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    Chapter 4   
 Techniques for Nucleic Acid Purifi cation 
from Plant, Animal, and Microbial Samples       

       Jordan     Ruggieri      ,     Ryan     Kemp      ,     Stanislav     Forman      , and     Marc     E.     Van     Eden     

    Abstract     Effi cient isolation of high-quality nucleic acid from sampled material is 
critical for the success of downstream analyses including PCR, sequencing, and 
molecular cloning. There are four principles that have primarily driven the innova-
tion in nucleic acid isolation practices: effi ciency of recovery, speed of processing, 
ease of the procedure, and the purity of the isolated product. 

 Nucleic acid isolation generally occurs via a two-step process: liberation of 
nucleic acid through cellular lysis followed by purifi cation of the liberated nucleic 
acid from the lysate. Liberation can be achieved by utilizing any combination of 
chemical, enzymatic, and mechanical lysis methods. Purifi cation of nucleic acid is 
typically performed using liquid- and solid-phase separation techniques. Phenol–
chloroform extraction has been widely considered the gold standard since 1956, 
however, solid-phase extraction methods exist utilizing specifi c resins and inorganic 
matrices that, in the presence of certain chemical reagents, facilitate reversible 
nucleic acid binding. 

 Isolation of nucleic acids can be challenging depending on the nature of the 
sample. Samples like plants and microbes possess rigid cell walls that must be rup-
tured to ensure effi cient nucleic isolation. Soil, stool, and plant samples can also 
contain polyphenolic compounds that can inhibit downstream analysis. Blood, 
plasma/serum, saliva, milk, and other biological fl uids contain high levels of pro-
tein, which can inhibit nucleic acid separation. Many microbial species are refrac-
tory to most conventional lysis techniques but must be effectively lysed to ensure 
unbiased, accurate analysis. Qualifi cation criteria for the isolation and purifi cation 
of nucleic acids, and the obstacles presented by animal, plant, and microbial sam-
ples are described below.  
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1         Introduction to Nucleic Acid Purifi cation 

 The ability to investigate diverse forms of life, diseases, pharmaceutical drug 
targets, and genetics mandates the isolation of pure nucleic acids from a wide 
range of samples. Nucleic acid purifi cation is the cornerstone to the success of 
many downstream molecular-based applications such as PCR, hybridization, 
arrays, sequencing, and transfection amongst others. Thus, the reliability and 
accuracy of such results is highly dependent on the effi ciency of the purifi cation 
method being employed. 

1.1     Principles of Effective Purifi cation 

 Innovation in nucleic acid purifi cation methodology has been driven by four  prin-
ciples  : effi ciency of recovery, speed of processing, ease of the procedure, and the 
purity of the isolated product. Accordingly, most effective nucleic acid isolation 
techniques will be quick to use, relatively inexpensive, and recover enough nucleic 
acid of suffi cient purity to facilitate accurate downstream analysis. 

 An important gauge of purifi ed DNA and RNA quality is its usability in down-
stream molecular-based analysis. Not all isolation methods result in DNA and RNA 
of suffi cient utility due to issues stemming from the structural integrity and/or 
purity of the nucleic acid. For example, successful whole genome amplifi cation 
(WGA) requires genomic DNA (gDNA) that is intact (˃ 20 kb) and at a high enough 
concentration for suffi cient amplifi cation [ 1 ]. And, in situations where gDNA deg-
radation is required (e.g., producing libraries for shotgun sequencing) sonication 
may be used as an effective method for randomly  fragmenting and prepping the 
DNA prior to analysis [ 2 ]. The success of some third generation sequencing proce-
dures will also rely on the structural integrity of the nucleic acid as these procedures 
are favored for their long read lengths. 

