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A B S T R A C T

Plant growth-promoting bacteria, such as Azospirillum brasilense, have the potential to significantly increase algal
growth rates through a variety of mechanisms including the production of indole-3-acetic acid, an auxin hor-
mone. A. brasilense promotion of growth in Chlorella sorokiniana is well-established for co-cultures suspended in
alginate bead structures, however, its impacts on other types of green algae grown in suspended cultures is not
well-understood. The objective of this research was to determine the impact of A. brasilense and indole-3-acetic
acid on growth promotion and energy storage product accumulation in suspended cultures of C. sorokiniana and
Auxenochlorella protothecoides. Suspended cultures were grown in lab-scale photobioreactors under the following
conditions: algae grown on chemical medium (control), in co-culture with A. brasilense, chemical medium
supplemented with exogenous indole-3-acetic acid, and algae grown on spent medium from A. brasilense. The
results showed that co-cultures and exogenous indole-3-acetic acid stimulated growth in both algae types but the
effect was stronger in C. sorokiniana. These same treatments also suppressed neutral lipids (particularly tria-
cylglycerol) and starch during exponential growth of C. sorokiniana. Indole-3-acetic acid and co-cultures sup-
pressed starch in A. protothecoides. Spent medium resulted in slight growth promotion in C. sorokiniana but
significant growth suppression in A. protothecoides. It also led to significantly different compositional changes
compared to using live A. brasilense, indicating that bioactive constituents in A. brasilense secretions are transient
or that physical cell attachment is important for ensuring adequate mass transfer of these constituents. Overall,
the findings suggest that indole-3-acetic acid and live A. brasilense mobilize cellular energy resources for growth.

1. Introduction

As a renewable feedstock, microalgae have advantages over other
food crops in terms of their rapid growth rate and ability to produce
neutral lipids, starch, and protein [1,2]. Compared to other plants,
algae can grow on freshwater, saltwater, and wastewater as well as use
non-arable land. Consequently, algae have been considered as a source
of biofuels [3], biofertilizers [4], and animal feed [5]. Among micro-
algae, Chlorella sorokiniana [6] and Auxenochlorella protothecoides [7]
have attracted attention for their high productivity, ability to grow on
wastewater [8,9], and their ability to accumulate energy storage pro-
ducts: namely starch and triacylglycerol [10–12].

Despite the advantages of microalgae, they are currently commer-
cially viable only as a feedstock for high-value product synthesis or as
aquaculture feed. High capital investments in particular have hindered
algal biofuel production and studies have shown that increasing growth

rates and lipid content are the most crucial factors in reducing biofuel
costs [13]. Co-culturing algae with bacteria has been explored as a
means of increasing algal growth rates [12,14] and the production of
biofuel precursors [15]. Bacterial promotion of algal growth can occur
via a range of mechanisms including synthesis of vitamin cofactors
[16–18], exchange of carbon dioxide and oxygen [19,20], and through
production of hormones [14,21].

As a well-studied example, Azospirillum brasilense is a plant growth-
promoting bacteria (PGPB) that has also been found to enhance algal
growth [22]. A. brasilense produces the auxin hormone, indole-3-acetic
acid (IAA), which has been found to stimulate growth in C. sorokiniana
[14]. Energy reserves such as neutral lipids and starch are of particular
interest given their value as biofuel precursors [23]. Additionally, in the
studies that have investigated lipids and starch production by algae in
the presence of PGPB [24–27], nearly all of these studies have focused
on cells that were immobilized in alginate beads. Moreover, analyses of
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lipids in the above studies have focused on total crude lipid as opposed
to the more industrially-relevant neutral lipids. Past studies have sug-
gested that A. brasilense and IAA increase crude lipid content, alter the
fatty acid profile, and increase starch content under specific conditions
[24–27]. While it is well-established that A. brasilense and IAA can
promote the growth of certain algae strains, there has been a lack of
systematic investigation of their impact on energy storage reserves in
algae. The objective of this research was to determine the impact of A.
brasilense and IAA on growth promotion and energy storage product
accumulation in suspended cultures of C. sorokiniana and A. proto-
thecoides. Based on research by others, we initially hypothesized that A.
brasilense and IAA would simultaneously increase growth and accu-
mulation of energy storage products. However, we show here that there
is an apparent tradeoff whereby A. brasilense and IAA promote algal
growth at the expense of storage products.

