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Abstract

Growing anaerobic microorganisms in phenotypic microarrays (PM)9&ndell microtiter
plates is an emerging technology that allows a high throughputysofvihe growth and
physiology and/or phenotype of cultivable microorganisms. For non-ni@aétria, a swift
method for phenotypic analysis is invaluable, not only to serve astiagtaoint for further
evaluation, but also to provide a broad understanding of the physiologyuotharacterized
wild-type organism or the physiology/phenotype of a newly eceatutant of that organism.
Given recent advances in genetic characterization and targetatiomsito elucidate genetic
networks and metabolic pathways, high-throughput methods for determining ygienot
differences are essential. Here we outline challengesemied in studying the physiology
and phenotype of a sulfate-reducing anaerobic delta proteobact&asuffovibrio vulgaris
Hildenborough. Modifications of the commercially available Omnitogystem (Hayward,
CA) for experimental setup, and configuration, as well as consioiesah PM data analysis
are presented. Also highlighted here is data viewing softthateenables users to view and
compare multiple PM data sets. The PM method promises to bBriable strategy in our
systems biology approach I vulgaris studies and is readily applicable to other anaerobic

and aerobic bacteria.
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1.0 Introduction

Desulfovibrio wulgaris Hildenborough, a sulfate-reducing anaerobic, delta
proteobacterium, has been identified as a model organism in manyofypelate-reducing
environments, especially those related to metal-contaminatsd (§laumette 1993; Telang,
Voordouw et al. 1994; Noguera, Brusseau et al. 1998; Cottrell and 88y Wind, Stubner
et al. 1999; Heidelberg, Seshadri et al. 2004). Detailed studiewthgand metabolism of
this organism are necessary to understand metal reduction p®aasder a variety of
environmental conditions. Conducting a growth curve to determine laggmeth rate, and
maximum cell densities often is necessary to understand theolggysor phenotype and the
specific effect of environmental stressors on the organism. Gugturibatch cultures has the
disadvantage of large amounts of media with single or multipheponent differences, of
large numbers of tubes or flasks, and of the inconvenience of manuaiiyormg optical
densities of large numbers of cultures. In addition, growthstiofen are difficult to predict
and key experimental data may be lost if sampling is not suffigifFequent (Sani, Peyton et
al. 2003). Increased convenience and quantity of the data can be obtaiagtmation of
the growth curve measurements in 96-well microtiter plateedlfter referred to as plates).
After preparation, plates can be incubated and growth monitored by recopdicity changes
by automation at discrete intervals, continuously over several ddysopacity response was
recorded as a positive integer which we have named OmiLamijts (OL units) which were
calibrated to standard microbiological techniques. The high througbpue® plate format
also facilitates replication so that growth from eithehitecal or biological replicates can be
compared simultaneously on a single plate.

Biolog (Hayward, CA) has developed a microarray for rapid chenaation of an
organism based on phenotypic response to substrate utilization. The imstraadied the

OmniLog™ (OL), is designed to simultaneously measure phenotypic resporses afr
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standardized inoculum to almost 2000 substrates, grouped into arrays.h&hetype
MicroArray (PM) panels, designed for use in the OL, consisivehty pre-prepared 96-well
plates that include substrates to test carbon, nitrogen, sulfaphasphate utilization, as well
as ionic, osmotic, pH and chemical sensitivity assays. In addditdre PM plate assays, the
OL can also be used to visualize growth in standard emptgspleith user-defined media
components.

The focus of this study was the development of methods for surnvaythgisualizing
the growth of the anaerobic sulfate reducing bact@iayulgaris, using the Omnilod"
workflow. While an evaluation of the complete phenotyp® ofulgaris is beyond the scope
of this study, phenotypic data recorded using these methods is inauthedsupplementary

data.

Previous Work: Anaerobic Growth on Microtiter plates

Microtiter plate readers can rapidly measure turbidity oorcdevelopment in the
wells of a plate, and most instruments can both incubate plates @ndelalata. Typical
growth using plates is quantified by measuring absorbanceeatfaadlium dye at a specific
wavelength or by pixel intensity measurement from a flat lwechreer or camera system
(Bhupathiraju, Hernandez et al. 1999; Gabrielson, Hart et al. 200BnBo2003). Originally
developed for aerobic microbes, it was recognized that with appepniadliifications, that
this platform would be valuable in the characterization of sule&taaers and other anaerobic
bacteria. Microbes that are pathogenic or virulent to human, aniow er agriculture are
historically the most well studied anaerobic bacteria. Ttese clinical variants of these
strains constitute a critical group of microbes that continue tetlidied. Recent research
emphasis on environmental anaerobic microbial systems has furtiaglebed the interest in

rapid phenotypic profiling of bacteria found in the environment. Exampiekide
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Clostridium spp for biofuels research (Demain, Newcomb et al. 20D&hal obacter sp and
Dehalococcoides spp for bioremediation (Grostern and Edwards 2006), and sulfate- and
metal-reducing bacteria such &sesulfovibrio spp and Geobacter spp for heavy metal
biocontainment (Chang and Kim 2007; Martinez, Beazley et al. 2007; iNecddgury et al.
2007; Yi, Tan et al. 2007).

