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Introduction

With the completion of the Human Genome Project, the DNA sequencing core of the Bioscience Division, formerly known as the Center for Human Genome Studies (CHGS), has begun to sequence the genomes of several microbial species.  This ambitious project involves high-throughput DNA sequencing techniques to rapidly obtain the entire sequence for each microbial genome. This requires automated equipment that is capable of producing quality sequence data from a very large number of samples.  We have purchased and evaluated the Applied Biosystems (ABI) 96-capillary 3730xl DNA Analyzer to increase DNA sequence throughput.  

DNA sequencing at LANL is currently performed on six 96-capillary automated DNA sequencing machines, including the new 3730xl machine.  Each of these machines is capable of processing up to eight 96-well sample plates per day, or approximately 768 samples per day, for a total capacity of over 1.5 million samples per year.  The vast majority of these samples are of plasmid vector-based clones, with a very small number (less than 0.01%) of larger vector clones.  Each plate of samples to be sequenced is provided to the Sequencing Core at LANL B-Division as a dried (dehydrated) array of 96 or 384 sample wells.  These samples require resuspension in a suitable buffer prior to analysis by the automated sequencing machine. The manufacturer's recommendation, which is the standard practice among users of the ABI instrumentation worldwide, is to denature the sample prior to analysis.  This requires heating the sample at 95°C for 2 minutes in a heat block or thermocycler.  Formamide, a toxic chemical, is the standard solution for resuspending the DNA before loading the DNA onto the DNA analyzer. As a result of this denaturing step, noxious odors are released from the formamide-containing samples.  It is unclear if these fumes present a hazard to workers, but the result of this step is at minimum an unpleasant and irritating odor.  Formamide itself is considered a hazardous chemical, and presents an exposure risk to workers who handle it.

Disposing of formamide and formamide-containing waste (e.g., sample tubes and sample handling plastics) incurs significant costs to the institution.  We estimate these annual costs to be approximately $78,000, which includes purchase of raw materials and supplies, waste management, treatment, storage, disposal, inspection and compliance.  Clearly, the replacement of this buffer with one that is more cost effective and less hazardous is an important goal.  

Any replacement buffer or procedure must be shown to perform suitably relative to the standard procedure; any loss of performance that results from substituting materials or altering process steps must be justified after considering many factors.  For many institutions, the predominant among these factors is a monetary one, and environmental or worker exposure to hazards is generally secondary.  At LANL, however, environmental and worker safety are at least equally important factors to consider, and procedures that may not have a cost benefit are still considered viable alternatives if worker or environmental safety are improved.  Ideally, a procedure or reagent that is substituted should provide advantages in all of these categories. The purpose of this project is to find a non-hazardous resuspension solution to replace the toxic formamide currently used at CHGS.

Materials and Methods

We tested three types of DNA: a standard positive control pGEM plasmid measuring about 3,000 base pairs, a denatured pGEM plasmid heated with the procedure described above, and a larger bacterial artificial chromosome (BAC) of 20,000 base pairs.  The standard hazardous formamide solution and an innocuous water-based 1/10th TE resuspension solution were used to resuspend the three DNA types.  This experimental design of three DNA types in combination with the two resuspension solutions yielded six different treatments, each including one DNA type crossed with one of the buffers.  Each treatment name is a combination of the treatment's DNA type and buffer solution.  After resuspension, the DNA sequences were read on the ABI DNA analyzer.  Quality base (QB) values as calculated by standard software tools (Phred) were used to evaluate the results.  Phred Q20 quality bases are bases with an estimated confidence level of 99%.

Mean Q20 values were compared with a one-way analysis of variance (ANOVA) procedure followed by a Tukey-Kramer Honestly Significantly Different (HSD) multiple comparison test to identify treatments that were significantly different from the others.

The sample size (N) for each non-denatured (unheated) treatment was 768. The sample size (N) for each heated treatment was 192.  Initial sample size was less for the heated or denatured samples than the unheated treatment due to time constraints and machine run time. Additional data will be collected in the future, but are not expected to alter the results reported here.

Results
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Figure 1. Boxplots, Mean Diamonds and Error Bars By Treatment. FORM-BAC is the BAC DNA in formamide (unheated). FORMd-pGEM is the denatured pGEM DNA in formamide (standard manufacturer recommendations- heated). FORMpGEM is the pGEM DNA in Formamide (unheated). TE-BAC is the BAC DNA in 1/10th TE (unheated). TEd-pGEM is the denatured pGEM DNA in 1/10th TE (heated). TEpGEM is the pGEM DNA in 1/10th TE (unheated).

	Level
	Number
	Mean
	Std Dev
	Std Err Mean
	Lower 95%
	Upper 95%

	FORM-BAC
	768
	816.463
	68.6197
	2.4761
	811.60
	821.32

	FORM-dpGEM
	192
	825.964
	22.5774
	1.6294
	822.75
	829.18

	FORMpGEM
	768
	845.948
	49.3836
	1.7820
	842.45
	849.45

	TE-BAC
	768
	778.644
	56.1145
	2.0249
	774.67
	782.62

	TE-dpGEM
	192
	761.578
	68.9563
	4.9765
	751.76
	771.39

	TEpGEM
	768
	840.383
	36.0113
	1.2994
	837.83
	842.93


Table 1. Summary Statistics By Treatment. FORM-BAC is the BAC DNA in formamide (unheated). FORMd-pGEM is the denatured pGEM DNA in formamide (standard manufacturer recommendations- heated). FORMpGEM is the pGEM DNA in Formamide (unheated). TE-BAC is the BAC DNA in 1/10th TE (unheated). TEd-pGEM is the denatured pGEM DNA in 1/10th TE (heated). TEpGEM is the pGEM DNA in 1/10th TE (unheated).