2. Materials and methods

2.1. Experimental plan

C. sorokiniana (UTEX 2714) and A. protothecoides (UTEX 2341) were
chosen as the model strains in this study for the aforementioned in-
dustrial relevance of these species. Moreover, interactions between C.
sorokiniana and A. brasilense have already been studied by others [28],
providing a comparative foundation upon which we build. A. proto-
thecoides has never been studied, to our knowledge, in association with
A. brasilense. Within each algae strain, the experiment contained an
axenic algae control group cultured on chemical N8 medium (C. sor-
okiniana) or N8-NH4 medium (A. protothecoides). Experimental treat-
ments consisted of co-cultures with live A. brasilense Cd [14], axenic
algae dosed with IAA, and axenic algae cultured on spent medium from
A. brasilense. To prepare the spent medium, A. brasilense was cultured
for 96 h in bottles filled with N8 (C. sorokiniana experiments) or N8-
NH4 medium (A. protothecoides experiments) supplemented with 1 g/L
malate. The malate concentration was measured by HPLC using an
Aminex 87H column using a previously-published method [12] to
verify that all malate was consumed by the end of the culture period.
Spent medium was checked for its nitrogen content by ion chromato-
graphy and re-supplemented to restore it to the level found in the
control medium. The pH was also re-adjusted to 7.2 with 3 M NaOH or
HCl and then the spent medium was sterile filtered (0.2 μm). To add
exogenous IAA to cultures, IAA was first dissolved in ethanol (100 mg/
mL) and then added directly to the culture medium to achieve the de-
sired IAA concentration. In separate experiments, we tested the impact
of this small amount of ethanol and found it had no detectable effect on
the growth of C. sorokiniana. Exogenous IAA was added to C. sor-
okiniana cultures at 50 mg/L because this concentration had previously
been used successfully with this strain by Palacios et al. [27]. We
confirmed that 50 mg/L IAA was appropriate for C. sorokiniana by
running a dose-response experiment at 0, 25, 50, and 100 mg/L IAA.
The result showed that 50 mg/L had slightly higher initial growth rates
than the other levels (Fig. S1). The effect of 50 mg/L IAA was also tested
with C. sorokiniana at different inoculation densities (105–107 cells/mL)
and we observed faster growth in the presence of IAA in all cases (Fig.
S1). In order to determine the appropriate exogenous IAA concentration
for A. protothecoides, dose response experiments were carried out with
IAA concentrations ranging from 0 to 50 mg/L. The optimal IAA con-
centration of 3.1 mg/L was used in subsequent experiments (Fig. S1).
All experiments were conducted on batch cultures which were partially
harvested at 72 h and again at 120 h which generally reflected late
exponential and late log-phase of culture growth, respectively. All ex-
perimental controls and treatments were carried out in biological tri-
plicate.

2.2. Algae and bacteria cultivation

Freezer stock of A. brasilense were resuscitated and pre-cultured in
liquid LB media at 30 °C for ~24 h prior to co-inoculation. Cells were
harvested by centrifugation (4696 ×g) for 5–10 min and the pellet was
resuspended in sterile DI water. Optical density at 550 nm was used to
quantify the cell density e.g. OD 0.05 = 107 cells/mL and appropriate
volume was added to reactors to achieve a starting culture density of
~107 cells/mL.

Algae were initially plated and selected colonies were pre-cultured
in 1 L bottles with N8 medium [11] for C. sorokiniana and N8-NH4

medium for A. protothecoides [12]. Pre-cultures were checked for con-
tamination by plating on rich ATCC No. 5 sporulation agar [29]. Pre-
cultures were grown to a density of OD 0.2 at 550 nm (~107 cells/mL),
then settled overnight to concentrate. The algae slurry was further
concentrated through centrifugation at 4,696 ×g for 5 min and the
medium was decanted. The concentrated cells were used to inoculate
300 mL hybridization tubes filled to 200 mL with fresh medium. The
target inoculation density for algae was 107 cells/mL (OD ~0.2). In co-
cultures, this yielded an inoculation ratio of roughly 1:1 with A. brasi-
lense. Light microscopy images taken shortly after co-inoculation re-
vealed that the true ratio of A. brasilence to algae may have exceeded
the targeted 1:1 ratio (Fig. S2). Illumination (170 μmol photons/m2/s
on a 14 h:10 h light-dark cycle) was provided by T5 growth lamps
oriented horizontally and reactors were suspended in a 28 °C water
bath. The pH was adjusted and maintained at 7.2 in all reactors with
3 M NaOH on a daily basis as needed. Sterile-filtered air (100 mL/min)
was supplied to each reactor with supplementation of 2% CO2 v/v.
Reactors were stirred at 150 rpm. All cultures were handled in a bio-
safety cabinet using sterile technique.

