.
[CrossRef] [PubMed]

59. Tattje, D.H.; Bos, R.; Bruins, A.P. Constituents of Essential Oil from Leaves of Liquidambar styraciflua L.
Planta Medica 1980, 38, 79–85. [CrossRef]

60. Harding, S.A.; Jiang, H.; Jeong, M.L.; Casado, F.L.; Lin, H.W.; Tsai, C.J. Functional genomics analysis of foliar
condensed tannin and phenolic glycoside regulation in natural cottonwood hybrids. Tree Physiol. 2005, 25,
1475–1486. [CrossRef] [PubMed]

61. Hosseinihashemi, S.K.; Hossein-Ashrafi, S.K.; Goldeh, A.J.; Salem, M.Z. Antifungal and antioxidant activities
of heartwood, bark, and leaf extracts of Robinia pseudoacacia. BioResources 2015, 11, 1634–1646. [CrossRef]

62. Soltis, P.S.; Soltis, D.E. The origin and diversification of angiosperms. Am. J. Bot. 2004, 91, 1614–1626.
[CrossRef] [PubMed]

63. Sharkey, T.D.; Gray, D.W.; Pell, H.K.; Breneman, S.R.; Topper, L. Isoprene synthase genes form a monophyletic
clade of acyclic terpene synthases in the TPS-B terpene synthase family. Evolution 2013, 67, 1026–1040.
[CrossRef] [PubMed]

64. Yazaki, K.; Arimura, G.; Ohnishi, T. “Hidden” Terpenoids in Plants: Their Biosynthesis, Localization and
Ecological Roles. Plant Cell Physiol. 2017. [CrossRef] [PubMed]

65. Copolovici, L.; Bodescu, A.; Pag, A.; Kännaste, A.; Tomescu, D.; Niinemets, Ü. Volatile Organic Compound
emissions and photosynthetic parameters of Quercus rubra under temperature stresses. Land Reclam. Earth
Obs. Surv. Environ. Eng. 2015, 4, 2010–2013.

http://dx.doi.org/10.1186/1746-4811-10-21
http://www.ncbi.nlm.nih.gov/pubmed/25053969
http://dx.doi.org/10.1029/2010JD015521
http://dx.doi.org/10.1093/treephys/tpq071
http://www.ncbi.nlm.nih.gov/pubmed/20688879
http://dx.doi.org/10.1111/pce.12190
http://www.ncbi.nlm.nih.gov/pubmed/24033429
http://dx.doi.org/10.1104/pp.104.044776
http://www.ncbi.nlm.nih.gov/pubmed/15448196
http://dx.doi.org/10.1111/j.1469-8137.2012.04181.x
http://www.ncbi.nlm.nih.gov/pubmed/22626261
http://dx.doi.org/10.1038/374769a0
http://dx.doi.org/10.1093/nar/8.19.4321
http://www.ncbi.nlm.nih.gov/pubmed/7433111
http://dx.doi.org/10.1034/j.1399-3054.1998.1040314.x
http://dx.doi.org/10.1093/treephys/22.15-16.1157
http://www.ncbi.nlm.nih.gov/pubmed/12414375
http://dx.doi.org/10.1002/jsfa.2740540403
http://dx.doi.org/10.1093/treephys/23.8.527
http://www.ncbi.nlm.nih.gov/pubmed/12730044
http://dx.doi.org/10.1016/j.envpol.2015.01.006
http://www.ncbi.nlm.nih.gov/pubmed/25603157
http://dx.doi.org/10.1093/treephys/tpr073
http://www.ncbi.nlm.nih.gov/pubmed/21831860
http://dx.doi.org/10.1055/s-2008-1074841
http://dx.doi.org/10.1093/treephys/25.12.1475
http://www.ncbi.nlm.nih.gov/pubmed/16137933
http://dx.doi.org/10.15376/biores.11.1.1634-1646
http://dx.doi.org/10.3732/ajb.91.10.1614
http://www.ncbi.nlm.nih.gov/pubmed/21652312
http://dx.doi.org/10.1111/evo.12013
http://www.ncbi.nlm.nih.gov/pubmed/23550753
http://dx.doi.org/10.1093/pcp/pcx123
http://www.ncbi.nlm.nih.gov/pubmed/29016891


