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Overview 

Medium and branched alcohols such as isobutanol and isoamyl alcohol have superior 

fuel and storage properties compared to ethanol, and have received increased interest in 

recent years as several reports described biosynthetic routes to produce gasoline 

substitutes in bacteria and yeast. A key enzyme in the pathway to convert feedstocks to 

medium alcohols is the 2-ketoacid decarboxylase (KDC) that catalyzes the 

decarboxylation of 2-keto acids to the corresponding aldehyde, which may then be 

reduced to the alcohol by a medium alcohol dehydrogenase (MADH). In our research, 

we have cloned and purified two KDCs from the cold-tolerant species Psychrobacter 

cryohalolentis and Psychrobacter arcticus which showed minimal homology to the 

KDCs from Lactococcus lactis. Results from our study indicated these psychrophilic 

KDCs are capable of catalyzing the decarboxylation of large 2-ketoacids, similar to the 

KDCs from L. lactis. The psychrophilic KDCs are capable of catalyzing reactions under 

very low temperature near 0 °C while the KDC found in L. lactis lost almost all activity 

below 5 °C. In addition, an in vitro approach was constructed to convert the amino acids 

valine, leucine and isoleucine to medium branched alcohols using leucine 

dehydrogenase (LDH), KDC and MADH in a redox balanced reaction with ammonium 

and carbon dioxide as by-products. 

In the field of bioenergy research, scientists view algae as ideal candidates for 

biofuel production. Our lab is also investigating potential compounds to serve as shuttles 

of nutrients between algae and bacteria which may lead to a lower cost for large-scale 

algae cultivation. Preliminary results from our lab indicated that algae are capable of 

utilizing a broad range of nitrogen sources including proteins. We are focusing on the 
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potential to use siderophores as a nitrogen shuttle. Azotobacter vinelandii was selected 

for its nitrogen-fixing ability. During growth, A. vinelandii excretes a large quantity of 

siderophores which help transport certain metal ions into the cell. Azotobactin, a specific 

siderophore, has a short peptide chain and contains a significant percentage of nitrogen. 

One algae strain has been isolated which can utilize azotobactin as the nitrogen source. 

We have manipulated A. vinelandii and optimized the growth conditions for high yield 

of azotobactin to develop a symbiotic system between specific algae and A. vinelandii. 
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Chapter I 

Identification of a Psychrotrophic 2-Ketoacid Decarboxylase and Further 

Application to Convert Amino Acid Feedstocks to Medium Chain Alcohols and 

Ammonia 

Overview 

Medium and branched alcohols such as isobutanol and isoamyl alcohol have superior 

fuel and storage properties as compared to ethanol, and have received increased interest 

in recent years as several reports described biosynthetic routes to produce gasoline 

substitutes in bacteria and yeast. A key enzyme in the pathway to convert feedstocks to 

medium alcohols is the ketoacid decarboxylase (KDC) that catalyzes the 

decarboxylation of 2-keto acids to the corresponding aldehyde, which may then be 

reduced to the alcohol by a medium alcohol dehydrogenase (MADH). To date, KDC 

enzymes have been identified and characterized only from a small selection of 

organisms. In this work, we have cloned and purified an enzyme from the cold-tolerant 

species Psychrobacter cryohalolentis K5 that was initially annotated as a putative 

pyruvate decarboxylase, but showed minimal homology to the KDC from Lactococcus 

lactis. Results from our study indicated this psychrotrophic KDC had the capability of 

catalyzing the decarboxylation of larger 2-keto acids, similar to the KDCs from L. lactis, 

but showed no activity toward pyruvate. An in vitro approach was developed to convert 

the amino acids valine, leucine and isoleucine to medium branched alcohols using 

leucine dehydrogenase (LDH), KDC and medium alcohol dehydrogenase (MADH), in a 

redox balanced reaction with ammonia and carbon dioxide as by-products. 
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Introduction: 

2-keto acid decarboxylases (KDCs) are usually found in plants, yeasts and fungi 
1–3

. 

In previous research, several KDC homologues have been identified in Saccharomyces 

cerevisiae, Zymomonas mobilis and Lactococcus lactis 
3,4

. In most cases, the KDC 

homologues found in bacteria are highly specific with pyruvate, phenylpyruvate or 

indole-3-pyruvate and showing no activity against branched-chain or aromatic 2-keto 

acids 
2,5

. Thiamine pyrophosphate (TPP) serves as the cofactor needed by all the KDCs 

identified 
6
. These enzymes play an important role in amino acid catabolism pathways 

7,8
. 

The first bacterial KDC 
9,10

 with a broad substrate range was isolated from Lactococcus 

lactis IFPL730 which is a cheese-making bacterium growing under anaerobic conditions 

11,12
. Because of the capability of catalyzing the decarboxylation of various 2-keto acids 

to aldehydes which are precursors of alcohols, the KDCs has become of great interest in 

the application of producing branched-chain higher alcohols as biofuels 
13–16

. 

Psychrobacter is a genus of bacteria capable of growing in extremely cold habitats 

such as Antarctic ice, soil and sediments, as well as in deep sea environments 
17–19

. 

Psychrobacter cryohalolentis K5 was initially isolated from samples of Siberian 

permafrost from a frozen salt lens, grows between -10 and 30 ˚C with an optimum 

growth temperature of 20 ˚C and is capable of growth on citrate, lactate or acetate as 

simple carbon compounds 
17

. Other sources of Psychrobacter include pigeon feces, fish, 

poultry, dairy products, fermented seafood and clinical sources 
20–24

. Previous reports 

have determined the low temperature profile of psychrotrophic enzymes 
25,26

 which have 

led to interest in psychrotrophic bacteria like P. cryohalolentis K5, as their enzymes may 

be suitable for various biotechnological and industrial applications under low 
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temperature conditions. 

A primary amino acid BLAST search of the P. cryohalolentis K5 genome revealed 

a protein (accession number YP_580229) with modest similarity (approximately 40 

percent identity and 60 percent similarity) to two 2-keto acid decarboxylases named 

KdcA and KivD isolated from L. lactis 
9,27,28

. Further analysis using the structure of 

KdcA 
1
 with a bound substrate analog shows that the conservation of residues around the 

active site and thiamine diphosphate cofactor binding site is higher than the alignment 

with pyruvate decarboxylase, indicating that this protein, annotated in the published 

genome (NCBI reference sequence NC_007969.1) as pyruvate decarboxylase, may be 

an example of a psychrotrophic KDC. 

In the characterization of KDC, a coupled enzyme assay is used to further convert 

the aldehyde product of KDC to the corresponding alcohol with the consumption of 

NADPH by medium chain alcohol dehydrogenase. Previous reports have used horse 

liver alcohol dehydrogenase to accomplish this coupled enzyme assay 
29,30

. In this study, 

a putative medium chain alcohol dehydrogenase was cloned and purified from 

Marinobacter aquaeolei VT8 and was applied into this enzyme assay. This MADH is 

able to catalyze the hydrogenation of a broad range of aldehydes and we confirmed the 

MADH has a much lower KM value towards the corresponding aldehyde than KDC has 

towards the 2-keto acid, which suggested the applicability of this coupled-enzyme assay. 

As a result, we can simply track the loss of 340 nm light absorbance by the co-enzyme 

NADPH in the aldehyde reduction step in order to further calculate the KM and VMAX of 

KDC in a real-time assay. This MADH is also further applied in the in vitro reaction 

chain of producing medium chain alcohols. 
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Previous research has obtained the structure of KdcA 
1
 which revealed the active 

site and cofactor binding site. With this information, the theoretical key amino acids in 

the KDCs can be observed by sequence alignment 
31

. The difference in the substrate 

specificity between psychrotrophic KDC and L. lactis KDCs was one of our primary 

interests. Nonconserved amino acids surrounding the KDC active site in these two types 

of KDC could be key to the selectivity of the substrate reduction characteristics. In our 

study, we made several predictions which were based on the conservation of amino acid 

sequence and tried to search for the major factor resulting in this differential substrate 

specificity. 

In lactic acid bacteria, the decarboxylation is initiated after the transamination that 

converts amino acids into 2-keto acids 
9,29

, which are further converted into 

hydroxyacids or into flavor compounds such as carboxylic acids by an oxidative 

decarboxylation, or aldehydes by an enzymatic non-oxidative decarboxylation 
7,8

. 

However, no previous research study reported the aldehydes or alcohols production from 

Psychrobacter cryohalolentis. In order to study the role of this psychrotrophic KDC 

from P. cryohalolentis K5 which may result in more information about the 

characteristics of this strain, we confirmed KDC expression and activity during the 

growth of P. cryohalolentis K5 in minimal media determined the potential fermentation 

capability of this strain. 

As a branch of this research work, we identified a leucine dehydrogenase (LDH) 

from Marinobactor aquaeolei VT8 which converts leucine, isoleucine and valine to 

2-keto acids with the consumption of NAD
+
. Due to the fact that MADH can utilize 

NAD
+ 

(NADP
+
) as the cofactors and convert them back to the cofactors needed by LDH, 
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a redox balanced pathway which results in alcohol and ammonium production from 

different amino acids can be composed by all three enzymes including LDH, KDC and 

MADH. An in vitro reaction chain was set up to test the continuous alcohol and 

ammonium production based on the addition of amino acids. 