 Ultimately, nucleic acid utility depends on its purity. Purity is most often deter-
mined in the laboratory using UV-spectroscopy and determining the absorbance 
ratios at 230, 260, and 280 nm. DNA and RNA isolated using chaotropic salts or 
organic solvents can become contaminated with these chemicals during the isola-
tion process effecting overall purity [ 3 ]. Additionally, plant, soil, and stool samples 
may contain high levels of polyphenolic compounds (e.g. tannins and humic acids) 
that can co-purify with the nucleic acids to potentially inhibit downstream enzy-
matic reactions [ 4 ,  5 ]. Isolated  DNA and RNA   containing these other contaminants 
may be insuffi cient for subsequent analysis, as evidenced by the susceptibility of 
many restriction endonucleases to fl uctuations in salt concentration and pH [ 4 ]. 
Importantly, the inhibition of PCR by contaminants may account for the signifi cant 
differences observed between DNA isolated from stool samples using different 
comercially available kits, see Table  4.1  below [ 6 ].
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1.2        General Workfl ow of Extraction Methods 

 Purifi cation of DNA and RNA from a given sample source typically occurs via a 
two-step process: (1) liberation of nucleic acid through cellular and organelle lysis, 
followed by, (2) purifi cation of the “liberated” nucleic acids from the lysate.   

2      Cell Lysis   

 For effi cient purifi cation, nucleic acids must fi rst be liberated from the nucleus, 
cytoplasm, and any associated proteins. Effective lysis will employ techniques that 
effi ciently break open cellular membranes (nuclear envelope, outer membrane, and 
cell wall if present) while effi ciently deactivating nucleases present in the lysate. 
Typically, lysis will fall into three categories: chemical, enzymatic, and mechanical. 
Methods from all three categories can be used in combination to ensure the effec-
tiveness of the lysis step. 

 Chemical lysis includes the use of detergents, chaotropic salts, phenol and other 
organic solvents. Detergents like Triton X-100 and sodium dodecyl sulfate (SDS) 
have the ability to disrupt cellular and nuclear membranes, respectively, allowing 
cellular components, including nucleic acids, access into the surrounding 
 environment [ 7 ,  8 ]. Some detergents have the added advantage of inactivating cel-
lular enzymes, including nucleases, and can prevent DNA and RNA from degrada-
tion during the extraction process [ 9 ]. Chaotropic salts, like sodium perchlorate and 
guanidinium chloride, exhibit these characteristics [ 10 ,  11 ]. 

  Enzymatic lysis methods   typically employ proteases that denature and degrade pro-
teins that interact with nucleic acids facilitating the isolation of DNA and RNA while 
simultaneously protecting from nuclease digestion. Proteinase K is often utilized in 
nucleic acid purifi cation workfl ows involving mammalian cells and tissue [ 12 ]. 
However, for gram(−)/(+) bacteria, lysozyme and lysostaphin are necessary to break 

   Table. 4.1    Extracted DNA must be high quality for use in downstream applications   

 Name of kit  Company  PCR-positive rate (%) 

 QIAamp TM  DNA Stool Mini Kit  Qiagen  24/50 (48 %) 
 MagNA Pure LC DNA Isolation Kit 1  Roche  5/50 (10 %) 
 ZR Fecal DNA Kit TM   Zymo Research  47/50 (94 %) 
 QuickGene TM  SP Kit DNA  FujiFilm  ND 
 NucleoSpin TM  Plant II  Macherey-Nagel  ND 

  In a comparison of different DNA isolation kits using fecal samples, not all DNA isolated exhib-
ited positive detection of  Blastocystis -positive fecal samples through PCR detection. This demon-
strates that not all DNA isolated is of the same quality and usability in downstream applications. 
With kind permission of Springer Science + Business Media, Yoshikawa et al., (2011) Evaluation 
of DNA extraction kits for molecular diagnosis of human  Blastocystis  subtypes from fecal sam-
ples.  Parasitol. Res ., 109, 1045–1050  
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down peptidoglycan linkages comprising bacterial cell walls for isolation of DNA and 
RNA [ 13 ]. Also for fungi, the yeast lytic enzyme, Zymolyase, is commonly used for 
hydrolyzing the glucose polymers that comprise the cell walls of yeast. Enzymatic 
procedures are often combined with chemical ones to ensure effective sample lysis, 
as typifi ed by Proteinase K commonly being used with SDS to lyse HeLa cells [ 12 ]. 