Plants 2017, 6, 52 23 of 25

66. Nogués, I.; Llusià, J.; Ogaya, R.; Munné-Bosch, S.; Sardans, J.; Peñuelas, J.; Loreto, F. Physiological and
antioxidant responses of Quercus ilex to drought in two different seasons. Plant Biosyst. 2014, 148, 268–278.
[CrossRef]

67. Wiberley, A.E.; Linskey, A.R.; Falbel, T.G.; Sharkey, T.D. Development of the capacity for isoprene emission
in kudzu. Plant Cell Environ. 2005, 28, 898–905. [CrossRef]

68. Sa¨rkinen, T.; Staats, M.; Richardson, J.E.; Cowan, R.S.; Bakker, F.T. How to Open the Treasure Chest?
Optimising DNA Extraction from Herbarium Specimens. PLoS ONE 2012, 7, e43808. [CrossRef] [PubMed]

69. Soltis, D.E.; Soltis, P.S.; Chase, M.W.; Mort, M.E.; Albach, D.C.; Zanis, M.; Savolainen, V.; Hahn, W.H.;
Hoot, S.B.; Fay, M.F.; et al. Angiosperm phylogeny inferred from 18S rDNA, rbcL, and atpB sequences. Bot. J.
Linn. Soc. 2000, 133, 381–461. [CrossRef]

70. Chase, M.W.; Soltis, D.E.; Olmstead, R.G.; Morgan, D.; Les, D.H.; Mishler, B.D.; Duvall, M.R.; Price, R.A.;
Hills, H.G.; Qiu, Y.L.; et al. Phylogenetics of seed plants—An analysis of nucleotide-sequences from the
plastid gene rbcL. Ann. Mo. Bot. Gard. 1993, 80, 528–580. [CrossRef]

71. Savolainen, V.; Chase, M.W.; Hoot, S.B.; Morton, C.M.; Soltis, D.E.; Bayer, C.; Fay, M.F.; De Bruijn, A.Y.;
Sullivan, S.; Qiu, Y.L. Phylogenetics of flowering plants based on combined analysis of plastid atpB and rbcL
gene sequences. Syst. Biol. 2000, 49, 306–362. [CrossRef] [PubMed]

72. Geron, C.D.; Daly, R.W.; Arnts, R.R.; Guenther, A.B.; Mowry, F.L. Canopy level emissions of
2-methyl-3-buten-2-ol, monoterpenes, and sesquiterpenes from an experimental Pinus taeda plantation.
Sci. Total Environ. 2016, 565, 730–741. [CrossRef] [PubMed]

73. Sancho-Knapik, D.; Sanz, M.Á.; Peguero-Pina, J.J.; Niinemets, Ü.; Gil-Pelegrín, E. Changes of secondary
metabolites in Pinus sylvestris L. needles under increasing soil water deficit. Ann. For. Sci. 2017, 74, 24.
[CrossRef]

74. Soltis, D.E.; Soltis, P.S.; Nickrent, D.L.; Johnson, L.A.; Hahn, W.J.; Hoot, S.B.; Sweere, J.A.; Kuzoff, R.K.;
Kron, K.A.; Chase, M.W.; et al. Angiosperm phylogeny inferred from 18S ribosomal DNA sequences.
Ann. Mo. Bot. Gard. 1997, 84, 1–49. [CrossRef]

75. Hilu, K.W.; Borsch, T.; Muller, K.; Soltis, D.E.; Soltis, P.S.; Savolainen, V.; Chase, M.W.; Powell, M.P.; Alice, L.A.;
Evans, R.; et al. Angiosperm phylogeny based on matK sequence information. Am. J. Bot. 2003, 90, 1758–1776.
[CrossRef] [PubMed]