In this work, we have cloned, characterized and identified this P. cryohalolentis 

2-keto acid decarboxylase which was previously annotated pyruvate decarboxylase. A 

comparison of the activity profile using the 2-keto acids derived from branched chain 

amino acids exhibits an activity profile similar to a KDC enzyme identified from 

Mycobacterium tuberculosis 
30

. The pH and temperature optimum results indicated some 

differences from what were published related to L. lactis KDCs 
9,29

. The results from 

analysis of P. cryohalolentis K5 growth in the presence of branched chain amino acids 

(Leu, Ile and Val) as the sole nitrogen source respectively as well as studies with cell 

lysate support the presence of KDC activity in P. cryohalolentis K5 indicated that the 

Ehrlich pathway may be an important metabolic feature in P. cryohalolentis K5. 

Furthermore, a successful in vitro test of KDC with the other two enzymes LDH and 

MADH to convert three different amino acids to corresponding medium chain alcohols 

indicate this redox balanced pathway has the potential to be applied in engineered strains 

to produce alcohols and ammonium which are both valuable products. 
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Materials and Methods 

Cloning of genes 

The putative 2-ketoacid decarboxylase (Gene ID: 4035975) from Psychrobacter 

cryohalolentis K5 and P. arcticus 273-4 were cloned from genomic DNA using the 

primers BBP471 (5’GACTAAGCTT CCATGGAAGT CAACAATATA CCATCGCTGA 

TTATTTGTTT G3’ with HindIII and NcoI sites) and BBP472 (5’CTGGTCTAGA 

TTAATCATTC TTAGGCTTCA GCGCGGCACT GATATCTG3’ with XbaI site 

underlined) using the failsafe PCR kit (Epicenter, Madison, Wisconsin). The PCR 

product was purified and digested with HindIII and XbaI, then ligated into a pUC19 

derivative plasmid digested with the same enzymes. The entire insert was sequenced, 

and then shuttled to a pET derived vector (pPCRKDC3) for expression, using the NcoI 

site to clone into an in-frame polyhistidine tag on the N-terminus. 

Site specific mutagenesis was performed using the Stratagene method (Agilent 

Technologies, Santa Clara, CA) and the pPCRKDC3 plasmid as a template. Primers 

were based on the following sequence (5’ GATATCAGTG CCGCGXXX 

AAGCCTAAGA ATGAT 3’) and complimentary primer, where XXX represented TTC 

(L552F), GTG (L552V) or GCG (L552A). All plasmids were confirmed by sequencing 

the entire inserted region. 

A putative medium alcohol dehydrogenase from Marinobacter aquaeolei VT8 was 

cloned from genomic DNA using the primers BBP544 (5’gacaCCATGG 

AGCCAATACC AAAGCATACG CCGC 3’ with NcoI site underlined) and BBP545 

(5’gacaAAGCTT CTAGCCTTCT TTCAACGTTT TCATATCAAT GACGAAG3’ with 

HindIII site underlined) using the failsafe PCR kit (Epicenter). The PCR product was 
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purified and digested with HindIII and NcoI, then ligated into a pUC19 derivative 

plasmid digested with the same enzymes. The entire insert was sequenced, and then 

shuttled into a pET derived vector (pPCRADH2) for expression analysis, using the NcoI 

site to clone into an in-frame polyhistidine tag on the N-terminus. 

The KdcA gene which encodes the KDC in L. lacticus genome was provided by 

McLeish’s lab from University of Michigan. The purification of KdcA was conducted 

according to the reported method 
28

. 

Expression and isolation of purified protein 

Both the 2-ketoacid decarboxylase and medium alcohol dehydrogenase were 

expressed separately by transforming the completed plasmids into Escherichia coli 

BL21, and growing in 1 liter cultures of LB broth until an OD at 600 nm of 0.6 was 

reached, then adding IPTG (50 mg/L) to induce the expression of protein for 2 hours. 

Cells were then isolated by pelleting at 7000 g for 8 minutes, and were then frozen for 

short term storage. Cells were broken by resuspending the pellet in 30 mLs of extraction 

buffer (50 mM Sodium Phosphate pH 7.0 and 300 mM NaCl), then adding 10 mg of 

chicken egg white lysozyme and 30 mg of CHAPS detergent along with several flakes of 

DNAse. Cells were further disrupted by sonication three times for 30 seconds on ice, 

then centrifuged at 12,000 g for 8 minutes to remove any cell debris. Polyhistidine 

tagged protein was isolated by passing over a nickel charged metal chelating column (5 

mL bed volume, GE Healthcare), and then washing the column with the extraction 

buffer supplemented with 50 mM imidazole. Protein was eluted in the same buffer with 

500 mM imidazole, and was then dialyzed against the extraction buffer to remove the 

remaining imidazole. Protein purity for each of the enzymes was analyzed by 
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SDS-PAGE and found to be homogeneous. The proteins were flash frozen in liquid 

nitrogen for long term storage. 

 

Concentration Assays for purified enzyme 

The concentration of purified protein was analyzed by using Coomassie Plus 

(Bradford) assay reagent (Thermo Scientific). A set of standard protein solution samples 

were made with different concentrations (50 µg/ml, 100 µg/ml, 250 µg/ml, 500 µg/ml, 

750 µg/ml, 1 mg/ml, 1.25 mg/ml). Each standard protein solution was mixed with 

Coomassie dye and analyzed the absorbance at 595 nm in order to calculate a standard 

curve. All purified enzymes including LDH, MADH and KDCs were diluted and mixed 

with Coomassie dye as well to obtain the absorbance at 595 nm. By comparing the 

absorbance of each purified protein with the standard curve, the concentrations of the 

purified protein were calculated. 

 

Activity Assays for medium alcohol dehydrogenase 

Standard enzymatic reactions were followed spectrophotometrically in quartz 

cuvettes with a 1 cm pathlength using 1 mL of 50 mM sodium phosphate buffer, pH 7.0 

supplemented with 160 μM NADPH and varying amounts of substrate aldehyde. 

Reactions were initiated by the addition of a stock solution of concentrated medium 

alcohol dehydrogenase (MADH) following a 60 second period to track background 

absorbance change. A Varian Bio 50 UV/Vis Spectrophotometer was used to monitor the 

absorbance at 340 nm. The amount of substrate consumed was assumed to be equal to 

the amount of NADPH consumed per min. The results are expressed in μmol of product 
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produced per min per mg of protein. Substrates tested include butanal, isobutanal, 

acetaldehyde, isovaleraldehyde (3-methylbutyraldehyde), decanal, hexanal and 

cis-11-hexadecenal. Results obtained for each substrate were fit to Michaelis-Menten 

kinetics to calculate values of KM and VMAX. 

 

Coupled enzyme activity assays for 2-ketoacid decarboxylase 

Standard enzymatic reactions were followed spectrophotometrically in quartz 

cuvettes as described above for the MADH assays, except MADH was added as a 

component which is 100 fold in concentration of KDC to immediately consume the 

generated aldehyde produced by the reaction of the 2-ketoacid decarboxylase. Varying 

concentrations of 2-ketoacids were added, and reactions were initiated by the addition of 

a stock concentration of the 2-ketoacid decarboxylase (KDC). Results reported relied on 

lower KM values for the MADH for each of the generated substrates for this reaction, 

and the excess quantity of MADH included in the coupled assay. The results are 

expressed in μmol of product produced per min per mg of protein. Substrates tested 

include pyruvate, phenylpyruvate, indole-3-pyruvate, 2-keto-4-methylpentanoate 

(α-ketoisocaproate) and 2-keto-3-methylbutyrate (α-ketoisovalerate). Results obtained 

for each substrate were fit to Michaelis-Menten kinetics to calculate values of KM and 

VMAX. 

 

pH and temperature effect on 2-ketoacid decarboxylase activity. 

The effect of pH on the activity of 2-ketoacid decarboxylase (KDC) was investigated 

in a mixed buffer with the components of sodium citrate, sodium phosphate, TRIS 
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(2-amino-2-hydroxymethyl-propane-1, 3-diol) and glycine. All buffer components were 

at 50 mM concentration and the buffer was adjusted to 4, 5, 5.5, 6, 6.5, 7, 7.5, 8 and 9 

with HCl or NaOH. The buffer components used were all at 50 mM concentration in 

each activity test. The effect of temperature on the enzyme activity was investigated in 

the standard buffer as described above. Varian SPV-1X0 Cary Single Cell Peltier 

Accessory was used to control the incubation temperature from 5 ˚C to 40 ˚C. Excess 

ADH was tested to confirm high activity under all different pH and temperature 

conditions. The activity assay was run by the same spectrophotometric method as 

described above. 

 

Activity Assays for leucine dehydrogenase 

Standard enzymatic reactions were followed spectrophotometrically in quartz 

cuvettes with a 1 cm pathlength using 1 mL of 50 mM sodium phosphate buffer, pH 8.0 

supplemented with 160 μM NAD
+
 and varying amounts of substrate amino acids. 

Reactions were initiated by the addition of a stock solution of concentrated leucine 

dehydrogenase (LDH) following a 60 second period to track background absorbance 

change. A Varian Bio 50 UV/Vis Spectrophotometer was used to monitor the absorbance 

at 340 nm. The amount of substrate consumed was assumed to be equal to the amount of 

NADH generated per min. The results are expressed in μmol of product produced per 

min per mg of protein. Substrates tested include leucine, isoleucine and valine. Results 

obtained for each substrate were fit to Michaelis-Menten kinetics to calculate values of 

KM and VMAX. 
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pH effect on leucine dehydrogenase activity. 

The effect of pH on the activity of leucine dehydrogenase (LDH) was investigated in 

a mixed buffer with the components of sodium citrate, sodium phosphate, TRIS and 

glycine. All buffer components were at 50 mM concentration and the buffer was 

adjusted to 4, 5, 5.5, 6, 6.5, 7, 7.5, 8 and 9 with HCl or NaOH. The buffer components 

used were all at 50 mM concentration in each activity test. The activity assay was run by 

the same spectrophotometric method as described above. 