  Mechanical lysis   involves the use of methods to physically break-open cells and 
intracellular compartments. These methods are most often used for tough-to-lyse 
samples (bacteria, fungal, plant/seed, insect, etc.) that are refractory to most 
other chemical and enzymatic lysis methods. Physically grinding samples after freez-
ing with liquid nitrogen can also be used to ensure the breakdown of cell walls with-
out exposing the nucleic acids to active nucleases [ 4 ]. Also, bead beating, a technique 
that utilizes high-density beads and a homogenizer (bead mill) has been utilized for 
effi cient mechanical  lys  is of tough-to-lyse samples in most situations [ 14 ].  

3     Purifi cation Methods 

 After lysing (homogenizing) a sample, the nucleic acid will need to be purifi ed from 
the lysate and separated from other biological molecules (lipids, proteins, and car-
bohydrates) as well as compounds used for generating the lysate (surfactants, salts, 
enzymes, etc.). 

3.1     Phase-separation and Column-Based Purifi cation 
Techniques 

 Although rarely used today, since the 1950s isopycnic centrifugation was the classic 
procedure used for purifying nucleic acids [ 15 ]. Employing a cesium-chloride solu-
tion in conjunction with ultra-centrifugation to create a density gradient, DNA and 
RNA would form distinct bands based on their inherent molecular weights and 
migration through the gradient. They could then be selectively removed for study [ 8 ]. 
Nowadays, phase separation techniques utilizing phenol–chloroform or acid guani-
dinium thiocyanate–phenol–chloroform extraction (e.g., Tri-Reagent ®  or Trizol ® ) 
and column-based separation techniques (that feature a solid-phase silica or anion 
exchange carrier) are the most prevalent methods in use for nucleic acid isolation. 

3.1.1      Phase Separation   

  Organic phase extraction of nucleic acids using phenol and chloroform was fi rst 
described by Kirby in 1956 to isolate RNA from cellular proteins [ 16 ]. In this tech-
nique, a sample is added to a mixture of phenol and chloroform. The result is the 
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formation of a biphasic emulsion which, upon centrifugation, the organic- hydrophobic 
solvent will contain lipids and proteins, and other cellular components will settle on 
the bottom (interphase) of the aqueous layer that contains the nucleic acids [ 16 – 18 ]. 
The aqueous phase is subsequently removed from the organic layer where the nucleic 
acids can be later precipitated. 

 Ethanol (or isopropanol) with ammonium acetate (or some other ionic salt) is 
commonly used to precipitate the nucleic acids from the aqueous layer [ 18 ]. These 
chemicals help to dehydrate the nucleic acid, decreasing its solubility, and resulting 
in its precipitation [ 19 ]. Cooling samples during the ethanol precipitation in an ice 
bath can help expedite the process [ 19 ]. The nucleic acid is pelleted by centrifuga-
tion, washed with ethanol, and then resuspended in a low-salt solution (usually 
water or TE) prior to use in downstream analysis. 

 The acid guanidinium thiocyanate–phenol–chloroform extraction [ 21 ] is one of 
the most cited and widely used RNA isolation methods since its inception in the 
mid-1980s when it replaced the earlier method of cesium chloride gradient ultracen-
trifugation [ 22 ]. Chomczynski’s method is also known as the Tri-Reagent ®  (MRC) 
or Trizol ®  (Invitrogen) RNA extraction method. This method can accommodate a 
wide variety of sample inputs (including animal cells and tissue, microbes, plants, 
insects, etc.). In principle: samples are lysed and homogenized in Trizol ® , chloro-
form added, aqueous and organic phases separated by centrifugation, and then the 
aqueous phase removed and the RNA precipitated (Fig.  4.1 ).

   Organic-phase separation techniques for nucleic acid purifi cation, like phenol–
chloroform and Tri-Reagent ®  extraction, are highly reliable and considered the gold 
standard for nucleic acid isolation [ 23 ]. However, the large number of handling 
steps required for organic-phase separation extraction can result in yield and purity 

  Fig. 4.1    Organic solvents 
can be used to isolate 
nucleic acids. RNA can be 
isolated using organic 
solvents as demonstrated 
by the use of Phenol to 
separate RNA. Reproduced 
with permission, from 
Kirby KS, 1956, A new 
method for the isolation of 
ribonucleic acids from 
mammalian tissues, 
 Biochem. J ., 64, 405–408. 
© the Biochemical Society       
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inconsistencies [ 23 ]. Organic extractions require the use of highly toxic organic sol-
vents, necessitating the use of a fume hood and proper waste disposal practices [ 23 ]. 
Recently, a sequence-based bias using the standard Trizol ®  RNA extraction method 
has been reported [ 24 ]. However, a recently developed method, the Direct-zol™ 
RNA purifi cation system (Zymo Research), which utilizes Trizol ® , but simplifi es 
the RNA extraction workfl ow by eliminating phase separation and ethanol precipi-
tation, can provide non-biased RNA purifi cation as seen in Fig.  4.2  ([ 24 ,  25 ]; Zymo 
Research).