Previous researchers have adapted the plate method for stéatyiltgtive anaerobes.
In a study on growth inhibitionSalmonella enteriditis, Escherichia coli, and Paracoccus
denitrificans were grown on plates in a variety of media under anaerobictmorgd({Brewster
2003; Koutny and Zaoralkova 2005), The lids were sealed onto platesilgthes and then
flushed with nitrogen to remove oxygen. Problems with condensation dncuigation were
overcome with the use of anti-fogging agents on the lids. Thiy sibgerved anaerobic
growth by measuring turbidity on a microplate reader at 550 nrahwkias calibrated with
direct cell counts. Other toxicity tests of facultative aobes in plates, also with the silicon
sealant method, were used to observed growth of natural and eadihgamescent bacteria
Vibrio fischeri and Pseudomana putida (Schmitz, Eisentrager et al. 1999; Gellert 2000) for
determination of 50% and 20% inhibitory concentrations. The authors of gtadies
concluded that to calculate toxicity as measured by the ,asetly integral (area under the
curve) calculation and endpoint calculation methods can demonsffateritoxicity levels.
Schmitz et al. (1999) also proposed using kinetic measurements tfadinethe maximum
absorbance value obtained from the growth curve for calculatiorowotlginhibition because
some compounds increased the absolute values, due to abiotic or backgroundnabsorb
effects, but not the rate of growth. To determine Minimum Inhibi@oyncentrations (MIC),
dose-response relationships were developed by plotting growth retardatioriog
concentration using the intercept to compare retardation amounts. dthisdhwas shown to

be effective in quantifying differences in growth (Schmitz, Koetski et al. 1999) and was



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

useful for interpreting data in which the toxic compounds beingdeaffected turbidity
thereby making lag time, maximum optical density (OD), anowgr rate difficult to
guantify. It was observed that for some tested compounds abiottonsamn the medium
may increase or decrease background, so care must be taken iniegrgpawth curves in
different media compositions.

During D. vulgaris growth, sulfate is reduced to hydrogen sulfide, which reacts with
metals, mainly F&, in defined lactate sulfate medium, forming black metal/iratfice
precipitates (Postgate and Campbell 1966). The increased opag#gdday increase in cell
numbers and precipitation of metal sulfides, can be used in most gcowtlitions as an
analog for growth. Use of tetrazolium dyes have been succestitdome anaerobic systems
(Bhupathiraju, Hernandez et al. 1999); however, abiotic reduction of tfezdkum salt
occurs in the lactate sulfate medium when the reducing agemiytn citrate) is added to
reduce the medium, making the use of these dyes ineffective.

In this paper, techniques are described for observing anaerobithgybtine sulfate-
reducing bacteriunD). vulgaris, in PM plates using increased opacity as a growth indicator.
The development of PM technology for the characterization of thexalnia sulfate-reducing
bacterium was made possible through chemical, engineering, ahdmest modifications to
the standard PM protocol (Biolog, Hayward, CA) and represents a noyeigortant new
tool for screening of anaerobic bacterial phenotypes. Described dre methods for
preparation of cells for general growth curve measurement, asawedtress and media
component testing along with precautions taken during interpretation akfllts. Key to
analysis and interpretation of data is processing and visuafizatncluded in this paper is
the description of a Web-based software package for visualgiogth curves. These
software tools allow for more complete understanding of PM data ase \eewing and

sharing of large data sets with collaborators.
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2.0 Materialsand Methods

A schematic of the sample preparation techniques is shown ineFigud. vulgaris
was grown from a -80°C preserved stock culture (ATCC 29579, Manassas) ¥A)efined
lactate-sulfate medium (LS4D). LS4D medium contains 50 mM Nas8® mM sodium

lactate, 8 mM MgClI, 20 mM NKCI, 2.2 mM KPQ, 0.6 mM CaC, 30 mM PIPES buffer,

0.016 Resazurin, 10 mM NaOH, 1ml/L Thauers vitamins, 12.5 ml/L trace minerals, and 5ml/L

titanium citrate. The trace minerals stock contains 50 mMatiiecetic acid, 5 mM Fe@i4
H.0, 2.5 mM MnC}*4H,0, 1.3 mM CoC6H,0, 1.5 mM ZnCj, 210 uM NaMoO4*4H,0,
320 uM HBO3, 380 uM NiSQ*6H,0, 10 uM CuCGIH2H,0, 30 pM NaSeQ, and 20 pM
NaWO,*2H,0. The Thauers vitamins stock contains 82 uM d-biotin, 45 uM foid; 490
UM pyridoxine hydrochloride, 150 uM thiamine hydrochloride, ribofla¥ib) puM nicotinic
acid, 210 uM pantothenic acid, 310 uM p-aminobenzoic acid, 240 uM thi@uiqlgoic
acid), 14 puM choline chloride, and 7.4 uM vitamin BMukhopadhyay, He et al. 2006).