 

Protein engineering for 2-Ketoacid Decarboxylase 

Based on the protein structure of KdcA (a KDC isolated from L. lactis) along with 

the sequence alignments of several characterized KDCs, the Leucine
552

 in P. 

cryohalolentis K5 KDC was targeted as the single mutation site since it is the only 

amino acid around the active site which is not highly conserved. Phenylalanine
542

 is the 

amino acid at the same position around the active site in Lactococcus lactis KDC (Kivd) 

which has different substrate specificity. Three mutations were designed including 

Phenylalanine
552

 and another two small amino acids, Alanine
552

 and Valine
552

 to replace 

the Leucine
552

.  

 

Studies of 2-ketoacid decarboxylase activities in P. cryohalolentis K5 

  Cells of P. cryohalolentis K5 were grown in the following media; 5 grams NaCl, 10 

grams sodium acetate, 50 mg CaCl2·2H2O, 200 mg MgSO4·7H2O, 500 mg K2HPO4, 10 

mg FeSO4·7H2O, 1.5 grams Na2SO4 and 270 mg (NH4)2SO4, brought to 1.0 L of 

distilled water and adjusted to pH 7.2. After 3 days of growth at 30 °C and 180 rpm on a 



 

14 

rotary shaker, cells were collected by centrifugation at 7000 g and washed with buffer 

(50 mM phosphate, pH 7.0). Aliquots of the cells were sonicated to disrupt the cells and 

the supernatant was collected, representing the soluble cell fraction. This sample was 

then utilized to test for KDC and MADH using the assay conditions described above, 

except that reaction products were analyzed by gas chromatography (GC) utilizing a 

flame ionization detector or mass spectrometer. The protocol for analysis utilized a wax 

column (HP-FFAP, 25 M, 

CA) and a GC-2010 gas chromatograph (Shimadzu Scientific Instruments, Columbia, 

MD) equipped with a PTV injector. The program utilized a PTV temperature profile of 

60 °C for 1 minute, with a 10 °C/min temperature ramp to 240 °C for 7 minutes, while 

the oven temperature profile was 60 °C for 5 minute, with a 10 °C/min temperature ramp 

to 220 °C for 5 minutes. A carrier gas of helium was utilized running at a linear velocity 

of 30 cm/sec. Further analysis for identification of specific compounds was done using a 

QP2010 GC/MS (Shimadzu Scientific Instruments, Columbia, MD) equipped with a 

split/splitless injector. Prior to introduction to the GC, all samples were first filtered 

through an Amicon Ultra Centrifugal Filters (Ultracel 3K, EMD Millipore, Billerica, 

MA) to separate the analytes from the remaining protein fraction. 

Whole cell assays were also performed using the same media as described above, 

except that (NH4)2SO4 was substituted with equivalent molar quantities of various amino 

acids (leucine, valine and isoleucine). Supernatants from the growths were collected 

from centrifugation at maximum speed (15000 rpm) on a tabletop microfuge, and the 

supernatant was further analyzed by GC as described above. 
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In vitro production of different medium alcohols from the reaction chain 

In order to study the feasibility of the redox balanced reaction chain, the stock 

solutions of LDH, MADH and KDC were added into 50 mM phosphate buffer with 300 

mM NaCl, 1 mM NAD and 1 mM NADP with a total volume of 2 ml. The pH was 

adjusted to 8.0 in order to induce the activity of LDH. Reactions were initiated with 

addition of 1 ml amino acid solution in 50 mM phosphate with 300 mM NaCl. The 

reactions were incubated in glass tubes at 30 °C with agitation. The supernatant was 

collected after 1 hour incubation and use GC-FID method described above to analyze the 

production of medium chain alcohols. 
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Results 

Enzyme expression and purification 

The gene for a putative 2-ketoacid decarboxylase (KDC) from Psychrobacter 

cryohalolentis K5 was cloned into Escherichia coli for heterologous expression with a 

polyhistidine tag on the N-terminus. The recombinant protein was expressed from a pET 

derived vector, and resulted in a highly pure single band as analyzed by SDS-PAGE 

following purification by nickel affinity chromatography. A similar approach was taken 

with a putative medium alcohol dehydrogenase (MADH) cloned from Marinobacter 

aquaeolei VT8, again resulting in a highly purified single band as analyzed by 

SDS-PAGE (Fig. 1) 

 

 

Figure 1. SDS–PAGE of purified protein fraction of IPTG induced recombinant E. coli 

BL21. 

Lanes: 1, protein standard; 2, purified LDH; 3, purified KDC; 4, purified MADH; 5, 

purified mutated KDC with Alanine
552

; 6, purified mutated KDC with Phenylalanine
552

; 



 

17 

7, purified mutated KDC with Valine
552

. The 12% polyacrylamide gel was stained with 

Coomassie blue. 

 

Substrate specificity and enzyme kinetics of putative MADH 

Following isolation of both proteins, the MADH enzyme was first characterized 

kinetically using standard enzymatic approaches and fitting the results to 

Michaelis-Menten equations to determine the substrate range and specificity of this 

enzyme. A range of aldehydes were selected and tested for comparison and are shown in 

Table 1. While the enzyme had the highest level of activity with acetaldehyde, the KM 

was lowest for 3-methylbutyraldehyde, and showed similar levels of activity with other 

aldehydes including isobutanal and n-butanal, supporting the classification of this 

enzyme as a medium alcohol dehydrogenase that acts on small (acetaldehyde), medium 

(butanal) and branched (isobutanal and 3-methylbutyraldehyde) aldehydes.  

The MADH from M. aquaeolei VT8 (GenBank accession ABM18463) was selected 

here based on similarity found (28% identical and 44% positive over a region of 246 

residues) between this enzyme and the primary sequence of a broad alcohol 

dehydrogenase (GenBank accession ABC02081) identified in the melon plant Cucumis 

melo. Similar to what was found in the C. melo MADH, the MADH from M. aquaeolei 

VT8 showed a high level of activity with acetaldehyde, and a comparable KM for 

acetaldehyde (0.3 mM found here versus 0.25 mM in C. melo). The difference in activity 

was also similar when comparing larger aldehydes such as n-butanal, though the KM 

values for these substrates were not reported for C. melo. 
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Figure 2. M. aquaeolei MADH curve fits of kinetic data to Michaelis-Menten equation. 

Each figure shows the data from different substrate. Each data point comes from the 

MADH specific activity at different substrate concentration. 

 

Substrate specificity and enzyme kinetics of putative KDC 

 

Scheme 1. coupled-enzyme reaction with KDC and MADH 
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Based on the low KM values and high specific activities for the desired aldehyde 

substrates, it was determined that the MADH from M. aquaeolei VT8 could be utilized 

in a coupled enzyme assay (Scheme 1) with the KDC from P. cryohalolentis K5 to 

measure kinetic parameters of that enzyme. Using the coupled enzyme assay, it was 

possible to determine kinetic parameters for the KDC enzyme, which had the lowest KM 

and highest VMAX when using 2-keto-4-methylpentanoate (2-ketoisocaproate). These 

results contrast with the KDC from Lactococcus lactis which had the highest activity 

with 2-keto-3-methylbutyrate (2-ketoisovalerate). The KDC from L. lactis was found to 

have a VMAX of ~118 mol min
-1

 (mg protein)
-1

 and a KM of 1.9 mM. While most VMAX 

values of psychrotophic KDC are lower than the VMAX values reported for the L. lactis 

KDC 
10

, the KM value using 2-keto-4-methylpentanoate was similar at 2.3 mM, and was 

also similar using phenylpyruvate, albeit with a lower VMAX value. These values support 

the proposal that this enzyme isolated from P. cryohalolentis K5 should be classified as a 

KDC homolog to KivD from L. lactis, though the natural substrate profile has a different 

selectivity, which is higher toward 2-keto-4-methylpentanoate. 

 

Figure 3. P. cryohalolentis KDC curve fits of kinetic data to Michaelis-Menten equation. 

Each figure shows the data from different substrate. Each data point comes from the 
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KDC specific activity at different substrate concentration. 

2-ketoacid substrate KM VMAX
1
 KCAT 

(Coupled KDC and 

MADH)
2
 

(mM) 
 

(s
-1

) 

        

2-keto-3-methylbutyrate 42.6 8.8 9.1 

2-keto-4-methylpentanoate 2.1 16.4 16.9 

2-keto-3-methylpentanoate 4.7 12.6 13 

phenylpyruvate 2.2 1.1 1.1 

pyruvate nd nd nd 

Aldehyde substrate  KM VMAX
1
 KCAT 

(MADH only) (mM)  (s
-1

) 

    

isobutanal 93 11 7.1 

3-methylbutanal 20 12 7.8 

2-methylbutanal 35 10 6.5 

phenylacetaldehyde 65 20 13 

acetaldehyde 300 10 6.5 

butanal 17 7 4.5 

 

Table 1. Substrate specificities and enzyme kinetic data of M. aquaeolei MADH and P. 

cryohaloletnis KDC (the unit of VMAX is mol min
-1

 (mg protein)
-1

) 

 

Effect of pH on the activity of KDC 

The differences in enzyme activity with the substrate 2-keto-4-methylpentanoate at 

various pH values and temperatures are identified. All activity results were normalized 

to the maximum activity obtained at pH 7.0 and the relative activities are shown in 

figure 4. The relative activities suggest that the P. cyrohaloletis KDC has an optimum pH 
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at 7.0. Contrasts to the characterized KDCs from L. lactis which prefer pH 6.5 
10

, this 

KDC isolated from P. cyrohalolentis K5 shares the similarity in pH profile with L. lactis 

KDCs. 