	Level
	
	
	
	
	Mean

	FORMpGEM
	A
	 
	 
	 
	845.94824

	TEpGEM
	A
	 
	 
	 
	840.38346

	FORM-dpGEM
	 
	B
	 
	 
	825.96354

	FORM-BAC
	 
	B
	 
	 
	816.46257

	TE-BAC
	 
	 
	C
	 
	778.64388

	TE-dpGEM
	 
	 
	 
	D
	761.57813


Table 2. Tukey's Honestly Significantly Different (HSD) Test of Treatment Means.  Treatments not connected by same letter are significantly different (alpha=0.05).  FORM-BAC is the BAC DNA in formamide (unheated). FORMd-pGEM is the denatured pGEM DNA in formamide (standard manufacturer recommendations- heated). FORMpGEM is the pGEM DNA in Formamide (unheated). TE-BAC is the BAC DNA in 1/10th TE (unheated). TEd-pGEM is the denatured pGEM DNA in 1/10th TE (heated). TEpGEM is the pGEM DNA in 1/10th TE (unheated). 

The one-way ANOVA was highly significant (p<0.0001), indicating that significant differences existed among the six treatments.  The Tukey HSD test (alpha=0.05) disclosed that the two treatments yielding the highest number of quality bases (formamide with pGEM and TE with pGEM) were not significantly different (Table 2).  These treatments both generated mean sequence lengths of over 840 quality bases, which is outstanding.  The treatments with the next longest sequences were the formamide with denatured pGEM and formamide with BAC DNA; these were not different from each other although significantly lower than the two best treatments (Table 2).  The treatments with the shortest sequence lengths were TE with BAC DNA and TE with denatured pGEM; both were significantly lower than the other four treatments (Table 2).  It is noteworthy that sequence lengths in excess of 750 Q20 quality bases are still respectable and above the industry average.

pGEM DNA reliably yielded higher mean base lengths than BAC DNA except when denatured and resuspended with TE (Figure1, Table1).  pGEM DNA resuspended in formamide (FORMpGEM) and 1/10th TE buffer (TEpGEM) yielded higher mean base lengths than their counterpart treatments using BAC DNA (FORM-BAC and TE-BAC).  FORM-BAC DNA yielded an average of thirty-eight more quality bases than the TE-BAC DNA, suggesting that TE buffer may not be appropriate for larger DNA samples (Table1, Table 2).  However, there is no significant difference between the formamide (FORMpGEM) and 1/10th TE (TEpGEM), both unheated, in the pGEM DNA (Table 2).  This indicates that smaller DNA fragments resuspended with TE sequence as well as those with formamide, since FORMpGEM yields only six base pairs higher on average than the TEpGEM (Table 2).  Standard manufacturer recommended FORM-dpGEM (heated formamide) yielded a mean average of sixty-four base pairs greater then the heated TE-dpGEM (Table 2).  However, TEpGEM when unheated yielded fifteen base pairs higher mean base lengths than the standard denatured FORM-dpGEM (Figure 1, Table 2).  This demonstrates the utility of 1/10th TE as a resuspension buffer without the denaturing process, a procedure that may save time as well as eliminate the use of formamide.

Discussion
The purpose of this research was to evaluate a safe alternative to the current standard procedure that uses formamide, a hazardous chemical.  We have identified a suitable buffer and alternative procedure that saves time and also provides better quality of data than the standard.  Our results show that resuspending DNA with water-based 1/10th TE eliminates the heated formamide procedure recommended by ABI, in turn reducing any potential risks associated with inhalation of formamide fumes.  Safe work practices and chemical awareness are critical to the LANL high-throughput production sequencing core.  The loss of only six base pairs of DNA sequence data using the 1/10th TE as a resuspension buffer is insignificant compared to the benefits of eliminating formamide from LANL’s sequencing facility, where technicians are exposed to formamide multiple times during the day.  The use of an innocuous aqueous buffer compared to using the hazardous chemical formamide (heated or unheated) multiple times throughout the day clearly favors the modified procedure using 1/10th TE buffer.

Although the 1/10th TE resuspension buffer generated excellent results with the smaller pGEM plasmid DNA, its use with larger BAC DNA was successful but could be improved.  Addition of another water-based buffering agent or non-hazardous denaturing agent to the 1/10th TE buffer may enhance its performance in resuspending larger strands of DNA.  However, the use of BAC DNA templates is extremely rare at the LANL sequencing core, so the impact on overall production by a substituted buffer and procedure will have little, if any, impact on production quality and rates.  

In addition to reducing worker hazards, substituting the hazardous liquid formamide with the water-based 1/10th TE buffer significantly reduces initial and waste disposal expenses.  Using formamide as a resuspension buffer incurs substantial costs; the total annual cost, including purchased raw materials and supplies, waste management, treatment, storage, disposal, inspection and compliance, is $77,966.00.  Those same expenses using the 1/10th TE resuspension buffer amount only to $279.00.  The 1/10th TE buffer replacement is a cost-effective and non-hazardous solution in which sequenced DNA can be suspended for DNA capillary sequencing.
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