D. wulgaris was grown at 30°C in an anaerobic atmosphere consisting of 5%6@&0
H,, balance N(Airgas, Concord, CA) to mid-log phase. Cell inoculum was starmiatdo
ensure repeatable conditions between experiments. Mid-log pélesendth density of 1 x
10® cells/ml, were pelleted at 6000 g for 15 minutes. After remofidhe supernatant, the
pellet was resuspended and homogenized by pipetting into platéespesdium (see Table 1
and description below) to achieve a final concentration of 1’xcélls/ml, corresponding to
approximately 10 OL units. The resuspended cells were then pipettetheri6-well plates
at a volume of 10@l /well. Plates used with both OL PM arrays and user-preparedcraee
standard, clear, half area plates with flat bottoms and argneesio hold 10@L volume per

well.
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Engineering modifications were made for the anaerobic inarmati the inoculated
plates. When the sealant method was attempted, poor on no growdhseaged in the wells
closest to the edge of the plate indicating oxygen leakage or pditetukic effects from the
sealant. Instead, prior to removal from the anaerobic chambeu)atext plates were placed
into 18 oz Whirl-Pak® Long-Term Sample Retention Bags (Nascof Rtkinson,
Wisconsin) and the open end was sealed 2 mm wide heat sealendgmierternational
Electric, Newport News, Virginia). The Nasco bags arej@rbthick and have a reported
oxygen permeability of 0.125 ml/645 &24 h and a water vapor transmission rate of 0.48
gms/645 crfi24 h at 22.& (information provided by manufacturer). After sealing, thg ba
surface area is 284 értincluding the top and bottom surfaces) and volume is 180 diith
an incubation time of 60 hours and this bag geometery, atC2th@ calculated water loss
would be 0.528 g and the oxygen entering the bag would be 0.1375 ml, or 5.5%ndfahe
volume lost and a final oxygen concentration of 0.076%. While this is relatively,fosses
at higher temperatures or longer incubations times may beisagrifind should be taken into
consideration. To verify water loss in our system, plates preqgared with 10QL of media
per well and incubated for 48 hours at 30°C which resulted in measutedlegs of 0.018
g/645cni/24 hrs. Our lower observed value is most likely due to the geomiethe plate,
the low volume of water overall, and because the plates, except eaeimg, are housed
between two metal plates which may reduce water vapor traiemis Oxygen was
monitored both by indicator strips and by the presence of resazutimeimedia. It was
established that with this method anaerobic conditions lasted feasit80 h in the OL at
30°C without problems of fogging or toxicity from silicon or other sealants.

While these bags were effective in maintaining anaerobic ¢onsljtit was found that
the plastic bags frequently jammed in the instrument due to gsecphsize and mechanical

motion of the plate reader. Metal clamps were added to propeatythe bagged microtiter
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plate into the tray to reduce friction from the bag and the pos$gibfljamming during plate
reading, as well as to hold the plates horizontally in the saykat the detector could gather
non-distorted images.

To start incubating, bagged and sealed plates were removed frorenaeeobic
chamber, clamped in trays and incubated at 30°C in the OL untikenoma OL value was
reached. The plate was automatically scanned by the instriand opacity (by pixilation
intensity) was recorded every 15 minutes. Cell growth was wdxsen both user prepared
96-well plates and Biolog-prepared PM plates PM1-PM20 (Biologwdey, CA). A full
listing of all PM array well substrates can been found on the o@iolvebsite
(http://www.biolog.com/ pmMicrobialCells.html) and in the supplementary madge

The scanning technology used by the OL records the increasedlliopacity as
digital OL units. These OL units were given a microbiologichledy calibrating to OD at
600nm and cell count data (see Results section below). The ceit calibration was
achieved by sacrificing plates and sampling cells from thevélbplates at various stages of
growth representing a range of OL units and quantified using aeraange (Sigma-Aldrich,
St. Louis, MO) direct cell counts (AODC) (Francisco, Mah et18i73) and measured at
ODeoo Using a standard spectrophotometer (Perkin Elmer, Waltham, Massachusetts).

To accommodate the various plate-specific phenotype test®¢D Lmedium was
modified for each type of PM plate (Table 1). In PM 1 and Zarassubstrate utilization is
evaluated; therefore, medium was made without addition of the LSA@rcaource lactate.
Nitrogen was removed by omitting the medium componenfQ\lfbr PM 3 (N sources), 6, 7,
and 8 (peptide N sources) plates, which assay a variety of nitrogeérategand amino acids.
In addition, becausB. vulgaris containsnif genes on its native plasmid that support growth
on N, (Heidelberg, Seshadri et al. 2004) PM 3, 6, 7, and 8 plates werggutapaan Ar

atmosphere. For PM 4, which assays P and S utilization pathwayas Pemoved from
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LS4D for rows A-E, and S was removed for rows F-G. PlatdsOPand 10 evaluate the
effects of osmotic and pH stress, and plates PM 11-20 contain avari@éy of inhibitors.
For PM 9-20 standard LS4D medium was used. For the PM1-8 plated) wde media
without a critical nutrient or substrate, the plates contain comeds to monitor growth in
the inoculated media without the added component. Growth in control wells indidayeofa

over-inoculation, so that the data from the entire plate could be rejected.