76. Qiu, Y.L.; Li, L.; Wang, B.; Xue, J.Y.; Hendry, T.A.; Li, R.Q.; Brown, J.W.; Liu, Y.; Hudson, G.T.; Chen, Z.D.
Angiosperm phylogeny inferred from sequences of four mitochondrial genes. J. Syst. Evol. 2010, 48, 391–425.
[CrossRef]

77. Gutierrez, L.; Mauriat, M.; Guénin, S.; Pelloux, J.; Lefebvre, J.-F.; Louvet, R.; Rusterucci, C.; Moritz, T.;
Guerineau, F.; Bellini, C.; et al. The lack of a systematic validation of reference genes: A serious
pitfall undervalued in reverse transcription-polymerase chain reaction (RT-PCR) analysis in plants.
Plant Biotechnol. J. 2008, 6, 609–618. [CrossRef] [PubMed]

78. Lichtenthaler, H.K.; Schwender, J.; Disch, A.; Rohmer, M. Biosynthesis of isoprenoids in higher plant
chloroplasts proceeds via a mevalonate-independent pathway. FEBS Lett. 1997, 400, 271–274. [CrossRef]

79. Singsaas, E.L.; Laporte, M.M.; Shi, J.Z.; Monson, R.K.; Bowling, D.R.; Johnson, K.; Lerdau, M.;
Jasentuliyana, A.; Sharkey, T.D. Leaf temperature fluctuation affects isoprene emission from red oak
(Quercus rubra) leaves. Tree Physiol. 1999, 19, 917–924. [CrossRef] [PubMed]

80. Singsaas, E.L.; Sharkey, T.D. The regulation of isoprene emission responses to rapid leaf temperature
fluctuations. Plant Cell Environ. 1998, 21, 1181–1188. [CrossRef]

81. Singsaas, E.L.; Lerdau, M.; Winter, K.; Sharkey, T.D. Isoprene increases thermotolerance of isoprene-emitting
species. Plant Physiol. 1997, 115, 1413–1420. [CrossRef] [PubMed]

82. Siwko, M.E.; Marrink, S.J.; de Vries, A.H.; Kozubek, A.; Schoot Uiterkamp, A.J.M.; Mark, A.E. Does isoprene
protect plant membranes from thermal shock? A molecular dynamics study. Biochim. Biophys. Acta 2007,
1768, 198–206. [CrossRef] [PubMed]

83. Sharkey, T.D.; Chen, X.Y.; Yeh, S. Isoprene increases thermotolerance of fosmidomycin-fed leaves.
Plant Physiol. 2001, 125, 2001–2006. [CrossRef] [PubMed]

84. Loreto, F.; Velikova, V. Isoprene produced by leaves protects the photosynthetic apparatus against ozone
damage, quenches ozone products, and reduces lipid peroxidation of cellular membranes. Plant Physiol.
2001, 127, 1781–1787. [CrossRef] [PubMed]