The algae growth rate was determined through daily measurement
of optical density at 550 nm. Thereafter, cells were removed from the
sample by filtration (0.2 μm) and media samples were retained for
analysis by subsequently-described liquid chromatography methods. At
72 h and 120 h ~80 mL of the cultures were harvested for detailed
biomass composition analysis. Cells were washed and freeze dried as
previously described [12].

2.3. DNA extraction and quantitative PCR to determine A. brasilense
abundance in co-cultures

Quantitative PCR was utilized to determine the abundance of A.
brasilense in co-culture biomass. This approach has previously been
used to quantify E. coli in co-culture biomass [12]. Briefly, known
quantities of freeze-dried co-culture biomass were re-suspended in
dH2O. Genomic DNA was extracted using the FastDNA Spin Kit (MP
Biomedicals), using the bacterial lysis buffer as described in the man-
ufacturer's instructions. The DNA concentration was determined by
measuring the optical density at 254 nm. Known quantities of pure A.
brasilense biomass were also used for DNA extraction and were serially
diluted 10-fold to create a standard curve for qPCR. Primers were de-
signed to amplify a specific segment of the 16S rRNA gene found in A.
brasilense. In order to select primers that would be nearly universal
across strains of A. brasilense, we aligned 16S rRNA gene sequences
across five strains of A. brasilense using Geneious Software v. 11.0.3. We
selected regions that were conserved within A. brasilense but that still
lie on a hypervariable region of the 16S rRNA gene. The resulting pri-
mers were tested in BLAST to check for specificity to A. brasilense. The
selected forward primer (5′-CTACCGCCAGTTGCCATCATT-3′) and re-
verse primer (5′-CTTCGCATCCCACTGTCACC-3′) amplify a 150 base
portion of the A. brasilense 16S rRNA gene. They are located on hy-
pervariable regions V7 and V8 of the 16S rRNA gene, respectively [30].

Quantitative PCR was carried out on a qTower3 instrument
(Analytic Jena) using SYBR detection. The PerfeCTa SYBR Green
FastMix (QuantaBio) and 0.5 μM of forward and reverse primers were
used in a 20 μL` reaction volume. Polymerase was activated for 10 min
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at 95 °C and thermocycling was carried out for 40 cycles as follows: 15 s
at 95 °C, 15 s at 55 °C, and 30 s at 72 °C. A melt curve was obtained by
reading fluorescence as the temperature ramped from 72 °C to 95 °C. A
standard curve was generated from dilutions of pure A. brasilense DNA
extracts and used to quantify the amount of A. brasilense DNA in co-
cultures. This amount of DNA was then correlated to total A. brasilense
biomass quantity based on known quantities of pure cultures from
which DNA was extracted as previously described [12].

2.4. IAA analysis by liquid chromatography and mass spectrometry (LCMS)

IAA was analyzed using high pressure liquid chromatography-elec-
trospray ionization-mass spectrometry HPLC-ESI-MS on an LCMS 2020
(Shimadzu). The HPLC system was equipped with a Thermo
PolarAcclaim II C18 Column (3 × 150 mm, 3 μm particles) maintained
in a 30 °C oven. Mobile phases A (95% 1 g/L ammonium acetate in
Nanopure water, pH 5.0, 5% methanol) and B (100% methanol), were
used in a gradient method with a flow rate of 0.5 m`L/min. The fol-
lowing gradient was used: 0% phase B for 1 min, ramp to 90% B from 1
to 7 min, hold B at 90% for 3 min, ramp back to 0% B from 10 to
11 min, and hold 0% B for 4 min. The mass spectrometer was initially
run in positive ion ESI scan mode to confirm the dominant ions. These
included m/z of 176 (H+ adduct) and 214 (K+ adduct) using a pure IAA
standard in algal N8 medium. Subsequently, selective ion monitoring
was used at m/z 214. The injection volume was 10 μL. Peak integration
was carried out using LabSolutions software (Shimadzu).

2.5. Lipid analysis

Lipids were extracted from freeze-dried biomass using a modified
Folch method as described previously [12]. The conventional gravi-
metric method [31] was conducted for total lipid content. The neutral
lipid content was performed by adding Nile Red dye to lipid extracts
followed by bleach to destroy the pigments according to Higgins et al.
[10] with the updates described in Wang et al. [32]. Canola oil was
used as a standard. Thin layer chromatography (TLC) was also used on
select samples to qualitatively analyze the lipid profile with a particular
focus on triacylglycerol content. The TLC conditions have been de-
scribed previously [10].