3.0PMViewer Software

Because of the potentially large number of growth curves producadhrenotype
microarray experiment and the need to easily share resulisaveedeveloped a number of
Web-based interfaces to display growth curve data. Bilqgovides software for data
viewing with the OL instrument, but it is not Web based and requislliation on
individual computers for viewing PM data and the transfer of degs lietween computers.
The PMViewer software that we developed has a database baakdnprovides different
views of the data using Web-based interfaces.

The main data viewer for the results is PMRow\iélnis interface allows the user to
select one or more PM datasets, a single plate type, sowd @n that plate. For the purpose
of the data viewers, a PM dataset consists of growth curvdrdataa phenotype microarray
experiment involving a single strain of an organism and a settofai®M plates run on the
same day. Growth curves are plotted twelve to a (Web) pagethree-column, four-row
format (Figure 2a). Each plot is labeled with the chemical ngma¢e type, and well id.
Because some chemicals are used to treat four consecutisgwgeng different doses) on a
plate, the plots are placed on the page so that when a chemgpa¢ased, growth curves for
all four doses appear in one column to facilitate comparing dogensss. If the user clicks

on one of the twelve small plots, a new window will open that shoasgyar version of that



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

plot (example shown in Figure 2b). In the new window, the user hamptlon to download
the data as a tab-delimited file for the curve(s) shown in the plot.

One additional feature of the PMRowView is that if the uskercsea single dataset to
view, then in addition to the plot of the growth curve, approximate adetion times are
displayed. The accumulation time is approximated as follows. A-dount centered
averaging method is applied first in order to smooth the curve. tilftee at which the

maximum valueymax, Of the curve is attained is determined, and following thattinhes at

which points on the curve equal 10%, 20%, 30%,.... 90% of the maximum value are

determined. Four approximate accumulation times, AT, are cadufeam AT(,,t,)= to-

ta/3.3logio(V/Va) using the times and values corresponding to the 10% and 90% points, 20%

and 80% points, 30% and 70% points, and 40% and 60% points. For example, for the 10%

and 90% pointsyy(ty) = 0.9max andvy(ts) = 0.Vmax. IN cases where there is no response, or
the curve does not have a leading rising edge (i.e., the maxualue occurs earlier than the
minimum value), the accumulation time is not approximated.

In this workflow, the OL unit is a measure of increased opatiy to cell growth
processes, principally FeS precipitation, therefore the accuoruline determined above,
though affected by growth rate, does not directly measure growth rate.

The PMRowView interface is useful for directly comparing tegponse of different
strains of organisms for a given plate type. As manydiys are done in replicates, an
extension of the PMRowView interface (not shown) pkteraged growth curve data, and
markers showing plus or minus one standard deviation from the avetagefva@m replicate
runs of phenotype microarray experiments using the same orgamisptade. This extension
of the PMRowView interface is valuable both for assessing thedeacibility of replicate

runs and for comparing the responses of different strains when there aeapins.
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A second interface, the PMColorMap, was developed to facilitatedigpday of
growth curve data for many plates or many experiments on desivgb page. The
PMColorMap interface displays a growth curve as a thin horizontal line chwhagnitude is
represented by color (Figure 2c¢). Using this technique, and Hicallgr stacking the
horizontal lines representing the growth curves, it is possibtBsfday all 96 curves for a
single PM plate in a relatively small area. In the 'previeadie of this interface, it is possible
to display either color images representing all of the platassingle dataset, or color images
for a single plate type for multiple datasets. The firstompghows at a glance plates for
which there is poor growth overall, anomalies resulting from equipmeatfiunctions, or
chemical reactions between the growth medium and the chemicahdrdgain the well
(Figures 3 and 8). The second option allows the user to make goagparisons of the
responses of different strains of an organism to the treatments on a sirgyle plat

If the user clicks on a color image in the preview mode, a newlomi will open
showing a larger version of the color image, in which the coleslrepresenting each growth
curve are distinct (Figure 2d). Slowly moving the computer mouseaogelor line displays
the plate type, well id, chemical name, and mode of action. Clickiregcolor line will open
a new window showing the growth curve corresponding to the color lmecorresponding
to a single well (Figure 2b). Clicking on the row label will o@enew window in which the
growth curves for the twelve wells in that row will be pdottas previously described for the
PMRowView interface. The PMColorMap interface provides a lquaok at both the
responses of different strains of an organism and the quality taf fda a phenotype
microarray experiment. Examples of how the PMColorMap interfaaused to check data
guality are described in the following section.