 

Figure 4. Relative activity found using the substrate 2-keto-4-methylpentanoate with the 

KDC enzyme from P. cryohalolentis K5 over a range of pH values. Reactions were run 

in a buffer cocktail to minimize solvent effects. All values were normalized to the 

maximum activity obtained at pH 7. 

 

Temperature comparison of two psychrotrophic KDC and L. lactis KdcA 

Previous reports have described several psychrotrophic enzymes with very different 

temperature profiles compared to their homologues from other species. We also focused 

on the characterization of psychrotrophic KDCs from P. cryohalolentis K5 and P. 

arcticus 273-4 along with the KdcA from L. lactis IFPL730 under different conditions. 

In the study of enzyme activity at different temperatures, we found the P. cryohalolentis 

KDC and L. lactis KdcA both have the optimal temperature at 30 ºC while the P. arcticus 

KDC prefers 35 ºC. With the decreasing of temperature, the KdcA lost activity 

dramatically. When the whole system reached 5 ºC, the activity of KdcA could not be 
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detected. On the contrary, the KDC of P. cryohalolentis and P. arcticus still maintained 

23% and 26% of maximum activity under 5 ºC respectively. The enzyme activity under 

0 ºC was not tested due to such low temperature could only be achieved by modifying 

the buffer components which would be another factor to change the KDC activity. 

However, both KDCs from P. cryohalolentis K5 and arcticus 273-4 have the potential to 

function at that extreme condition. 

 

Figure 5. Relative activity found using the substrate 2-keto-4-methylpentanoate with the 

enzymes P. cryohalolentis KDC, P. arcticus KDC and L. lactis KdcA over a range of 

temperature values. Reactions were run in the phosphate buffer adjusted to pH 7.0 with 

the addition of 1.5 μM of thiamine pyrophosphate as the co-factor needed by all KDCs. 

 

Protein engineering of putative KDC 

Three different amino acids were used to replace the Leucine
552

 based on the crystal 

structure of KdcA from L. lactis and the protein sequence alignment with different KDC 

or potential KDC. Activities of all mutated enzymes were tested under the same 

condition described above. Enzyme kinetic data were collected and fit to the 

Michaelis-Menten equation to calculate the KM and VMAX. As a result, the Alanine
552

 and 
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Valine
552

 both disrupted the enzyme activity on all substrates since the VMAX became 

smaller (4.47 and 0.57 mol min
-1

 (mg protein)
-1

) and KM were shifted toward larger 

value (75.89 and 34.86 mM). One positive result came from the Phenylalanine
552

 

mutation which was selected based on the Phenylalanine
382

 of L. lactis KDC at the same 

position in the crystal structure. This KM value on 2-keto-3-methylbutyrate which is the 

most specified substrate to L. lactis KDC decreased to 23.62 mM. 

 

Figure 6. Residues surrounding the active site of the 2-keto acid decarboxylase. Shown 

is the structure of the L. lactis (pdb file 2VBG) 2-keto acid decarboxylase showing the 

residues surrounding the putative active site. The substrate analog and magnesium ion 

are overlaid as a space filling model, while thiamine pyrophosphate and the surrounding 

residues are shown as stick models. The two residues that differ immediately 
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surrounding the substrate analog are also overlaid as space filling models and are labeled 

(based on the pdb 2VBG labeling scheme). Shown below are the alignments of residues 

in this region for the P. cryohalolentis K5 KDC (above) and L. lactis KCD (below). 

Leucine 552 (corresponding to F542) was targeted as part of this work for mutagenesis 

experiments. 

 

Activity of KDC during normal growth of P. cryohalolentis 

In the whole cell assay, the first batch of experiments includes three parallel 

experiments: P. cryohalolentis K5 cell with 2-keto-4-methylpentanoate; P. cryohalolentis 

K5 cell with 3-methylbutanal; P. cryohalolentis K5 cell only. The GC-FID data (Fig. 7) 

collected after 2 hour incubation shows the generation of one compound has the same 

retention time as 3-methylbutanol in both samples which are the added 2-keto acid or 

aldehyde. The result further confirmed an enzyme activity similar to what was obtained 

with purified KDC in P. cryohalolentis cells and suggested the cell potential capability 

of uptaking 2-keto acids and secretion of alcohols 
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Figure 7. Representative gas chromatograms of the alcohols obtained from three P. 

cryohalolentis culture samples. Shown are the results obtained using GC with a flame 

ionization detector analysis of the medium chain alcohols. The retention time of both 

3-methyl-1-butanol and 2-methyl-1-butanol which are generated from 

2-keto-4-methylpentanoate and 2-keto-3-methylpentanoate respectively are at 9.7 min. 

The retention time of isobutanol which is generated from 2-keto-3-methylbutyrate is at 

7.3 min. 

 

Enzyme kinetics and pH profile of putative LDH 

In order to build a redox balanced reaction chain to produce alcohols from amino 

acids, the LDH isolated from Marinobacter aquaelei VT8 was characterized with 

standard enzymatic approaches to determine the substrate specificity and pH profile. 

Three amino acids were selected and tested for comparison. While the enzyme had the 

highest specific activity with valine, the KM was lowest for leucine. The results support 
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the classification of this enzyme as a leucine dehydrogenase. In the pH profile assay, we 

found this enzyme has the maximum activity at pH 9.5 and only 10% activity at pH 7.0 

(Figure 8) which is quite different from the optimal pH for the KDC and MADH. This 

result suggested the system of the reaction chain composed of the three enzymes has to 

be adjusted to pH 8.0 to have a more active LDH. 

 

Figure 8. Relative activity found using the substrate leucine with the LDH enzyme from 

M. aquaelei VT8 over a range of pH values. Reactions were run in a buffer cocktail to 

minimize solvent effects. All values were normalized to the maximum activity at pH 9.5. 

 

Alcohol production from in vitro reaction chain 

 Three amino acids including leucine, isoleucine and valine were tested with all three 

enzymes respectively with the addition of NAD
+
 and NADH. The process is shown in 

scheme 2. All reactions were performed at pH 8 in order to induce the activity of LDH 

which might be the bottleneck of the whole process. The supernatant collected from 2 

hour incubated samples were tested by GC-FID separately. Results are shown in Figure 

9 which confirmed the feasibility of producing alcohols with the amino acids as the 
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substrates and without consumption of the co-factors since the reaction chain is redox 

balanced. 

 

Scheme 2. In vitro reaction chain converting amino acids to medium chain alcohols with 

ammonium as the byproduct 

 

Figure 9. Representative gas chromatograms of 

the alcohols obtained from three reaction chain 

samples. Shown are the results obtained using 

GC with a flame ionization detector analysis of 

the medium chain alcohols. Each sample 

contains three enzymes, NAD
+
, NADH and 

different amino acid as the substrate. 
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Discussion 

The enzyme characterized here (accession number YP_580229) from P. 

cryohalolentis K5 is annotated in the published genome sequence (NCBI reference 

sequence NC_007969.1) as pyruvate decarboxylase. This protein shares some homology 

in the protein primary sequence (approximately 40% identity and 60% similarity over a 

region of 553 residues) to the known branched chain KDCs from L. lactis (accession 

numbers AJ746364 and AY548760) which have a biotechnological interest in the 

production of branched chain alcohols and are important for the production of flavor 

compounds in cheese production 
7,8

. While the similarity between the P. cryohalolentis 

K5 sequence and these two protein sequences is modest, the P. cryohalolentis K5 

enzyme also shares significant similarity (greater than 45% identity) with other enzymes 

from a range of additional organisms that are annotated as either pyruvate 

decarboxylases, indole-pyruvate decarboxylases or other keto acid decarboxylases, 

including an additional KDC characterized from M. tuberculosis which was originally 

annotated as a pyruvate decarboxylase or indole-pyruvate decarboxylase. For this reason, 

it was of interest in this study to determine if the P. cryohalolentis K5 gene could be 

cloned and the activity determined to classify the substrate range for this enzyme. 

Similar to what has been utilized by others to characterize KDC enzymes 
29,30

, we 

selected a coupled spectrophotometric assay using a broad alcohol dehydrogenase 

(MADH) from M. aquaeolei VT8, a bacterial strain that produces a range of interesting 

high-value lipids 
32

, and is a model bacterium in our laboratory. This enzyme has a 

similar primary protein sequence and substrate profile to other reported MADH enzymes 

33
, and is easily expressed and purified, while having ideal kinetic characteristics for 
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further conversion of the aldehyde products of KDC (Table 1).  

The results obtained for the isolated enzyme from P. cryohalolentis K5 support the 

classification of this enzyme as a 2-keto acid decarboxylase (KDC). The best amino acid 

derived substrate for the P. cryohalolentis K5 KDC was 2-keto-4-methylpentanoate 

(α-ketoisocaproate) while 2-keto-3-methylbutyrate (α-ketoisovalerate) showed lower 

specificity, contrasting this enzyme with the KDC activities reported for L. lactis. The 

temperature profile for the P. cryohalolentis K5 enzyme revealed that significant activity 

is maintained even at lower temperatures, while the L. lactis KivD showed a steep 

decrease in activity at 20 °C. Though the selectivity of the enzyme seems to support 

classification as an α-ketoisocaproate decarboxylase (KicD), based on the general broad 

substrate ranges found in this expanding class of 2-keto acid decarboxylases, we favor 

the general terminology of KDC. 