2.6. Chlorophyll analysis

Chloroform extracts from the modified Folch method were diluted
10-fold in acetone and absorbance was measured at wavelengths 645
and 663 nm. Chlorophyll a and b concentrations were then calculated
using the following equations per Porra et al. [33]:

= − − −Chl a (μg/mL) 12.25(A663 A750) 2.55(A645 A750) (1)

= − − −Chl b (μg/mL) 20.31(A645 A750) 4.91(A663 A750) (2)

2.7. Starch and cell wall analysis

After lipid extraction, the resulting cell pellet was washed 3 times
with acetone and 3 times with water to remove residual soluble ma-
terials. The pellet was freeze dried and pulverized before undergoing
enzymatic starch hydrolysis as described previously [12]. Briefly, an
enzyme solution containing 100 mM acetate buffer, pH 5, 0.04% w/v
sodium azide, 15 U/mL α-amylase and 6 U/mL α-amiloglucosidase was
prepared. Starch was gelatinized and incubated in the enzyme cocktail
overnight at 37 °C to convert starch into glucose. The digested samples
were centrifuged at 12,000 ×g for 10 min and the supernatant was
recovered. A dinitrosalicylic acid (DNS) reducing sugar assay was used
to measure the concentration of released glucose in the supernatant
using glucose as a standard as previously described [12]. The enzyme
blank was subtracted from the final results. The starch content was

calculated by multiplying the glucose content by 0.9. The cell wall
pellet (post starch digestion) was washed twice with dH2O, freeze dried,
and weighed.

2.8. Nitrogen and protein analysis

Nitrogen content and soluble protein content of the algal biomass
were analyzed using a previously-described method [15]. Briefly,
1.5 mg freeze-dried algae was resuspended in 1.5 mL dH2O and bead
homogenized using a Beadruptor (OMNI). The HACH total nitrogen
assay was performed on a portion of the resulting slurry per the man-
ufacturer's instructions. Total nitrogen content was converted to crude
protein content using a multiplication factor of 4.6 per Cole et al. [5]. In
addition to a total nitrogen assay to measure crude protein, soluble
protein was extracted and assayed using the bicinchonic acid (BCA)
protein assay [15] with bovine serum albumin as the standard. To ac-
complish this, an SDS buffer (150 mM sodium phosphate buffer ad-
justed to pH 7, 3 mM disodium EDTA, 0.3% SDS, 0.3% Triton X-100)
was added to the homogenized slurry and underwent additional
homogenization to extract soluble proteins. The BCA protein assay was
carried out per the manufacturer's instructions and A562 was measured
using a plate reader.

2.9. Ion chromatography for soluble nutrient analysis

Cation and anion chromatography were carried out using methods
described in Chaump et al. [34]. Briefly, CS12 and AS22 columns
(4 × 250 mm, Dionex) were used for cation and anion separation, re-
spectively. ERS500 suppressors were used to reduce background noise
and detection was carried out using a conductivity detector. Anion
standards included chloride, nitrite, nitrate, phosphate, and sulfate.
Cation standards included sodium, ammonium, potassium, magnesium,
and calcium.

2.10. Statistical analysis

Statistical analysis was carried out in R (version 3.1.1) using the
‘car’ and ‘agricolae’ packages. ANOVA and Tukey's HSD tests were used
for comparison across treatments. The Levene's test was used to check
for violations of variance homogeneity before using ANOVA.

3. Results

3.1. Impacts of A. brasilense and indole-3-acetic acid on algal growth

Experiments were conducted with C. sorokiniana and A. proto-
thecoides to determine the impact of live A. brasilense cells, exogenous
IAA, and secretions of A. brasilense on algal growth. A. brasilense se-
cretions in spent media and exogenous IAA (50 mg/L) stimulated
growth in C. sorokiniana but to a lesser extent than live A. brasilense
(Fig. 1). The co-culture group had 90% greater total growth, and exo-
genous IAA led to 30% greater growth in C. sorokiniana compared to
control cultures. A. protothecoides was less responsive to live A. brasi-
lense and exogenous IAA than C. sorokiniana. Co-culture growth was
roughly 11% higher than the control after both 72 h and 120 h although
only the former was statistically significant (p = 0.01). A. protothecoides
was also much more sensitive to IAA than C. sorokiniana with an op-
timal exogenous dose of only 3.1 mg/L based on a dose response ex-
periment (Fig. S1). An early experiment in which 50 mg/L of IAA was
used resulted in complete culture death (Fig. S3). Spent medium led to
significant growth suppression in A. protothecoides (p < 0.001) which
subsided after 120 h.
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3.2. A. brasilense represented a small and decreasing fraction of biomass in
co-cultures