3.1.2         Column-Based Separation   

  In 1979, a novel method of nucleic acid extraction debuted in which DNA from 
agarose gel slices could be purifi ed with silica particles [ 26 ]. About 10 years later, 
silica-based purifi cation was demonstrated as an effective means to purify circular 
DNA, linear DNA, single-stranded DNA, and rRNA in under an hour [ 11 ]. In these 
silica-based methods, use of a chaotropic agent, such as guanidinium chloride, 
causes nucleic acids to selectively (and reversibly) bind to silica. The silica-nucleic 
acid-bound complexes can be subsequently washed with an alcohol solution to 
remove contaminants and then the nucleic acids eluted using water or TE [ 11 ]. This 
important discovery opened the door for commercialization of solid-phase extrac-
tion (SPE) microcentrifuge spin-columns, which have revolutionized nucleic acid 
purifi cation to date. 
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  Fig. 4.2    The data show RNA purifi ed from TRIzol © samples using the Direct-zol™ RNA 
MiniPrep compared to an unbiased method (mirVana™, Ambion). Micro-RNA analysis was per-
formed using miRNA-Seq (MiSeq©, Illumina) and a direct hybridization assay (nCounter©, 
Nanostring). Unpublished data, Foreman et al., Zymo Research Corporation       
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 The chemistry that enables this purifi cation is based largely on the use of 
chaotropic salts and alcohol, which facilitate reversable binding (adsorption) of 
nucleic acids to the silica matrix. Driving forces for nucleic acid adsorption to 
silica have been attributed to shielded intermolecular forces, dehydration of the 
DNA and silica surfaces, and bond formation in the contact layer [ 27 ]. The chao-
tropic agent dehydrates the nucleic acid backbone allowing the nucleic acid to 
interact with the silica particles [ 27 ]. A cation bridge is formed in which the 
hydrogen bonds in water and the negatively charged oxygen in the silica are bro-
ken thus creating a strong but reversible binding event [ 18 ]. Upon the addition of 
water, rehydration occurs reversing the interaction and allowing for elution of the 
nucleic acid [ 27 ]. 

 The utility of using silica as a binding matrix has resulted in the establishment of 
a commercialized spin-column based on silica-chaotrope and related chemistries. 
These commercial products are widely utilized for nucleic acid purifi cation and 
have been heavily cited in many peer-reviewed articles. Companies that provide 
nucleic acid purifi cation kits featuring this technology include Zymo Research, 
Qiagen, Life Technologies, among others [ 23 ]. However, spin-columns are not the 
only format available. Other technologies include magnetic-silica particles (beads) 
and 96-well fi lter plates, both of which can be used in conjunction with automated 
liquid handling platforms [ 28 ]. 

 Other technologies have also been developed for the binding and purifi cation of 
nucleic acid featuring nitrocellulose, polyamide membranes, glass particles (pow-
der or beads), diatomaceous earth, and anion-exchange materials (such as diethyl-
aminoethyl cellulose) all with different advantages and disadvantages [ 18 ]. Also, 
nucleic acids were found to reversibly bind to cellulose fi bers using salts, such as 
NaCl, and polyethylene glycol (PEG) [ 29 ]. This chemistry has also been adapted to 
a spin-column format and is available from certain commercial sources [ 30 ,  31 ]. 

 Spin-column based extractions are well characterized and highly consistent due 
to reduced handling steps compared to phenol–chloroform extractions [ 23 ]. They 
allow for quick and effi cient purifi cation by circumventing many of the problems 
associated with organic-phase separation including incomplete phase separation 
and hassle of working with highly toxic solvents [ 18 ] .    