http://dx.doi.org/10.1080/11263504.2013.768557
http://dx.doi.org/10.1111/j.1365-3040.2005.01342.x
http://dx.doi.org/10.1371/journal.pone.0043808
http://www.ncbi.nlm.nih.gov/pubmed/22952770
http://dx.doi.org/10.1111/j.1095-8339.2000.tb01588.x
http://dx.doi.org/10.2307/2399846
http://dx.doi.org/10.1093/sysbio/49.2.306
http://www.ncbi.nlm.nih.gov/pubmed/12118410
http://dx.doi.org/10.1016/j.scitotenv.2016.05.034
http://www.ncbi.nlm.nih.gov/pubmed/27232720
http://dx.doi.org/10.1007/s13595-017-0620-7
http://dx.doi.org/10.2307/2399952
http://dx.doi.org/10.3732/ajb.90.12.1758
http://www.ncbi.nlm.nih.gov/pubmed/21653353
http://dx.doi.org/10.1111/j.1759-6831.2010.00097.x
http://dx.doi.org/10.1111/j.1467-7652.2008.00346.x
http://www.ncbi.nlm.nih.gov/pubmed/18433420
http://dx.doi.org/10.1016/S0014-5793(96)01404-4
http://dx.doi.org/10.1093/treephys/19.14.917
http://www.ncbi.nlm.nih.gov/pubmed/12651303
http://dx.doi.org/10.1046/j.1365-3040.1998.00380.x
http://dx.doi.org/10.1104/pp.115.4.1413
http://www.ncbi.nlm.nih.gov/pubmed/12223874
http://dx.doi.org/10.1016/j.bbamem.2006.09.023
http://www.ncbi.nlm.nih.gov/pubmed/17125733
http://dx.doi.org/10.1104/pp.125.4.2001
http://www.ncbi.nlm.nih.gov/pubmed/11299379
http://dx.doi.org/10.1104/pp.010497
http://www.ncbi.nlm.nih.gov/pubmed/11743121


Plants 2017, 6, 52 24 of 25

85. Loreto, F.; Barta, C.; Brilli, F.; Nogues, I. On the induction of volatile organic compound emissions by plants
as consequence of wounding or fluctuations of light and temperature. Plant Cell Environ. 2006, 29, 1820–1828.
[CrossRef] [PubMed]

86. Loreto, F.; Mannozzi, M.; Maris, C.; Nascetti, P.; Ferranti, F.; Pasqualini, S. Ozone quenching properties of
isoprene and its antioxidant role in leaves. Plant Physiol. 2001, 126, 993–1000. [CrossRef] [PubMed]

87. Affek, H.P.; Yakir, D. Protection by isoprene against singlet oxygen in leaves. Plant Physiol. 2002, 129, 269–277.
[CrossRef] [PubMed]

88. Vickers, C.E.; Gershenzon, J.; Lerdau, M.T.; Loreto, F. A unified mechanism of action for volatile isoprenoids
in plant abiotic stress. Nat. Chem. Biol. 2009, 5, 283–291. [CrossRef] [PubMed]

89. Chameides, W.L.; Lindsay, R.W.; Richardson, J.; Kiang, C.S. The role of biogenic hydrocarbons in urban
photochemical smog: Atlanta as a case study. Science 1988, 241, 1473–1475. [CrossRef] [PubMed]

90. Guenther, A.; Karl, T.; Harley, P.; Wiedinmyer, C.; Palmer, P.I.; Geron, C. Estimates of global
terrestrial isoprene emissions using MEGAN (Model of Emissions of Gases and Aerosols from Nature).
Atmos. Chem. Phys. 2006, 6, 3181–3210. [CrossRef]

91. Chameides, W.L.; Fehsenfeld, F.; Rodgers, M.O.; Cardelino, C.; Martinez, J.; Parrish, D.; Lonneman, W.;
Lawson, D.R.; Rasmussen, R.A.; Zimmerman, P. Ozone precursor relationships in the ambient atmosphere.
J. Geophys. Res. 1992, 97, 6037–6055. [CrossRef]

92. Archibald, A.T.; Levine, J.G.; Abraham, N.L.; Cooke, M.C.; Edwards, P.M.; Heard, D.E.; Jenkin, M.E.;
Karunaharan, A.; Pike, R.C.; Monks, P.S. Impacts of HOx regeneration and recycling in the oxidation of
isoprene: Consequences for the composition of past, present and future atmospheres. Geophys. Res. Lett.
2011, 38, L05804. [CrossRef]

93. Miller, B.; Oschinski, C.; Zimmer, W. First isolation of an isoprene synthase gene from popular and successful
expression of the gene in Escherichia coli. Planta 2001, 213, 483–487. [CrossRef] [PubMed]