It is not clear from the growth curve alone whether the additional
biomass growth in co-cultures is an additive contribution from A. bra-
silense or if the bacteria promote algal growth. Thus, quantification of A.
brasilense within the co-culture was carried out using qPCR to better
understand its contribution to total biomass. After 72 h, 5.7% of co-
culture biomass was A. brasilense in C. sorokiniana cultures and this
level declined to 1.3% of biomass after 120 h. In A. protothecoides co-
cultures, 0.6% of biomass was A. brasilense at 72 h and this level de-
clined to only 0.02% of co-culture biomass after 120 h. The decline in
relative abundance of A. brasilense is partly due to the dilution effect
associated with algal growth but also suggests that the A. brasilense
population stagnated or declined later in the culture period. The ma-
jority of co-culture biomass was algae (> 90%) in all cases and the algal
fraction of the co-culture growth rate was significantly higher than
control cultures in all cases (Table 1). This indicates that the presence of
live A. brasilense promoted algal growth. Although the exogenous IAA

treatment significantly promoted growth in C. sorokiniana cultures, it
was less than the total growth promotion effect of live A. brasilense in
co-culture (Table 1). This indicates that other symbiotic mechanisms
besides IAA impact algal growth.

3.3. Indole-3-acetic acid concentration

Given that IAA has been identified as one of the main mechanisms
by which A. brasilense promotes plant and algal growth [14], we
quantified IAA levels in the medium of each experimental treatment
(Table 2). With the exception of exogenous IAA additions, IAA levels
were<150 μg/L in all cases and relatively high variability was ob-
served among experimental replicates. In co-cultures of C. sorokiniana,
we observed IAA levels that were up to 4 times higher than those ob-
served in co-cultures with A. protothecoides, reflecting the higher re-
lative abundance of A. brasilense in the former. In co-cultures with both
algae strains, IAA levels first increased and then decreased with time, a
pattern that reflects the decline in relative abundance of A. brasilense
toward the end of the batch culture. It is apparent from the cultures
with exogenous IAA that the hormone is consumed and/or degrades
over time. Spent medium used for C. sorokiniana cultures also exhibited
a decline in IAA over time given the lack of organisms to replenish it.
Spent medium used in A. protothecoides cultures contained little de-
tectable IAA, indicating a batch effect that further underscores the high
variability in IAA production by A. brasilense.

3.4. A. brasilense promotes chlorophyll production

Chlorophylls a and b are key pigments for carrying out photo-
synthesis and it is hypothesized that IAA remodels chloroplasts and
pigment levels to protect against photooxidative inhibition [35]. In this
study, live A. brasilense and exogenous IAA stimulated production of
chlorophylls a and b (Fig. 2). Compared with the control group, ex-
ponentially growing (72 h) co-cultures with C. sorokiniana led to more
than tripling of the chlorophyll a level and a> 5-fold increase in the
chlorophyll b level. After 120 h, the chlorophyll enhancement by co-
cultures and IAA attenuated as cultures moved into the stationary
growth phase. This result mirrors our observation that A. brasilense le-
vels in co-cultures declined over time, suggesting that growth-pro-
moting effects and chlorophyll stimulation are transient. Spent medium
also had less effect on chlorophyll levels than live A. brasilense or
exogenous IAA during exponential growth. Similar trends were ob-
served with A. protothecoides but the effects of live A. brasilense and IAA
were much smaller and, in some cases, were not statistically significant.
None of the treatments stimulated an increase in chlorophyll of> 30%
in A. protothecoides compared to the control cultures.

3.5. A. brasilense and indole-3-acetic acid can suppress energy storage
products in green algae

One of the objectives of this study was to better understand the
impact of A. brasilense and IAA on algal biomass composition and
particularly on energy storage products. We analyzed total crude lipid,
neutral lipid, and starch content. Total crude lipid includes pigments,
sterols, neutral lipids and polar lipids extracted in chloroform. Co-cul-
tures, IAA, and spent medium groups all had higher total lipid content
than controls for both algae types (Fig. 3). This can be partially ex-
plained by the higher chlorophyll levels in these treatments.