While the similarity between the P. cryohalolentis K5 and L. lactis KDC enzymes is 

not very high overall, the conservation of residues surrounding the active site in the 

published crystal structure is actually quite high, with only one residue difference in the 

first shell of amino acids surrounding the bound substrate analog. For this reason, we 

targeted this residue (F542 in L. lactis KDC) for mutagenesis studies. Though 

modification of the leucine residue to phenylalanine did lower the KM for 

2-keto-3-methylbutyrate (α-ketoisovalerate), all the mutations designed in these studies 

resulted in a significant loss in specific activity for all the substrates tested, indicating 

that the function of the leucine residue in P. cryohalolentis K5 may extend beyond 

simple substrate selectivity to enzyme stability and successful function. 

Further efforts sought to confirm the presence of KDC activity in both intact cells of 
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P. cryohalolentis K5 and also in the soluble protein fraction of disrupted P. 

cryohalolentis K5 cells. Under both conditions, KDC activity was observed for each of 

the three primary substrates found for the heterologously expressed KDC enzyme, 

indicating that this enzyme may be expressed in sufficient quantities in the cells that 

were obtained. Further confirmation that observed KDC activity in P. cryohalolentis K5 

is the result of the enzyme characterized here will require deletion studies in the native 

strain. However, though others have reported the potential for genetic manipulation in 

Psychrobacter arcticus, which we have similarly been able to successfully transform, the 

transformation of P. cryohalolentis K5 has not yet been successful to date. The precise 

reason why P. cryohalolentis K5 would produce a KDC homolog is not completely clear, 

but growth of this strain on minimal media with leucine, valine or isoleucine as the sole 

nitrogen source did result in the production of the corresponding alcohols, indicating that 

the Ehrlich pathway exists in P. cryohalolentis K5 to convert these amino acids to the 

corresponding alcohols following transfer of the amino group and conversion by a 

functional 2-keto acid decarboxylase. The activity of this enzyme at low temperatures 

may support unique applications of the enzyme and organism in additional industrial 

settings.  
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Chapter II 

Psychrobacter cryohalolentis cell characterization of neutral lipid and medium alcohol 

production 

Overview 

Psychrobacter strains are being studied due to the good tolerance in extreme 

environment including cold, high salt and sun light exposure. With such characteristics, 

Psychrobacter strains are of interest in potential in industry applications. Wax esters and 

medium chain alcohols are two good candidate compounds for future fuels. In this study, 

we analyzed the potential of producing certain wax esters and medium chain alcohols 

during the growth of Psychrobacter cryohalolentis K5 cells. The results revealed some 

potential applications of Psychobacter strains in wax ester or medium chain alcohol 

production as well as the food fermentation industry 
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Introduction 

 Psychrobacter is a genus of bacteria which has the characteristics of psychrotolerant, 

halotolerant, aerobic, non-motile and Gram-negative 
18

. It was first identified and 

defined as a genus separate from Acinetobacter 
20

. Psychrobacter species have been 

found in many low-temperature marine environments including Antarctic sea ice, 

seawater, the deep sea and the internal tissues of a marine ascidian 
18

. Some other 

species were isolated from infected animal carcasses, poultry, dairy products and 

fermented seafood 
22,24

. A previous report has shown that certain species of 

Psychrobacter are capable of growth at temperatures ranging from -10 to 37 °C 
17,34

. 

Besides the cold-tolerant characteristic of Psychrobacter, certain strains were also found 

to be salt-tolerant and UV-tolerant 
17,32,35,36

. In our study, we focused on the strain 

characterization of Psychrobacter cyrohalolentis K5 which was first isolated from 

permafrost samples within the Kolyma lowland region of Siberia. The living 

environment of P. cryohalolentis K5 is in the permafrost which maintains a stable 

temperature range of -9 to -11 °C 
17

. Previous reports of characteristics have described 

the cells as Gram-negative, non-motile, non-pigmented, non-spore-forming coccobacilli. 

The optimal growth temperature is suggested to be 22 °C while growth still occurs 

between -10 and 30 °C. NaCl is not required for the growth but the cell is capable of 

growth in media containing high salt (1.7M NaCl). Cells were found capable of 

producing esterase, esterase lipase and lipase 
26,34

. Cell growth occurs on citrate, acetate, 

leucine, isoleucine and valine as carbon sources. 

Natural wax esters are typically esters of long-chain fatty acids and long-chain 

alcohols 
37

. They have been widely used in lubricants, cosmetics, linoleum, printing inks, 
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candles and polishes due to their special properties. For example, wax esters consisting 

of C20 fatty acids and C20 alcohols are high quality lubricants; wax esters consisting of 

C14 to C20 fatty acids and a C2 alcohol can be utilized as good diesel fuels 
38,39

. 

Currently, most wax esters are harvested from plants and animal tissues or generated by 

chemical synthesis. These processes are all considered to be low efficient and high cost 

of natural resources 
40

. Thus, the application of wax esters is limited due to the restricted 

availability. As a result, a better process to obtain cheap and sustainable wax esters has 

received great interest in the scientific area and the bioprocess of wax ester production 

has the most potential for application. In several eukaryotes, wax esters were found 

accumulated during cell growth and they have diverse and important biological 

functions, protecting living cells from desiccation, ultraviolet light and pathogens; they 

are also a typical energy store of plants 
41

. The enzyme responsible for catalyzing the 

esterification of a fatty acyl coenzyme A and a fatty alcohol is referred to as wax ester 

synthase (WS). The first bacterial WS was initially found in Acinetobacter which are 

known to accumulate wax esters when they are transferred to a nitrogen-limited medium 

containing n-alkanes or 1-alkanols 
42

. 

In the previous study from our lab, a homolog of wax ester synthase was found in P. 

cryohalolentis K5. Due to the characteristics of P. cryohalolentis K5 including 

cold-adapted, salt-tolerance, UV-tolerance and the fact that the Psychrobacter is a genus 

separated from Acinetobacter 
17,43

, wax esters can be potentially accumulated in the cell 

of P. cryohalolentis K5 and play an important role in protecting cells in some extreme 

environment due to the fact that wax esters have diverse and important biological 

functions like protecting living cells from desiccation, ultraviolet light and pathogens 
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41,43
.Thus, we focused on the study of different lipids accumulation in P. cryohalolentis 

K5 during the growth in different media. 

In the previous study described in chapter I, a 2 keto-acid decarboxylase was 

identified from P. cryohalolentis K5. This enzyme was found to be the key enzyme in 

the amino acid catabolic pathway which is further utilized in the fermentation process to 

produce alcohols or aldehydes. The first characterized 2 keto-acid decarboxylase was 

found in Lactocuccos lactis which is well known for alcohol production in the cheese 

production industry 
12

. It is reported that several species of Psychrobacter were isolated 

from dairy products and fermented seafood which indicates the potential capability of 

alcohol production of Psychrobacter species. According to the amino acid degradation 

pathway, we studied the different medium chain alcohol production from P. 

cryohalolentis K5 by feeding different amino acids including leucine, isoleucine and 

valine. 
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Materials and Methods 

Bacteria and growth condition 

Psychrobacter cryohalolentis K5 was used for lipid accumulation analysis. Medias 

with different components were tested on this strain in order to obtain the highest neutral 

lipid production. The components of the media are shown in table 2. The total value was 

brought to 1.0 L with distilled water and adjusted to pH 7.2. The first batch of growth 

media including media #1 to #3 were to test the highest lipid accumulation based on 

different nitrogen sources. The second batch of growth media including media #4 to #9 

were to test the highest lipid accumulation based on different carbon source quantity and 

nitrogen source quantity ratio. All cell cultures were incubated under 30°C with agitation 

for 4 days. 
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Media #1 Media #2 Media #3 Media #4 Media #5 Media #6 Media #7 Media #8 Media #9 

NaCl 5 g 5 g 5 g 5 g 5 g 5 g 5 g 5 g 5 g 

Na2SO4 1.5 g 1.5 g 1.5 g 1.5 g 1.5 g 1.5 g 1.5 g 1.5 g 1.5 g 

CaCl2·2H2O 50 mg 50 mg 50 mg 50 mg 50 mg 50 mg 50 mg 50 mg 50 mg 

MgSO4·7H2O 200 mg 200 mg 200 mg 200 mg 200 mg 200 mg 200 mg 200 mg 200 mg 

K2HPO4 500 mg 500 mg 500 mg 500 mg 500 mg 500 mg 500 mg 500 mg 500 mg 

FeSO4·7H2O 10 mg 10 mg 10 mg 10 mg 10 mg 10 mg 10 mg 10 mg 10 mg 

NaOAc 6 g 6 g 6 g 6 g 6 g 10 g 6 g 10 g 10 g 

Casamino Acid 100 mg 100 mg 100 mg 100 mg 100 mg 100 mg 
   

NaNO3 250 mg 

  

500 mg 

     Urea 

 

180 mg 

       (NH4)2SO4 

  

160 mg 

 

200 mg 200 mg 270 mg 270 mg 270 mg 

NaHCO3 

        

2 g 

 

Table 2. Different media used to support the growth of P. cryohalolentis K5 for the study of lipid accumulation. The selection of the 

media components are based on different nitrogen sources and different carbon nitrogen ratio.  
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Lipid extraction from P. cryohalolentis K5 cell 

Cells of P. cryohalolentis K5 grown under the different lipid accumulating 

conditions described above were used to determine the composition of nature neutral 

lipids. Cells from each culture were incubated for 4 days before harvesting. Cell pellets 

were collected and re-suspended in distilled water. All samples were frozen and dried by 

lyophilizer (Labconco FreeZone, catalog # 775202). 200 mg of dried cells was used for 

lipid extraction. Cell samples were first re-suspended in 5 ml of a three-component 

solvent mixture consisting of equal volumes of methylene chloride, tetrahydrofuran, and 

hexane. Second, sonication was used to break the cells and release cellular lipids into the 

solvent. The whole process was repeated three times to ensure complete extraction of 

lipids. 