94. Sasaki, K.; Ohara, K.; Yazaki, K. Gene expression and characterization of isoprene synthase from Populus alba.
FEBS Lett. 2005, 579, 2514–2518. [CrossRef] [PubMed]

95. Sharkey, T.D.; Yeh, S.; Wiberley, A.E.; Falbel, T.G.; Gong, D.; Fernandez, D.E. Evolution of the isoprene
biosynthetic pathway in kudzu. Plant Physiol. 2005, 137, 700–712. [CrossRef] [PubMed]

96. Fortunati, A.; Barta, C.; Brilli, F.; Centritto, M.; Zimmer, I.; Schnitzler, J.P.; Loreto, F. Isoprene emission is not
temperature-dependent during and after severe drought-stress: A physiological and biochemical analysis.
Plant J. 2008, 55, 687–697. [CrossRef] [PubMed]

97. Oku, H.; Inafuku, M.; Ishikawa, T.; Takamine, T.; Ishmael, M.; Fukuta, M. Molecular cloning and
biochemical characterization of isoprene synthases from the tropical trees Ficus virgata, Ficus septica, and
Casuarina equisetifolia. J. Plant Res. 2015, 128, 849–861. [CrossRef] [PubMed]

98. Haworth, M.; Catola, S.; Marino, G.; Brunetti, C.; Michelozzi, M.; Riggi, E.; Avola, G.; Cosentino, S.L.;
Loreto, F.; Centritto, M. Moderate Drought Stress Induces Increased Foliar Dimethylsulphoniopropionate
(DMSP) Concentration and Isoprene Emission in Two Contrasting Ecotypes of Arundo donax. Front. Plant Sci.
2017, 8, 1016. [CrossRef] [PubMed]

99. Monson, R.K.; Jones, R.T.; Rosenstiel, T.N.; Schnitzler, J.P. Why only some plants emit isoprene.
Plant Cell Environ. 2013, 36, 503–516. [CrossRef] [PubMed]

100. Burgdorf, R.J.; Laing, M.D.; Morris, C.D.; Jamal-Ally, S.F. A procedure to evaluate the efficiency of surface
sterilization methods in culture-independent fungal endophyte studies. Braz. J. Microbiol. 2014, 45, 977–983.
[CrossRef] [PubMed]

101. Tan, S.C.; Yiap, B.C. DNA, RNA, and protein extraction: The past and the present. BioMed Res. Int. 2009,
574398. [CrossRef] [PubMed]

102. Thompson, J.D.; Gibson, T.J.; Plewniak, F.; Jeanmougin, F.; Higgins, D.G. The CLUSTAL_X windows interface:
Flexible strategies for multiple sequence alignment aided by quality analysis tools. Nucleic Acids Res. 1997,
25, 4876–4882. [CrossRef] [PubMed]

103. Dereeper, A.; Guignon, V.; Blanc, G.; Audic, S.; Buffet, S.; Chevenet, F.; Dufayard, J.F.; Guindon, S.; Lefort, V.;
Lescot, M.; et al. Phylogeny.fr: Robust phylogenetic analysis for the non-specialist. Nucleic Acids Res. 2008,
36, W465–W469. [CrossRef] [PubMed]