Triacylglycerol (TAG) is one of the main neutral lipids and is a key
energy storage molecule in eukaryotic algae [36]. TAG is also useful for
biodiesel production. Data from the neutral lipid assay showed that
neutral lipid only accounted for roughly 10–20% of total crude lipid
depending on the growth condition and strain. Interestingly, live A.
brasilense and exogenous IAA suppressed neutral lipid production in C.
sorokiniana by 32–38% during exponential growth, which contrasts
with results for total lipid content. This effect subsided during

Fig. 1. Growth curves for cultures of C. sorokiniana (A) and A. protothecoides
(B). Control cultures were axenic algae grown in chemical medium (N8 for C.
sorokiniana and N8-NH4 for A. protothecoides). Co-cultures included live A.
brasilense inoculated ~1:1 with algae on a cell basis. The indole-3-acetic acid
(IAA) treatment included exogenous IAA added at 50 mg/L to C. sorokiniana
cultures and 3.1 mg/L to A. protothecoides cultures. Spent medium was prepared
from A. brasilense cultured for 96 h in chemical medium supplemented with
malate and subsequently sterile filtered to remove cells. Growth was de-
termined on a dry weight (DW) basis. Error bars are standard deviations based
on 3 biological replicates. Within a time point, data points with the same letter
are not significantly different at the 0.05 level based on Tukey's multiple
comparison test.
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logarithmic growth (120 h). In all treatments, neutral lipid content
declined by late log growth (120 h) but this decline was less severe for
cultures grown in spent medium. It was interesting that live A. brasilense
and exogenous IAA suppressed neutral lipid but spent medium from A.
brasilense apparently did not. To determine if live A. brasilense and
exogenous IAA were specifically suppressing TAG production, we per-
formed TLC on the crude lipid extract on select samples. The results
confirmed that TAG was indeed suppressed compared to the control
culture (Fig. S4). A somewhat different neutral lipid response was ob-
served in A. protothecoides compared to C. sorokiniana. Live A. brasilense
and exogenous IAA generally did not have a significant effect on neutral
lipid content in A. protothecoides. However, spent medium significantly
suppressed neutral lipid production (p < 0.027) and this persisted
through late log growth.

Starch is another key energy storage polymer in C. sorokiniana.
Similar to neutral lipid content, starch content was suppressed in ex-
ponentially-growing co-cultures and IAA culture groups (Fig. 4). At
72 h, starch content of the co-culture and IAA groups had roughly one
fourth of the starch content as the control and spent medium groups.
The effect subsided during logarithmic growth as starch content de-
creased in control and spent medium cultures while increasing in co-
cultures and those treated with exogenous IAA. A. protothecoides is a
model lipid producer (under stress conditions) and consequently its
starch content was much lower than that of C. sorokiniana. As with
neutral lipid content, the lowest starch content in A. protothecoides was
observed in spent medium. However, both co-cultures and exogenous
IAA also had significantly lower starch content compared to control
cultures although the percent differences were smaller in A. proto-
thecoides than in C. sorokiniana.

Given IAA's strong suppression of starch and neutral lipid

production in C. sorokiniana, we followed up with a dose-response study
to further explore this strain's sensitivity to IAA. This experiment con-
firmed IAA's suppression of both starch and neutral lipid although there
was a saturation effect whereby IAA levels above 10 μg/L did not result
in additional suppression (Fig. S5). This IAA level was at or below those
observed in co-cultures with C. sorokiniana.

3.6. Spent medium reduced cell wall content in both algae

The cell wall serves a structural purpose and is made of poly-
saccharides in both of these algae species [37]. IAA is known to impact
the elasticity of the cell wall in plants, signifying potential structural
modifications, and so cell wall content was analyzed here [38]. Gen-
erally, neither co-cultures nor IAA had a significant impact on cell wall
content in these algae strains (Fig. 4). Interestingly, the use of spent
medium from A. brasilense reduced the cell wall content by 20–26% in
both algae types and this reduction was persistent through the log
growth stage.

3.7. A. brasilense and indole-3-acetic acid increase protein content

Crude protein and soluble protein were determined by a nitrogen
assay and the BCA assay, respectively. In general, soluble protein ex-
hibited the opposite behavior of neutral lipid and starch. At the 72 h
time point, C. sorokiniana co-cultures and IAA cultures had roughly 2.5
fold and 2 fold higher soluble protein, respectively, than control cul-
tures (Fig. 5). By 120 h, these large differences disappeared although
spent medium cultures had 37% lower soluble protein content than
control cultures. This latter trend was the opposite of what was ob-
served for starch and neutral lipids. In A. protothecoides, all of the
treatments increased crude protein levels by 25–33% and soluble pro-
tein levels by 40–60% compared to control cultures at 72 h. This was
the opposite trend to what was observed with starch. In A. proto-
thecoides, the higher protein levels observed in the three culture treat-
ments generally persisted into the late logarithmic growth stage.