4     Nucleic Acid Isolation from Various Sample Sources 

 Any particular sample possesses its own set of unique characteristics that can affect 
the extraction and subsequent purifi cation of DNA and RNA. Each sample is unique 
in its cellular structure and composition, making it diffi cult to rely on one method 
that works for all sample types and applications. Thus, each sample presents its own 
unique challenges and requires a specialized approach when determining the 
method that will be used to isolate the nucleic acid while ensuring it is suitable for 
downstream manipulation/analysis. 
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4.1     Plant Samples 

  Plant cells possess cellulose-based cell walls that pose unique obstacles to lysis and 
the subsequent purifi cation of nucleic acids [ 4 ]. Due to their rigid cell walls, many 
plant cells cannot be lysed effi ciently using most available chemical or enzymatic 
methods. In order for DNA and RNA to be effectively liberated, the cell wall must 
be broken using mechanical methods that ensure effi cient cellular lysis. One such 
method involves grinding plant samples in liquid nitrogen using a mortar and pestle 
or similar device [ 4 ,  20 ]. Freezing the samples before grinding ensures deactivation 
of cellular nucleases and easier manipulation of the sample. Plant samples are typi-
cally ground into a fi ne powder to ensure the breakdown of the cell wall. Once 
ground, the samples can be resuspended and then the DNA and RNA purifi ed using 
an appropriate technique. Although liquid nitrogen is an effective means of lysis, it 
can often be time consuming, ineffi cient, and has largely been replaced by more 
modern, thorough methods for lysis. 

 Bead beating is also used for lysis of  plant samples  . Using high density steel or 
ceramic beads and a homogenizer or bead mill, the beads move at high speed 
to physically pulverize and lyse the sample. Bead beating is usually performed in 
conjunction with a lysis solution specifi cally designed to deactivate nucleases and 
aid in the lysis process. Following bead beating, purifi cation is achieved using an 
appropriate phenol–chloroform or spin-column method. Consolodated workfl ows 
are available as certain, specialty kits for easy nucleic acid sample preparation [ 14 ]. 
These include, amongst others, the ZR Plant/Seed DNA MiniPrep™ (Zymo 
Research Corporation) and the DNeasy ®  Plant Mini Kit (Qiagen). Although bead 
beating requires less handling and is much faster than grinding in liquid nitrogen, 
the technique can be more costly (especially for high-throughput applications), and 
often requires the purchase of specialized equipment. 

 Two components of plant tissues, starches and tannins, can pose major obstacles 
to purifying nucleic acids from plant samples. Plant tissues can be high in starch that 
can copurify and contaminate DNA and RNA during the extraction process [ 4 ]. 
Plant samples also contain variable levels of humic acids and other polyphenolic 
compounds (tannins) that are capable of co-purifying with the nucleic acids. These 
polyphenolic compunds are often inhibitory to enzymes used in downstream analy-
ses including PCR [ 4 ]. To avoid some of these problems, cetyl trimethylammonium 
bromide (CTAB) precipitation is often used to precipitate nucleic acids from plant 
lysates. CTAB can precipitate nucleic acids from low ionic strength solutions while 
proteins and neutral charged polysaccharides remain in solution making CTAB use-
ful when contending with high levels of starches [ 4 ,  18 ,  20 ]. High concentrations of 
sodium chloride in solution has also been shown to inhibit co-purifi cation of poly-
saccharides with nucleic acids [ 32 ]. 

  Polyvinylpyrrolidone (PVP)   has been used to effectively remove polyphenolic 
compounds (inhibitors) that can copurify with DNA from a sample [ 32 ]. During the 
purifi cation process, polyphenolics will selectively bind to PVP, allowing their 
removal from nucleic acids [ 32 ]. Other techniques have been developed for inhibitor 
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removal as well including the Zymo-Spin™ IV-HRC Spin Column from Zymo 
Research Corporation, which contains a unique resin for the removal of humic acids 
and other polyphenolic compounds, including melanin, from impure preparations 
of DNA and RNA.   