 

Studies of lipids accumulation in P. cryohalolentis K5 

Accumulated lipids were analyzed by GC-FID and GC-MS. Gas chromatography 

(GC) was utilized to track and quantify neutral lipids and derivatized lipids described 

below as part of these studies. For routine analysis, a flame ionization detector (FID) 

was utilized due to the lower limits of detection possible by this method versus mass 

spectrometry (MS). The protocol for analysis utilized a high-temperature column 

(RTX-Biodiesel TG; 15 M, 0.32 mm [inner diameter], 0.10-m df; Restek, Bellefonte, PA) 

and a GC-2010 gas chromatograph (Shimadzu Scientific Instruments, Columbia, MD) 

equipped with a PTV injector. The program utilized a temperature profile of 60°C for 1 

min, with a 10°C/min temperature ramp to 360°C for 15 min and a carrier gas of helium 

running at a linear velocity of 20 cm/s. Further analysis for identification of specific 
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compounds was done using a QP2010 GC/MS (Shimadzu Scientific Instruments, 

Columbia, MD) equipped with a split/splitless injector and a column designed for better 

separation of fatty acid methyl esters (FAMEs; Stabilwax DA; 30 M, 0.25 mm[inner 

diameter], 0.25-mdf; Restek). For this analysis, we utilized a temperature profile of 60°C 

for 4 min, with a 10°C/min temperature ramp to 240°C for 5 min and a carrier gas of 

helium running at a linear velocity of 35 cm/s. Peaks were quantified and identified 

using the software packages GC solution Analysis version 2.32 and GCMS Solutions 

version 2.53 (Shimadzu Scientific Instruments, Columbia, MD) and the NIST08 Library. 

 

P. cryohalolentis growth in minimal media with different amino acids substituted as 

the sole nitrogen source 

In order to study the capability of alcohol production in P. cryohalolentis K5 cells, 

the strain was grown in the media shown in table 3. The total value was brought to 1.0 L 

with distilled water and adjusted to pH 7.2. Four different nitrogen sources were added 

into the media respectively including (NH4)2SO4, leucine, isoleucine and valine. The 

nitrogen source compounds were calculated to make sure the same quantity of nitrogen 

was added into the culture. Cell cultures were incubated at 30°C with agitation for 5 

days. Optical density at 600 nm was collected each day to track the growth of P. 

cryohalolentis K5. 
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Media #1 Media #2 Media #3 Media #4 

NaCl 5 g 5 g 5 g 5 g 

Na2SO4 1.5 g 1.5 g 1.5 g 1.5 g 

CaCl2·2H2O 50 mg 50 mg 50 mg 50 mg 

MgSO4·7H2O 200 mg 200 mg 200 mg 200 mg 

K2HPO4 500 mg 500 mg 500 mg 500 mg 

FeSO4·7H2O 10 mg 10 mg 10 mg 10 mg 

NaOAc 10 g 10 g 10 g 10 g 

NH4Cl 270 mg 

   Leucine 

 

350 mg 
 

 Isoleucine 

 
 

350 mg 

 Valine 
 

 
 

380 mg 

     

Table 3. Media used to support P. cryohalolentis K5 growth for alcohols production 

study 

 

Medium chain alcohol production in P. cryohalolentis K5 cell 

The identification and quantification of alcohols produced by P. cryohalolentis K5 

cells in the supernatant were analyzed with the GC-FID method described in the Chapter 

I. All the culture supernatant was collected after 5 days incubation. Centrifugal filters 

(Amicon Ultra, Ultracel – 3K membrane) were used in order to remove any debris in the 

culture supernatants. The protocol for analysis utilized a wax column (HP-FFAP, 25 M, 

0.2 mm ID, 0.33 m df, Agilent Technologies, Santa Clara, CA). The program utilized a 

PTV temperature profile of 60 °C for 1 minute, with a 10 °C/min temperature ramp to 

240 °C for 7 minutes, while the oven temperature profile was 60 °C for 5 minute, with a 

10 °C/min temperature ramp to 220 °C for 5 minutes. A carrier gas of helium was 

utilized and run at a linear velocity of 30 cm/sec.  
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Results 

Lipid accumulation in P. cryohalolentis K5 cell 

 GC data was collected from all the lipid extraction samples (Figure 10). The Cell 

samples from 9 different cultures were collected and analyzed by GC-FID to quantify 

the accumulation of natural neutral lipid. Peaks with different retention times were 

observed from GC-FID results which are quantified based on the standard GC results 

from preliminary data. The result first confirmed the capability of different lipids 

accumulation in P. cryohalolentis K5 cells. In the first batch of growth with different 

nitrogen sources including nitrate, urea and ammonium, results showed that P. 

cryohalolentis K5 accumulated more lipids with ammonium added than the other two 

with the same growth conditions. In the second batch of growth, we differentiated the 

ratio of carbon and nitrogen quantity in the media. The results suggested that media#8 

which contains 250 mM of carbon from sodium citrate and 4 mM nitrogen from 

ammonium sulfate induced the highest total amount of natural neutral lipids. In addition, 

the removal of casamino acid helps the cell to accumulate more lipids. We also tested if 

the addition of bicarbonate in the media would help the accumulation of lipids. However, 

the bicarbonate did not improve but reduced the accumulation. Results also indicate that 

the C18 fatty acid is the major acid produced by P. cryohalolentis K5 cell. 
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Figure 10 GC-FID data of different lipids accumulation in the P. cryohalolentis K5 cell. 

The retention time of different lipids begins at 22 min and ends at 26 min. Different 

peaks indicate the different carbon chain length. Total peak area is used to quantify the 

lipids production. 
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P. cryohalolentis growth with different nitrogen source 

 With the confirmation of a functioning 2-ketoacid decarboxylase and alcohol 

dehydrogenase activity in P. cryohalolentis K5 cells during normal growth described in 

Chapter I, we sought to further study if the strain has the capability of producing 

alcohols based on feeding different amino acids. As an initial step, three amino acids 

including leucine, isoleucine and valine along with ammonium were used as the sole 

nitrogen sources separately to study the cell growth condition. OD600 measurements 

which indicated the cell density were analyzed each day after inoculation. The growth 

data is shown in figure 11. Results suggested that P. cryohalolentis K5 is able to grow 

normally with the feeding of leucine compared to the ammonium. The cell density will 

reach the same level as the culture with ammonium after 4 days incubation. However, P. 

cryohalolentis K5 appeared to have a much longer lag phase during the growth based on 

feeding isoleucine and valine. The result suggests that P. cryohalolentis K5 has an 

efficient leucine catabolic pathway which would be able to generate 

2-keto-4-methylpentanoate from the catalysis of 2-ketoacids decarboxylase. 
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Figure 11. P. cryohalolentis K5 growth data based on different nitrogen sources. OD600 

measurements were collected each day after inoculation. NH4 and leucine culture were 

diluted properly in order to obtain an absorbance measurements in the range from 0 to 1. 

 

Alcohol accumulation during P. cryohalolentis K5 growth in minimal media 

Based on the potential existence of a functioning 2-ketoacid decarboxylase in the 

cells of P. cryohalolentis K5 as well as the potential generation of 2-ketoacids in the 

amino acids catabolic pathway, further study of alcohols production during the growth 

was tested based on feeding the cells ammonium, leucine, isoleucine and valine as the 

nitrogen source. The supernatants of four cultures were collected after 5 days incubation 

and analyzed by GC-FID (Figure 12). In the two cultures which contain ammonium and 

leucine respectively, one compound which has the exact same retention time of 

3-methylbutanol was found in the supernatant. The results suggest P. cryohalolentis K5 

is capable of not only producing but also secreting alcohols during growth with either 

leucine or ammonium. In addition, results showed that the minimal media containing 

leucine resulted in lower cell growth but higher production of potential 

2-keto-4-methylpentanoate. In the other two cultures with isoleucine and valine, 
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GC-FID didn’t detect corresponding alcohols produced by this strain which may be due 

to the low cell density of cell when harvesting. 

 

Figure 12 GC-FID analysis data of 2-keto-4-methylpentanoate from different P. 

cryohalolentis K5 culture supernatant. Among four samples tested, only the cultures 

with the addition of ammonium or leucine were detected the generation of 

3-methylbutanol. 

  



 

45 

Discussion 

 Biodiesel is a renewable alternative to petroleum-based diesel fuel and is composed 

of fatty acid methyl and ethyl esters. Wax Synthases are the enzymes able to catalyze the 

esterification of fatty acids and ethanol to synthesize Fatty acid ethyl esters. In the study 

to identify and quantify different neutral lipids accumulated in P. cryohalolentis K5 cells, 

we found that the strain is capable of accumulating fatty acids with a chain length of 

mainly 18 carbon atoms. The experimental results in our lab indicate P. cryohalolentis 

K5 can produce wax esters predominantly with a fatty alcohol composition that was >90% 

derived from C18-based alcohols. 

 Different batches of growth data suggested that, for the highest production of neutral 

lipids, ammonium would be the best nitrogen source for the P. cryohalolentis K5 

compared to urea and nitrate. 4 mM of ammonium and 250 mM of sodium acetate in the 

media can support the strain to reach the highest accumulation of lipids by cell density. 

In addition, with some unknown effect, the addition of casamino acid into the culture 

reduced the lipids production of P. cryohalolentis K5. 