3.8. Medium nutrient content

Because nutrient limitation can have a large impact on lipid, starch,
and protein content in these microalgae, we analyzed the media nu-
trient content over time in each culture. The results showed that only A.
protothecoides cultures depleted nitrogen, and only at the 120 h time
point (Fig. 6). Nitrogen was not depleted in any of the C. sorokiniana
cultures. The speed of nitrogen removal roughly reflected the differ-
ences in culture growth among treatments with co-cultures typically
consuming nutrients most rapidly. However, differences in nutrient
levels between control cultures and co-cultures were not statistically
significant. Spent medium cultures consumed nitrogen at a significantly
lower rate than control cultures. In the case of A. protothecoides, this

Table 1
Algal and bacterial productivity (mg/L/d) over 72 h and 120 h periods.

Control Co-culturea IAAe Spentb

72 h productivity C. sorokiniana 195 (6)c dd 406 (42) a 270 (17) c 306 (20) b
A. brasilense – 22.0 (11) – –
A. protothecoides 364 (1) b 401 (11) a 385 (6) ab 309 (15) c
A. brasilense – 2.4 (1.3) – –

120 h productivity C. sorokiniana 256 (11) c 442 (19) a 314 (11) b 292 (4) b
A. brasilense – 2.6 (1.5) – –
A. protothecoides 384 (16) a 424 (25) a 409 (13) a 385 (19) a
A. brasilense – 0.08 (0.05) – –

a Algae in co-culture with A. brasilense.
b Spent medium from A. brasilense cultures.
c Values in parentheses are standard deviations based on 3 biological replicates.
d Within a row, values with the same letter are not statistically different at the 0.05 level.
e The indole-3-acetic acid (IAA) treatment included exogenous IAA added at 50 mg/L to C. sorokiniana cultures and 3.1 mg/L to A. protothecoides cultures.

Table 2
IAA concentrations (μg/L) in the medium.

Time Control Co-culturea IAAf Spentb

C. sorokiniana 0 h NDe 10.5 (0.8)c 50,000 55 (15)
48 h ND 120 (12) 12,083 (3108) 17 (10)
96 h ND 98.2 (14.2) 3777 (1077) 21 (12)

A. protothecoides 0 h ND 8.9 (4.9) 3100 < LOQd

48 h ND 28.7 (35.1) 272 (128) ND
96 h ND ND <LOQ <LOQ

a Algae in co-culture with A. brasilense.
b Spent medium from A. brasilense cultures.
c Values in parentheses are standard deviations based on 3 biological re-

plicates.
d Limit of detection (LOD) was 2.4 μg/L and limit of quantification (LOQ)

was 7.2 μg/L.
e ND indicates that the peak area was below the LOD.
f The indole-3-acetic acid (IAA) treatment included exogenous IAA added at

50 mg/L to C. sorokiniana cultures and 3.1 mg/L to A. protothecoides cultures.
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Fig. 2. Chlorophyll a and b in C. sorokiniana (A and B, respectively) and in A. protothecoides (C and D, respectively). The indole-3-acetic acid (IAA) treatment included
exogenous IAA added at 50 mg/L to C. sorokiniana cultures and 3.1 mg/L to A. protothecoides cultures. Error bars are standard deviations based on 3 biological
replicates. Within a time point, data points with the same letter are not significantly different at the 0.05 level based on Tukey's multiple comparison test.

Fig. 3. Crude lipid and neutral lipid content in C. sorokiniana (A and B, respectively) and in A. protothecoides (C and D, respectively). Content is measured on a dry
weight basis. The indole-3-acetic acid (IAA) treatment included exogenous IAA added at 50 mg/L to C. sorokiniana cultures and 3.1 mg/L to A. protothecoides cultures.
Error bars are standard deviations based on 3 biological replicates. Within a time point, data points with the same letter are not significantly different at the 0.05 level
based on Tukey's multiple comparison test.
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Fig. 4. Starch and cell wall content in C. sorokiniana (A and B, respectively) and in A. protothecoides (C and D, respectively). Content is measured on a dry weight
basis. The indole-3-acetic acid (IAA) treatment included exogenous IAA added at 50 mg/L to C. sorokiniana cultures and 3.1 mg/L to A. protothecoides cultures. Error
bars are standard deviations based on 3 biological replicates. Within a time point, data points with the same letter are not significantly different at the 0.05 level
based on Tukey's multiple comparison test.