The PMRowView and PMColorMap interfaces are Perl-CGIl sctipat use the Perl

module GD, available from the Comprehensive Perl Archive NetwoPA[G, for creating
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the growth curve plots and the color images. Plots of growth cgvewth vs. time) are
generated on the fly, but the color map images, which are more airmpatly intensive to
produce, are generated once and stored on the Web server. The appraxicoatulation
times also are calculated and stored on the Web server. TheviPKHRv and PMColorMap
interfaces provide convenient and flexible ways of viewing phenotymeoanray data

(Jacobsen, Joyner et al. 2007).

4.0 Results and Discussion
4.1 Inoculum Standardization and Calibration of OL value

The PM plate analyses function by the addition of a key subdimat deficient
medium, or by adding an inhibitory chemical to limit growth. Thel go&o inoculate wells
uniformly to be able to visualize differential growth. Succesgiawth of D. vulgaris in
plates was found to be a straightforward technique, however repraacithlrepresentative
growth in the PM array presented a methods development challenge. Seypsralustined in
the methods section have detailed important modifications thatemessary for successful
growth and testing of thé. wulgaris phenotype. As with any cell culture process,
development of precise and consistent culture and inoculation techniquesyamportant
to the production of high quality PM data from the OL system. Rezwmgniwhen
representative growth has been visualized by the OL will ptawésinterpretation of results
and will facilitate the generation of an accurate phenotype for an sngani

Figure 3 demonstrates the three basic growth patterns that éaumnbleafter adding a
new or unknown strain in a PM plate. Under-inoculation results in notlgnowall of the
wells as shown in Figure 3a. Alternatively, over-inoculatiothefplate or failure to remove
residual medium and dead cells from the inoculum (through centribuyaiften resulted in

either cryptic or unmodified growth &. vulgaris in the plates as shown in Figure 3b. This
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growth is independent of the well contents and does not represeid ahahotype. It was
found that forD. vulgaris, if as little as 10% residual LS4D medium was transferred thie
inoculum cells to the plates, growth on this carryover mediumm cftgerseded the limited
growth in the PM well. Figure 3c demonstrates differemialvth due to proper inoculation
and removal of carryover medium and represents a valid assesspéenotype. To assure
that the observed plate results were valid, all results wenéirmed in triplicate with
biological replicates.

When different strains or mutants of a strain are comparedrdatifites in growth rates
or yields will have to be taken into account. To compare straues;, growth must be
standardized or normalized to the parent strain, and if yieldsuffreiently different between
strains to make direct comparison difficult, it may be necgsgareport differences as a
percent change of normal growth in each strain rather than the absbluétu®@s.

Figure 4a shows the results of standardized growttDfovulgaris inoculated into
empty, (MT), plates, showing an average of three biologicalcagpk. Error bars represent
measured standard deviations between the replicates, each run asn@tteeplicates. This
growth of D. wlgaris, as described above in the methods section, represents an initial
concentration of 1 x I0cells/ml of mid-log phase cells in LS4D medium. In practihis
standardization of the inoculum concentration proved to be pivotal in producing regtigsent
growth, because adding lower concentrations of cells resultéchibed or no growth, and
higher concentration showed abnormal growth curves. Figure 4b contiparalsserved OL
data to a biological replicate measured in a hungate tube at 680chta a literature reported
growth curve, also measured at 600 nm (Mukhopadhyay, He et al. 2006y steating that
the OL measurement of opacity and measured FeS accumulatioareatzpiivalent to Odgo

measurements in standard LS4D (see Table 2).
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The observed increase in opacity was calibrated to standdrderagmeration
techniques: cell counts and spectrophotometric measurement of tudli@®d nm (Olgy)
(see Figure 5). Calibration was accomplished by preparingide wange of cells
concentrations and measuring by all three techniques. The cahbdemonstrated the
following relationships between OL units and cell density:

Log cell density = 1.89 * In (OL units) + 10.5
(r* = 0.9329), or on the order of 1 x®€ells/ml for an observed value of 120 OL units (see
Figure 5), and for OD 600 nm:

OD 600 nm = 8.4 x IH(OL units) + 0.03
(r* = 0.9332).

These calibrations of opacity measurement was necessargentorfurther validate
that increase in opacity with time measured by the OL usieglarkening color, both from

FeS precipitate and other cell products, indeed serves as an famafagease in cell density

over time. Similar to OB measurements, OL data does not measure exponential growth,

but rather reflects the increased opacity due to accumulatioellsf(as a function of the
increase in number of cells) and metal sulfide precipitatiohinva defined range, which for
OL units is 0 to 250. As can be seen by the relationship betweaousats and OL units, the
relationship is non-linear and lacks sensitivity at both the lowhagtdcell counts. While cell
counting remains as one of the most robust methods for monitoringhgriove not possible
to assay cell density in nearly 2000 substrates every 15 minuties.contrast, the PM
represents a high throughput tool to determine overall phenotype. fareerean interesting
phenotype is detected, additional validation by cell count assagsha obtained when using

MT plates and batch reactors.