 Due to the low temperature and high salt adapted characteristics of P. cryohalolentis 

along with its capability of producing wax esters, this strain would be a great candidate 

for wax esters production in environments which are not suitable for other 

microorganisms reported to be wax esters producers, for example, Acinetobacter baylyi 

and Marinobacter aquaeolei 
32,44

. 

 The study of efficient ways to produce medium chain or branched chain alcohols as 

another alternative of the energy stock that is being focused on by researchers currently 

14
. In the study of alcohols production in P. cryohalolentis K5 culture, we confirmed the 
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production of 2-keto-4-methylpentanoate in the cultures based on ammonium and 

leucine as the nitrogen source. In addition, 2-keto-4-methylpentanoate was found in the 

supernatant which suggest excretion of alcohols from cells. Since we have confirmed the 

activities of 2-ketoacid decarboxylase and alcohol dehydrogenase, the production of 

3-methylbutanol is potentially initiated by a leucine dehydrogenase or a leucine 

transaminase which results in the generation of 2-keto-4-methylpentanoate 

(4-methyl-2-oxopentanoate). However, we could not confirm that the 2-ketoacid 

decarboxylase characterized in Chapter I is the only potential pathway to alcohol 

production since gene knock-out studies in P. cryohalolentis K5 have not yet been 

successful. However, the production of 3-methylbutanol suggests that this strain has the 

potential to be used in various applications for the production of different bioproducts. 

 On the other aspect, the characteristic of efficient amino acid catabolic pathway and 

alcohol production is quite similar to the characteristic of some bacteria used in the 

fermented food industry. The application of Lactococcus in cheese making is an example 

which has been utilized by human many centuries ago 
12

. In addition, previous study 

from other researchers reported three other strains of Psychrobacter (P. cibarius, P. 

alimentarius and P. jeotgali) were isolated from several types of Korean fermented 

seafood and these strains are able to grow anaerobically 
24,45,46

. All this information 

above supports the potential application of different Psychrobacter strains in the food 

industry. 
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Chapter III 

Construction of an Artificial Symbiotic System between Specific Algae and Azotobacter 

vinelandii 

Overview 

Algae are viewed as an ideal candidate for next generation biofuels. Our lab is 

investigating potential compounds to serve as shuttles of nutrients between algae and 

bacteria. Algae are capable of utilizing a broad range of nitrogen sources including 

proteins. We are focusing on the potential to use siderophores as a nitrogen shuttle. 

Azotobacter vinelandii was selected for its nitrogen-fixing ability. During growth, A. 

vinelandii excretes a high amount of siderophores which transport certain metal ions into 

the cell. Azotobactin, a specific siderophore, has a short peptide chain and contains a 

significant percentage of nitrogen. Several strains of Algae have been isolated which can 

utilize the azotobactin as the nitrogen source. We also manipulated the growth condition 

for A. vinelandii to have high yield of azotobactin. 

  



 

48 

Introduction 

Over the past 50 years, the world's population has more than doubled which resulted 

in a large increase in primary energy consumption, particularly in the use of fuel-derived 

energy. In 2010, world primary energy consumption grew by 5.6%, the largest 

percentage growth in almost 40 years. The energy consumption is expected to 

continuously increase as the world's population will increase by an additional 1.4 billion 

people by 2030. These increases will put great pressure on the limited supply of 

fuel-derived energy. In addition, fuel-based environmental impacts such as climate 

change and the rising cost of energy and food will occur in the near future. All of these 

force humankind to search for alternative and renewable sources of energy. 

Photosynthetic organisms such as higher plants, algae, and cyanobacteria are 

capable of using sunlight and carbon dioxide to produce a variety of organic molecules, 

particularly carbohydrates and lipids. These biomolecules can be used to generate 

biofuels 
47

. In recent years, algae have become a focus in biofuels research. These 

photosynthetic organisms are known to produce oils, can be cultivated in both salt and 

waste water, do not compete with common food resources and are efficient using water 

and fertilizers for growth. Algae can tolerate and adapt to a variety of environmental 

conditions, and are also able to produce several different types of biofuels. However, 

there are still too many problems in the application of algae biofuels including yield and 

cultivation cost. One of the problems is the high cost of nitrogen for the algae 

cultivation. 

Besides the potential application in biofuel production, algae are capable of fixing 

carbon dioxide in the atmosphere which can be another great benefit 
48

. It is commonly 



 

49 

known that the carbon dioxide accumulation due to the human activity has already 

caused great impact on the earth climate. Thus, large amount of algae cultivation could 

help reduce the carbon dioxide level in the Earth atmosphere. 

Nitrogen fixation, the enzymatic reduction of nitrogen gas to ammonia by 

nitrogenases, plays an important role in the Earth’s ecosystems. Azotobacter vinelandii is 

a Gram-negative, free-living, nitrogen-fixing bacterium which produces nitrogenase. 

Due to the need of several metals including Fe, Mo and V for the nitrogenase to function, 

Azotobacter vinelandii is capable of secreting special compounds called siderophores 

with potent metal ion binding abilities to enable metal uptake for the activation of 

nitrogenase. Various types of siderophores have been discovered and reported in 

Gram-negative bacteria 
49,50

. Azotobacter vinelandii produces two types of siderophores. 

Catechol siderophores are used for the uptake of Mo and V, in addition to Fe 
51,52

. Under 

diazotrophic growth, Azotobacter vinelandii releases compounds such as the 

tris-catechol protochelin and the bis-catechol azotochelin which bind MoO4
2-

 and VO4
3-

 

in strong complexes 
53

. These complexes are then taken up through regulated transport 

systems. In addition to catechol siderophores, Azotobacter vinelandii releases the 

pyoverdine-like siderophore azotobactin, which is also produced by other Azotobacter 

strains 
54–56

. Catechol siderophores are usually released by Azotobacter vinelandii under 

a variety of conditions but azotobactin can be released only under severe Fe limitation 
53

. 

Pyoverdine-like azotobactin is composed of a peptide backbone and a chromophore 

component 
57

. The chromophore of azotobactin has unique optical properties and has 

specific absorbance and fluorescence at 380 and 420 nm, respectively 
55,56

. In mass 

weight, the azotobactin contains ~15% N which can be a potential nitrogen source 
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compound for other microorganism, for example, algae. 

Previous study in our lab revealed the capability of utilizing proteins as a nitrogen 

source of several algae strains which indicated these algae strains can break down long 

chain peptides and utilize amino acids for growth. This discovery is a strong support that 

algae might have the ability to utilize short peptide chains in the structure of azotobactin. 

On the other hand, sugars and several trace elements are enough to support the growth of 

Azotobacter vinelandii. Several certain algae strains have been confirmed to excrete 

sugars during normal growth. All these premises lead to a potential symbiosis of 

Azotobacter vinelandii and algae cells based on their capability of carbon or nitrogen 

fixing and excreting. 

In this study, we focused on the isolation of the algae strains which are capable of 

utilizing siderophores produced by A. vinelandii, the feasibility of cultivating algae with 

A. vinelandii and the optimization of siderophores production, especially azotobactin, in 

A. vinelandii culture. 
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Materials and Methods 

Bacterial strains and growth conditions 

 Azotobacter vinelandii Trans cells were aerobically grown in modified Burk’s 

medium (20 g/l sucrose, 100 mg/l MgSO4·7H2O, 50 mg/l CaCl2·2H2O, 100 mg/l 

KH2PO4, 400 mg/l K2HPO4, 3 mg/l Urea) for inducing siderophores production at 30˚C 

with agitation of 200 rpm. No Fe source was added into the media. 

 

Siderophores purification from Azotobacter vinelandii culture 

 1 Liter of A. vinelandii Trans culture described above was collected after 3 days 

incubation. The culture was centrifuged with 7000 rpm by using Avanti® J-E centrifuge 

(Beckman Coulter, Catalog # 369001) for collecting supernatant which was further 

filtered by Bottle Top Filters (NALGENE Filterware, Catalog # 295-4545) to remove 

cells and cell debris. The filtered supernatant was loaded onto a Q-sepharose column (10 

cm in length, 3 cm in diameter) for purification. The column with sample loaded was 

washed by phosphate buffer with low salt concentration (50 mM phosphate, 100mM 

NaCl) twice to remove sugar and urea left in the supernatant. Then high salt 

concentration phosphate buffer (50 mM phosphate, 1M NaCl) was used to elute the 

siderophores bound on the column. The siderophores were concentrated into 5~10 ml 

solution. The existence of azotobactin and chatechol siderophores was analyzed 

spectrophotometrically with 380nm and 420nm wavelength light. Purified azotobactin 

sample was kept in darkness at 4˚C for further use. 
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Isolation of azotobactin utilizing algae strains 

 Modified seawater agar plate which contains the purified siderophores as the only 

nitrogen source was used for strain isolation. Different algae strains were streaked on the 

modified seawater agar plate and incubated under room temperature on the light table 

which provided light on each plate evenly 12 hours per day. A single colony of each 

algae strain grown on the plate was transferred onto a new modified seawater agar plate 

and incubated under the same condition. The second step of incubation was to exclude 

the cells which were utilizing stored nitrogen instead of siderophores for growth. 

 

The co-culture of Scenedesmus sp. BA032 and A. vinelandii 

 The co-culture media was derived from the modified Burk’s medium and freshwater 

algae media (Sucrose 10 g, MgSO4 0.1 g, CaCl2 40 mg, NaCl 25 mg, KH2PO4 250mg, 

K2HPO4 250mg, CuCl2 0.015mg). All nitrogen sources were removed or replaced to 

ensure the S. BA032 would only utilize the nitrogen excreted by A. vinelandii. A. 

vinelandii cell was inoculated into media 2 days prior than the inoculation of BA032 to 

ensure the availability of azotobactin for S. sp. BA032. FeSO4 is added into the media in 

different batch in order to study the growth and siderophore accumulation in different 

condition. 