104. Castresana, J. Selection of conserved blocks from multiple alignments for their use in phylogenetic analysis.
Mol. Biol. Evol. 2000, 17, 540–552. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1365-3040.2006.01561.x
http://www.ncbi.nlm.nih.gov/pubmed/16913871
http://dx.doi.org/10.1104/pp.126.3.993
http://www.ncbi.nlm.nih.gov/pubmed/11457950
http://dx.doi.org/10.1104/pp.010909
http://www.ncbi.nlm.nih.gov/pubmed/12011357
http://dx.doi.org/10.1038/nchembio.158
http://www.ncbi.nlm.nih.gov/pubmed/19377454
http://dx.doi.org/10.1126/science.3420404
http://www.ncbi.nlm.nih.gov/pubmed/3420404
http://dx.doi.org/10.5194/acp-6-3181-2006
http://dx.doi.org/10.1029/91JD03014
http://dx.doi.org/10.1029/2010GL046520
http://dx.doi.org/10.1007/s004250100557
http://www.ncbi.nlm.nih.gov/pubmed/11506373
http://dx.doi.org/10.1016/j.febslet.2005.03.066
http://www.ncbi.nlm.nih.gov/pubmed/15848197
http://dx.doi.org/10.1104/pp.104.054445
http://www.ncbi.nlm.nih.gov/pubmed/15653811
http://dx.doi.org/10.1111/j.1365-313X.2008.03538.x
http://www.ncbi.nlm.nih.gov/pubmed/18445130
http://dx.doi.org/10.1007/s10265-015-0740-9
http://www.ncbi.nlm.nih.gov/pubmed/26081976
http://dx.doi.org/10.3389/fpls.2017.01016
http://www.ncbi.nlm.nih.gov/pubmed/28659959
http://dx.doi.org/10.1111/pce.12015
http://www.ncbi.nlm.nih.gov/pubmed/22998549
http://dx.doi.org/10.1590/S1517-83822014000300030
http://www.ncbi.nlm.nih.gov/pubmed/25477934
http://dx.doi.org/10.1155/2009/574398
http://www.ncbi.nlm.nih.gov/pubmed/20011662
http://dx.doi.org/10.1093/nar/25.24.4876
http://www.ncbi.nlm.nih.gov/pubmed/9396791
http://dx.doi.org/10.1093/nar/gkn180
http://www.ncbi.nlm.nih.gov/pubmed/18424797
http://dx.doi.org/10.1093/oxfordjournals.molbev.a026334
http://www.ncbi.nlm.nih.gov/pubmed/10742046


Plants 2017, 6, 52 25 of 25

105. Anisimova, M.; Gascuel, O. Approximate likelihood ratio test for branchs: A fast, accurate and powerful
alternative. Syst. Biol. 2006, 55, 539–552. [CrossRef] [PubMed]

106. Chevenet, F.; Brun, C.; Banuls, A.L.; Jacq, B.; Chisten, R. TreeDyn: Towards dynamic graphics and annotations
for analyses of trees. BMC Bioinform. 2006, 7, 439. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/10635150600755453
http://www.ncbi.nlm.nih.gov/pubmed/16785212
http://dx.doi.org/10.1186/1471-2105-7-439
http://www.ncbi.nlm.nih.gov/pubmed/17032440
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	DNA Extraction from Challenging, Contaminant-Rich Leaf Samples: In Situ Dark Adaptation Improves the Quality and Quantity of DNA Extractable from Mature Pin Oak (Q. palustris) Leaves 
	Amplification of Chloroplast and Nuclear Gene Segments from Genomic DNA Extracted from Dark- and Light-Adapted Pin Oak (Q. palustris) Leaves: Successful Amplification of Larger Fragments Requires DNA Templates of Higher Purity, than the Amplification of Smaller Fragments 
	In Situ Dark Adaptation Improves the Quality and/or Quantity of DNA Extractable from Other Challenging, Contaminant Rich Mature Leaf Samples as Well 
	The Isolation and Identification of Partial Sequences for the Pin Oak (Q. palustris) 18S rRNA and Isoprene Synthase (IspS) Gene: Applications in Gene Identification and Phylogenetic Analysis 

	Discussion 
	Materials and Methods 
	Plant Sample Collection, Surface Sterilization and/or Storage 
	DNA Extraction and Quantification 
	Pin Oak (Q. palustris) Genomic DNA Extracts as Templates for PCR Applications 
	Applications in Gene Identification: Isolation of Partial Sequences of Genes Encoding for the 18S rRNA and Isoprene Synthase (IspS) from Pin Oak (Q. palustris) 
	Statistical Analysis 

	Conclusions 