4.2 Artifacts associated with growth of D. vulgarisin microtiter plates
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During long incubation times OL units will eventually reach a platedue when the
FeS accumulation has reached a maximum value, both due to depletioin diéeedia and
cells reaching stationary phase. Due to changes in FeS precipiteddl clumping, cell lysis,
or changes in chemistry in the wells, the plateau level magdistedecrease, increase, or
show fluctuation. In addition some wells show biphasic or hump in growtie as
compared to batch experiments. This may be due to the complex whtihe FeS
precipitation reaction and the combined effect of many co-aoguahemical or biological
processes, or perhaps phage lysis that may affect well ppaldite differences observed in
the plates as compared to standard batch experiments can beeattidbdifference in culture
geometry including size and shaking (mixing) of culture. Batctumd are closed systems,
whereas PM plates sealed in a bag are open systems and t#légS from other wells on
the plate may change the chemistry of the medium during growtbnagaced to a closed
batch. These are general features associated with growth i@Llthevhich have to be
accounted for when interpreting results and comparing PM platesther growth
measurement techniques.

Because of the wide range of growth parameters that can be testad thpossibility
of mixotrophic growth occurring, where cells continue to grow butiesulfate reduction, a
possibility when alternate carbon source and yeast extracprasent (Postgate 1984).
Therefore, as stated earlier, observed growth patterns sheuttbnfirmed by secondary
methods such as cell counts or protein assays.

The use of opacity to visualize growth also presents some mpedlefor data
interpretation. The observation that addition of medium in the absenoal®fcauses an
immediate reaction in some wells is an artifact of the PéMepl Some wells components
may also abiotically reduce sulfate to sulfide and cause famat precipitate. It was found

that several wells consistently have abiotic reactions thatupgeet¢he measurement of any
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opacity change due to cell growth and cannot be used to evalude\garis phenotype.
Using the PMColorMap viewer (Figure 8b), a list of these weds identified and is given in
Table 3.

Some wells have more minor abiotic background reactions whicht aféelization

of growth ofD. vulgaris. For example, the PM 10 plate evaluates pH effects, and the first row

contains reagents to control the pH in a range of 4.6 — 8.5 (this nefsrése actual measured
pH range in LS4D media; PM 10 reported range given by Biolog is-368). The data
(Figure 6a) show poor or no growth below pH 6.9 and consistent growth fron9pH pH
7.9. At pH 8.2 and above, there are abiotic reactions with the medisimgrthe initial OL
unit. Background abiotic reactions are about 80 OL units for pH 7.93n®LML units for pH
8.2. The background values may be due to precipitation or other reactions bgnwetinents
with LS4D, poor mixing, or changes in aggregation patterns of the. d&ltsle these
background values make absolute determination of the effect of pHoarthgdifficult,
comparisons between conditions or strains using the same mediumostidl be possible.
The growth curves also can be corrected by subtraction of therbaokigvalue (Figure 6b).
For this assay of pH effects, comparing absolute minimum or niaxi®@L units is not
informative in determining the effects of pH. However, both the generanenlag time and
the difference between the maximum and the minimum OD mighiskd in evaluating
effects of pH in a comparative study. An additional consideratidhat depending on the
buffer capacity and chemical composition of the growth media, thadpitstment indicated
for a OL well may not be accurate and should be measured independently.

Plates PM 1 and PM 2 are designed to evaluate carbon utilizattemngaThe carbon
source in the wells is ~20mM, which is too low to elicit robusingh of D. vulgaris. In this
case, the addition of 10 mM Fe-NTA to the medium increased th@reepitation and as a

result, the opacity. However, while the additional Fe-NTA boosted irtensity for
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visualization, a growth curve was not obtained, and the result caneoeomsy as an
indication of carbon utilization capabilities, rather than as a ikimstsay. Using PM 1 and
PM 2,D. wlgaris was shown to have growth on lactate and pyruvate and fornaic acis
reported in the literature (Heidelberg, Seshadri et al. 2004)seT@Geutilization results were
further confirmed by measuring cell density dhdvulgaris purity was confirmed with PCR
probes.

PM 4 is a split plate, the first five rows evaluate P sousoelsthe remainder evaluates
S sources. It was found that the S concentration in these wersimsufficient to support
growth ofD. wulgaris so the S phenotype could not be determined.

While each plate and individual wells are labeled by basicrigéisn, Biolog™ has
not yet released the detailed component description of each prepaliedHence a well
description such as 5% (wt/vol) NaCl refers to the primary component in the wehgehuell
may contain other components that may affect cell growth. KkKamgle, growth ofD.
vulgaris on plate PM 9 row A is shown in Figure 7. This plate assaystly from 1 to 10%
(0.56 — 5.6 M) NaCl and measures the effect of increasing NaCérwation on growth, and
D. wulgaris demonstrates positive growth at the 1 and 2% levels. Previauts reave
shown the minimum inhibitory concentration of NaCl Do vulgaris in LS4D to be and
addition of 0.44% NaCl (0.250 M) to Na salts already present, narodlymns lactate and
sodium sulfate (Mukhopadhyay, 2006). The increased resistance toia@i g Figure 7 is
potentially due to the 0.2% yeast extract (YE) present irpthies, added by Biolog as a
fixing agent. YE is known to contain components such as glutamatenepaniid glycine
betaine (Dulaney, Dulaney et al. 1968) that may be usdl byigaris as an osmoprotectant
(Mukhopadhyay, 2006). Limited growth BX. vulgaris was observed in a user prepared plate
with 2% NaCl with 0.2% YE added, and was only observed up until 1% Ka&h M)