4.2     Animal Samples 

 Animal tissues possess unique compositions that must be considered to ensure 
effective nucleic acid purifi cation. Many clinically relevant samples exist as biologi-
cal fl uids, such as blood, saliva, plasma, and milk.  These   samples often contain high 
concentrations of proteins and lipids, which must be dealt with for effi cient purifi ca-
tion [ 33 ]. Large volume processing is always a consideration when processing sam-
ples containing low amounts of DNA, such as plasma and serum. Finally, effi cient 
homogenization of solid tissues remains a foremost consideration when dealing 
with organ biopsies, tail snips, etc. 

 To date, multiple methods exist to deal with the diversity of tissue samples that 
are now being processed. Lipids (fats) can be removed through centrifugation, 
where the aqueous layer is separated from the lipid layer in order to facilitate down-
stream nucleic acid purifi cation [ 34 ]. Samples, such as blood, can have the cells 
pelleted (partitioned) by removal of the supernatant which contains protein [ 35 ]. 
Proteases, such as Proteinase K, can also be used to degrade and denature proteins 
to reduce interference with purifi cation [ 36 ]. A common procedure to break down 
tissue is to digest a sample with Proteinase K in a buffer containing SDS [ 37 ]. For 
large volume samples, extraction with phenol–chloroform has been the preferred 
method although commercial products also exist that utilize a vacuum source for 
effective processing of larger volume samples (Chomczynski et al. 1989. Also see 
Zymo Research Corporation, Qiagen, among other  compani  es).  

4.3     Microbial Samples 

 For DNA isolation from microbes, other obstacles exist. Peptidoglycan-based cell 
walls, especially in gram(+) bacteria, require suitable methods for lysis to facili-
tate liberation of the DNA and RNA for purifi cation. Enzymatic methods that 
specifi cally break down these peptidoglycan cell walls are available for bacterial 
samples. These include lysozyme, lysostaphin, and mutanolysin [ 13 ]. Bead beat-
ing can also be utilized for effective physical lysis of a broad spectrum of tough-
to-lyse bacteria [ 13 ]. 

 The large diversity of  microbial samples   creates a unique obstacle to purifi cation 
and subsequent microbiomic studies; necessitating use of a lysis method that will 
not bias the species represented in an analysis (Fig.  4.3 ). However, due to lack of 
reports in the literature, this has been largely overlooked as a criterion during 
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microbial nucleic acid purifi cations [ 13 ]. Additionally, it has also been found that 
most enzymatic methods don't always provide non-biased lysis/purifi cation. To date 
bead beating has been demonstrated to be an effective means for effi cient lysis of 
microbes within a sample [ 13 ]. Finally, controls and standards should be imple-
mented during microbiomic experiments to ensure the extraction provided for unbi-
ased lysis and purifi cation of nucleic acids, and provided an accurate representation 
of the microbial inhabitants within a given sample (system).

   Plasmid DNA purifi cations are also commonly utilized in microbiological stud-
ies and analyses. For cultured  E. coli , a quick method featuring alkaline lysis has 
been developed for the routine isolation and purifi cation of plasmid DNA. gDNA is 
selectively removed from the plasmid DNA through the alkaline lysis conditions 
and subsequent neutralization process that causes the high molecular weight gDNA 
to precipitate along with other cellular debris [ 38 ].   

  Fig. 4.3    Fecal microbiomic analysis of dogs with acute diarrhea and infl ammatory bowel disease. 
A representation of bacterial species abundance in each dog specimen. DNA was obtained using 
the ZR Fecal DNA Kit™ (Zymo Research) to ensure proper species representation. With kind 
permission from Springer Science + Business Media, Suchodolski JS et al., (2012) The fecal 
microbiome in dogs with acute diarrhea and idiopathic infl ammatory bowel disease.  PLos One . 
doi:   10.1371/journal.pone.0051907           

 

J. Ruggieri et al.

http://dx.doi.org/10.1371/journal.pone.0051907


51

5     Conclusion 

 When determining the most effective workfl ow for the isolation and purifi cation 
of nucleic acids, it is important to consider the challenges posed by a particular 
sample and determine the benefi ts of either a liquid- or solid-phase extraction. 
 Althoug  h there is not one method that is amenable to all samples, innovations con-
tinue to yield streamlined technologies for easier and more effi cient isolations even 
from many of the challenging sample types researchers face today.     
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