 

The effect of MoO4
2-

, Zn
2+

 and Fe
3+

 on the production of siderophores 

 The Azotobacter vinelandii Trans was inoculated into the modified Burk’s medium 

(20 g/l sucrose, 100 mg/l MgSO4·7H2O, 50 mg/l CaCl2·2H2O, 100 mg/l KH2PO4, 400 

mg/l K2HPO4) with the addition of different amount of Na2MoO4 and ZnCl2. We tested 
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the concentrations of Na2MoO4 at10 M, 20 M and 40 M as well as ZnCl2 in 50 mM 

cultures. After collecting the data from first batch of growth, another parallel experiment 

was added which has 20 M Na2MoO4, 20 M ZnCl2 and 0.4 M FeSO4. For all the 

growth culture, optical density at 600nm was collected after 3 days in order to track the 

cell density. For all the supernatant from each growth culture, optical density at 420nm 

and 380nm were collected after 3 days in order to track the production of azotobactin 

and catechol siderophores. 

 

The cell growth of Scenedesmus sp. BA032 in various A. vinelandii culture based on 

different concentration of molybdenum, zinc 

 The media is the same as described above and the A. vinelandii cell was inoculated 

into the media 3 days before the inoculation of S. sp. BA032. Each culture with total 

value of 50 ml was placed on a shaker table with even light 12 hours per day. The cell 

counting of algae cells was recorded each day after the inoculation of S. sp. BA032. 

 

Co-culture of siderophores production deficient A. vinelandii strains with S. sp. 

BA032 

 In order to study if azotobactin or catechol siderophores can be utilized by S. sp. 

BA032, two siderophore production deficient strains of A. vinelandii were constructed by 

gene knockout. A. vinelandii SIDK3 was knocked out to eliminate the capability of 

producing catechol siderophores and A. vinelandii SIDK9 was knocked out to eliminate 

the capability of producing catechol siderophores. (The genetic engineering work on 

both mutated strains was done by Erin Ray, technician in Barney’s lab) Two modified 
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strains along with the wild type strain were further grown with S. sp. BA032 to study the 

key compound which can support the growth of algae. 
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Results 

Isolation of algae strains capable of utilizing siderophores 

 Various algae strains in our lab were inoculated separately onto the siderophores 

containing agar plate. After two weeks, three algae strains, S. sp. BA032, S. sp. BA034 

and Neochloris oleoabundans, formed colonies on the agar plate. A single colony of 

each of these three algae strains was re-streaked onto a new siderophores containing agar 

plate and incubated for another two weeks. After the second cultivation, only S. sp. 

BA032 and Neochloris oleoabundans formed colonies. 

 

The feasibility of co-culture of Algae and A. vinelandii 

We combined the siderophore inducing media with the algae freshwater media and 

removed all nitrogen sources in the recipe. We first incubated the A. vinelandii for 2 days 

in order to let the cell produce certain amount of siderophores which were excreted and 

accumulated in the media. Second, we inoculated the two algae strains including S. sp. 

BA032 and Neochloris oleoabundans into this culture and tracked the cell number every 

day after inoculation (Figure 13). The results indicated that the S. sp. BA032 was capable 

of utilizing the siderophores produced by A. vinelandii while the Neochloris 

oleoabundans could not grow in the liquid culture. 
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Figure 13. Cell counting of BA032 after inoculated into different A. vinelandii cultures. 

Cell counting chamber was used each day after the inoculation of algae strains to obtain 

the algae cell number per milliliter. 

 

The study of optimal media for azotobactin production 

In order to make this co-culture contain a sufficient nitrogen source to support the 

growth of algae, media components were studied and optimized to induce the 

siderophore production efficiency of A. vinelandii. Since the siderophores produced by A. 

vinelandii can be also recycled by the A. vinelandii cell which will result in the reduction 

of nitrogen source in the media. Control of the density of A. vinelandii while azotobactin 

is produced would be a very important point to increase the partition of the desired 

product. Previous reports indicated that, besides the Iron, the Zinc and Molybdenum 

element would all affect the production of azotobactin. In our study, different amount of 

ZnCl2, Na2MoO4 and FeSO4 were tested in the co-culture media to investigate the 

growth and siderophore production of A. vinelandii. 
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Figure 14. The optical density of azotobactin (OD420), catechol siderophores (OD310) and 

cell density (OD600) in different A. vinelandii culture after 3-day incubation. No Zn
2+

, 

MoO4
2-

 and Fe
2+

 was added into normal media which resulted in the highest cell density. 

 

Metal ions added 
Azotobactin 

(OD420) 

Cell density 

(OD600) 

Azotobactin : Cell density 

(OD420 : OD600) 

0 M Zn & Mo 0.62 10.99 0.06 

10 M Zn & Mo 0.03 0.01 3.00 

20 M Zn & Mo 0.39 0.11 3.55 

40 M Zn & Mo 0.36 1.68 0.21 

20 M Zn & Mo, 0.4M Fe 0.25 0.06 4.17 

 

Table 4. Effect of Zn
2+

, MoO4
2-

 and Fe
2+

 elements on azotobactin production efficiency. 

The ratio of azotobactin and cell density was calculated based on the measurement of 

optical density. Although there is highest amount of azotobactin in the normal media, the 

azotobacin production efficiency is not the highest due to the large cell density. 
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According to the siderophores production data, the normal media with 20M of 

ZnCl2, Na2MoO4 and 0.4M FeSO4 showed highest efficiency of azotobactin production 

due to its highest ratio of azotobactin and cell density. Based on the purpose of creating a 

more suitable environment for algae growth, the addition of 20M of ZnCl2, Na2MoO4 

and 0.4M FeSO4 is preferred. This media not only can induce the A. vineladii to 

produce high amount of azotobactin per cell but also contained the important Fe
3+

 which 

is needed by algae. 

 

Cell growth of S. sp. BA032 in different A. vinelandii culture 

In order to study the cell growth of S. sp. BA032 in different A. vinelandii cultures 

we tested in previous experiments, we inoculated the BA032 cell into 3-day 

pre-incubated A. vinelandii cultures as mentioned above. Cell counting was used to track 

the growth condition of BA032. Result shows that the S. sp. BA032 cell grew more 

rapidly with the addition of 20M of ZnCl2, Na2MoO4 and 0.4M Fe2(SO4)3 than other 

medias. 
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Figure 15. Effect of different initial A. vineliandii culture on the growth of S. sp. BA032 

 

Co-culture of S. sp. BA032 with engineered A. vinelandii cell 

 In order to search for the key siderophores excreted by A. vinelandii cell which 

supported the growth of S. sp. BA032, two engineered A. vinelandii strains were used in 

this study. A. vinelandii SIDK3 was knocked out the gene regulating the production of 

catechol siderophores and A. vinelandii SIDK9 was knocked out the gene regulating the 

producing catechol siderophores. The growth condition was the same as described above. 

The S. sp. BA032 cell was inoculated after 2 days of incubation of A.vinelandii culture. 

The growth result is shown in table 5. Due to the fact that the S. sp. BA032 could only 

grow with the existence of azotobactin, it is suggested that the azotobactin is the key 

siderophore which can be utilized as the nitrogen source by S. sp. BA032. 
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A. vinelandii cell in co-culture Observation of S. BA032 cell 

Wild type A.vinelandii Growth of BA032 

pPCRSIDK3 Growth of BA032 

pPCRSIDK9 No growth of BA032 

 

Table 5. The co-culture growth result of S. sp. BA032 cell with three A. vinelandii strains 

including wild type strain, catechol siderophores deficient strain and azotobactin 

deficient strain. 
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Discussion 

 In this study, we first revealed the feasibility of growing certain algae strains based 

on feeding siderophores as the sole nitrogen source. Two strains were isolated from 

siderophore agar plate cultures. The isolated strains were S. sp. BA032 and Neochloris 

oleoabundans. However, once we transferred these two strains into modified liquid 

culture which contained Azotobacter vinelandii cells and siderophores, only S. sp. 

BA032 showed growth after inoculation. The growth of Neochloris oleoabundans could 

be affected by the cell density of A. vinelandii cells or certain unknown compounds 

excreted by A. vinelandii. As a positive result for the growth of S. sp. BA032, we further 

confirmed the feasibility of growing S. sp. BA032 in the pre-inoculated A. vinelandii 

culture. This discovery shows the potential to achieve a symbiotic system composed of 

algae and Azotobacter. Further strain manipulation or evolution may be required for 

optimization. 

 In order to improve the growth of siderophore utilizing algae strains, more 

siderophore production from A. vinelandii would support the growth of algae in theory. 

Thus, we studied the metal ion effect on the production of siderophores. In the Mo 

abundant and Fe limited culture, the A. vinelandii dramatically reduced the production of 

catechol siderophores. This might be due to the function of catechol siderophores which 

were reported mostly used for the uptake of Mo and V. Besides, the addition of Zn 

increased the production of azotobactin and slowed the cell growth. This might be due to 

that the Fe can activate nitrogenase while the Zn cannot, but the azotobactin would bind 

both metal ion which disrupted the function of nitrogenase 
58

. 

 Based on the modified siderophores inducing media, we found that the S. sp. BA032 
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grew fastest in the culture which contained highest amount of azotobactin caused by 

adding 20 M of ZnCl2 and Na2MoO4. This result suggested that a better symbiotic 

system consists of algae and Azotobacter can be improved by manipulating the 

Azotoabcter strains to produce more azotobactin which will support the algae growth. 
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