without YE (data not shown). This reemphasizes that the OL skestsas a tool to survey
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phenotype, while the precise determination of inhibitory concentratiofibjadic resistance
patterns, etc., in a specific media require experiments in thaedenedium either in user-
prepared plates or flasks. In other words, results from the R, aithough inoculated with
LS4D, actually reflect growth of LS4D plus PM media, which will diferent than pure
LS4D in most wells since the wells on many of the othategl also contain stabilizers or
undefined buffers.

Further examples of growth visualization problems are shown in éigur Partial
plate under-inoculation is clearly seen in Figure 8a, with ldveer third of the plate
demonstrating no growth. In Figure 8b yellow and orange bands indicate abactions
between LS4D and PM well contents. Figure 8c is a visualizatiomn OL instrument
malfunction that caused periodic spikes in the data for this pldiese examples show that
PMColorMap plots are valuable in rapid screening of plate valigvtyich may not be

apparent from looking at individual growth curves.

5.0 Conclusions

The small well size and manufacturing process of PM plegéesto certain differences
between known measurements for several of the observed results. dioapdransfer of
headspace gases between wells, presences of osmolytes irafeimg (such as the presence
of yeast extracts in PM 9), and pH changes will occur duriog/th:  Monitoring growth in
the plates using FeS precipitate and cell accumulation canriebated well with cell counts
and ORge Nm measurements traditionally used to monitor growth. Resultsdsheulised
with some reservations when evaluating kinetic data becausecabiotbther chemical
reactions in the wells can affect measured values for soslie. wDespite the existence of
unusual abiotic reactions among medium components and/or metabolic prdoeigrowth

information can still be useful as long as the abiotic featanm@secognized. Observed growth
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and interesting phenotypic changes should always be confirmed|lmpaets, user prepared
MT plates, or subsequent larger scale batch studies. Lookinguataf growth parameters,
both kinetic and absolute metrics, including generation time, the bebeadge in opacity as
measured by OL units, and the lag time, will provide a clepreture of the growth
characteristics and overall phenotype. For increased confidenobserved phenotypes,
biological triplicates and confirmation of observed growth in usqugresl plates or in batch
culture is recommended. Also important is monitoring of contrdilswe observe over-
inoculation and normalizing the inoculum of new or unknown strains for comisgatawth.
A phenotype survey ob. vulgaris can be used as a basis for comparison of a variety
growth conditions, effects of stressors, or for the evaluation of knockotants. The PM
array can provide a shotgun approach for screening, allowing thecteset find potentially
interesting growth changes that were not previously considered. evgowdespite these
limitations the OL system is a valuable tool for broad steregof phenotypes fdD. vulgaris
and other such environmentally important sulfate / metal reducing bacteria.

Development of the PMViewer Web-based data viewers faeititthe sharing of data
among project participants, assessment of the overall qualityenfopjpe surveys, and the
identification of substrates that resulted in abiotic reactiorsnd.a color mapping technique
to represent growth curves as thin color images, we were @llsglay large numbers of
growth curves in a space-efficient way. We added to this theydbifilter views of the data
and to zoom in on data from plates, rows on plates, or individual welisterest. The
PMViewer software tools have proven valuable for viewing thrgelaamounts of data
necessary for development of phenotype microarrays as anisgreeol for D. vulgaris
growth.

The above discussion highlights some observations for the PM survieyJolgaris

across the various carbon requirements in addition to salt, osnmatiqold stress. This
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complete dataset fdD. wulgaris is available in the supplementary data. The focus of this
study is the optimization of the OL workflow f@. vulgaris, and this data set merits a more

comprehensive analysis, which would constitute a separate study.
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Table 1. LS4D media preparation guidelines.

LSAD type PM Plates LSAD  Culture Vitamins pL TC*
(uL)

(mL)  (mL)

No 1,2 30 3
Lactate

No P 4 (rows A-E) 10 1
No S 4 (rows F-G) 10 1
No _ 5 10 1
vitamins

Standard 9 -20 150 15
No N 3,6,7,8 60 6

30

10

10

0

150

60

150

50

50

50

750

300

Atm

I

5% CQ, 5%
H,, balance
N

I

Argon

*TC: Titanium citrate reducing agent.
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Table 2. Calculated accumulation rates (AR) of FeS precipitates from
observed growth curves (see Figure 4).

OmniL og™

ta(hrs) b(hrs) Ve (IE)L ‘Jt;](ltos g AR = (t- t)/(3.3*l0g(W/v2))
17 375 1752 116.48 7551

21 37.5 3546  116.48 9.680

24 37.5 4174  116.48 9.179

17 27.5 1752  67.48 5.433

21 275 3546 67.48 7.049

24 27.5 4174 67.48 5.083
AVERAGE 73419
Hungate tubes

t, (hrs)  (hrs) ‘é%(g’r?m) ‘é%%or?m) AR = (t- 1.)/(3.3*0g(w/V2))
17 37.5 0177  0.892 7.550

21 37.5 0292 0.892 8.033

24 37.5 0.362 0.892 8.317

17 27.5 0177 0524 6.750

21 27.5 0292 0524 6.984

24 27.5 0.362 0524 7.075
AVERAGE 75+0.6
Mukhopadhyay, 2006

ta(hrs) t (hrs) ‘é%(é)r?m) \6/%(Oor?m) AR = (b - 1,)/(3.3*0g(W/v2))
17 37.5 0.174  0.959 8.380

21 37.5 0.268  0.959 9.030

24 37.5 0.337 0.959 9.007

17 27.5 0.174 0586 6.034

21 27.5 0.268 0.586 5.797

24 27.5 0.337 0586 4.414
AVERAGE 71419
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Table 3. PM wells with unworkable abiotic reactions vidthvulgaris and LS4D media

PM Well position Well Contents
Microplate
1 C4, H6 D-Ribose, L-Lyxose
5 E6, F9, H9, E12 2-Hydroxybenzoic acid, Sorbic Acid, Dihydroxyacetone, 2-
Oxovaleric acid
4 D10, E10 Uridine 5'-Monophosphate, Thymidine 5'-Monophosphate
10 F3, F7,D9 pH 9.5 + L-Proline, pH 9.5 + L-Tyrosine, pH 4.5 + 5-
hydroxytryptophan
13 All-12, H1-4 Nickel chloride, Cupric chloride
15 D11-12 Nordihydroquaiaretic acid
16 E11-12; G9 Rifamycin SV, L-Glutamic acid g-hydroxamate
17 E4, F9-12, G11 Niaproof, Tannic acid, Cefoperazone
18 G11,12 Myricetin
19 A5-8, D6-8 Harmane, lodonitro tetrazolium violet
19 E9-12, H4 Lawsone, Hexamminecobalt (Ill) Chloride
20 A9-12, E1-4 Benserazide, Crystal Violet



Figure 1. Schematic of the preparation steps for the PM microplates\vioigaris.
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Figure 2. Screenshot BMRowView Web-based data viewer is shown in (a). This view shows twelve p
corresponding to the twelve wells on a single row of a PM microplate. Selagtiogwill open a new
window that displays the plot on a larger scale (full page) and that has a link to dovaeldatkt as a CSV
file as shown in (b). Plot (c) groups all available PM microplates forgéesian in a preview mode in the
PM ColorView Web data viewer. Each plot, when selected will produce the plot for a single pdatanas

in (d). Selecting a color band (i.e., a microwell) in (c) will produce a full{gizie(b) for the selected
microwell, as well as a link to download the raw data. This data is shown to téustkeanterface only and
should not be used for phenotype interpretation.
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Figure 3. False color images (see text) representing lgramntves from 96-well
microplates: (a) under inoculated microplate, (b) over inoculatedbptate, (c) properly
inoculated microplate. Arrows show location of wells whose growthiesuare plotted
above each color image. The color legend for these plots is shown in Figure 2.
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Figure 4. (a) Representative growth curves from standardioedlum. Shown are averages of three biological replicatBs of
vulgaris growth in OL at 30°C in empty 96 well microtiter plates. aitlines represent one standard deviation. (b) Biological
replicates ofD. wulgaris growth in LS4D at 30°C assays on the Omnil®bgin hungate tubes and measured at 600 nm, and
literature reported growth curve (Mukhopadhyay, 2006)
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Figure 5. Calibration oD. vulgaris with AODC (cell counts) and OD 600 nm. OD 600 nm values over 1.
absorbance units were diluted prior to measurement.
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Figure 6. PM microplate 10 row A (pH sensitivity). Ploti@jaw data, plot (b) is the same data with the
minimum value subtracted from each growth curve. Displayed pH isntgesured value at time of
inoculation.
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Figure 7. PM 9 row A, effects of increasing NaCl concemmatn growth. Note that PM9
plate contains 0.2% Yeast extract (YE) as a fixing agent. ¥l aifect the ability of an
organism to cope with salt stress (For instance, YE typicalhtatns components such as
glutamate, proline and glycine betaine known to serve as osmoprotectddtsilgaris).
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Figure 8. False color images (see text) used to detect problem migoplate

(a) several rows of wells, indicated by left brace, are under inoculated,

(b) high turbidity indicated by black arrows and orange lineslaesto chemical reactions between the
growth medium and well treatment,

(c) spikes in signals indicated by red arrows and vertical baradmglue to instrument malfunction.
The color legend for these plots is shown in Figure 2.