Fig. 5. Crude protein and soluble protein content in C. sorokiniana (A and B, respectively) and in A. protothecoides (C and D, respectively). Content is measured on a
dry weight basis. The indole-3-acetic acid (IAA) treatment included exogenous IAA added at 50 mg/L to C. sorokiniana cultures and 3.1 mg/L to A. protothecoides
cultures. Error bars are standard deviations based on 3 biological replicates. Within a time point, data points with the same letter are not significantly different at the
0.05 level based on Tukey's multiple comparison test.
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mirrored the slower growth rate in spent medium. C. sorokiniana, in
contrast, did not have slower growth on spent medium but did have
lower final protein and nitrogen content compared to control cultures.
Phosphorus nutrients were not depleted in any cultures and removal
rates were much lower than they were for nitrogen. This was expected
given the higher molar requirement of nitrogen compared to phos-
phorus. Other key nutrients (sulfate, magnesium, calcium) were also
not depleted (data not shown).

4. Discussion

Our finding that A. brasilense and IAA stimulate growth in sus-
pended cultures of C. sorokiniana was expected. Extensive research by
others, almost exclusively focused on co-cultures immobilized in algi-
nate beads, found that A. brasilense and IAA promote C. sorokiniana
growth [14,24,27,28]. In immobilized systems, microscope images re-
veal significant physical attachment of A. brasilense to algal cells [28].
Based on our results, however, immobilization of cells is apparently not
required to achieve growth promotion. Moreover, Amavizca et al. [21]
found that volatiles secreted by A. brasilense and other bacteria led to
growth promotion in suspended algae cultures, underscoring the point
that immobilizing algae and bacterial cells in a solid matrix is not re-
quired to achieve interactions. However, relatives of C. sorokiniana such
as A. protothecoides did not exhibit the same extent of growth promotion
when exposed to IAA. In fact, high levels of IAA suppressed growth, a
finding also observed by Chung et al. [39] in the green algae Desmo-
desmus. These findings show that green algae have evolved significant
differences in their response to the auxin hormone IAA.

The bulk concentrations of IAA observed in co-cultures in this study
ranged from roughly one tenth to one third of the peak IAA con-
centrations in co-cultures studied by Palacios et al. [27]. We suspect
that a significant factor was our utilization of LCMS to measure IAA

rather than HPLC. LCMS is much more selective and excludes many
molecules that co-elute and share spectral absorbance with IAA. A
consequence of this result is that our exogenous IAA additions (based in
part on work by Palacios et al.) were generally much higher than the
bulk IAA concentration produced by A. brasilense. However, A. brasi-
lense is known to attach to Chlorella cells [28] and bulk concentrations
are therefore not representative of what the algae cell likely experi-
ences, given its close proximity to A. brasilense, even in a suspended
culture. Light microscopy images taken a few hours after inoculation
revealed that partial agglomeration of C. sorokiniana and A. brasilense
had already taken place in the suspended cultures (Fig. S2). This could
partially explain why the spent medium, with low bulk densities of IAA,
generally led to lower algal growth than co-culture and exogenous IAA
treatments. In addition to providing hormones, live A. brasilense may
also serve as a source of CO2 that stimulates algal growth. It is well-
established that oxygen and CO2 exchange between algae and bacteria
has the potential for mutual benefits [19,20,40]. In autotrophic cul-
tures, such symbiosis relies on robust bacterial cycling of degradable
carbon found in algal photosynthate which was not measured in the
present study.

The present research also shows that exogenous IAA and co-cultures
promoted A. protothecoides but the effect size was smaller than with C.
sorokiniana. Interestingly, spent A. brasilense medium suppressed A.
protothecoides growth suggesting the initial presence of inhibitory mo-
lecules secreted by A. brasilense. There was no evidence that these spent
medium cultures were nutrient-deprived and we may have over-
compensated slightly when restoring ammonium levels to spent
medium (Fig. 6C). Given that secreted inhibitory molecules are also
likely present in co-cultures, we hypothesize that live A. brasilense si-
multaneously stimulates and suppresses A. protothecoides growth,
leading to a muted growth promoting effect in co-cultures.

A. brasilense and IAA are also known to increase the abundance of

Fig. 6. Nitrogen and phosphorus content in media from C. sorokiniana (A and B, respectively) and from A. protothecoides (C and D, respectively) as a function of time.
The indole-3-acetic acid (IAA) treatment included exogenous IAA added at 50 mg/L to C. sorokiniana cultures and 3.1 mg/L to A. protothecoides cultures. Error bars
are standard deviations based on 3 biological replicates. Within a time point, data points with the same letter are not significantly different at the 0.05 level based on
Tukey's multiple comparison test test. In graphs A and C, the control, co-culture, and spent medium were not significantly different and are designated by a single
letter.
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chlorophyll and crude lipid content in C. sorokiniana [24] and our re-
sults confirm this finding. Our results also indicate that the impact of
exogenous IAA and A. brasilense co-cultures on C. sorokiniana are most
acute during the exponential growth phase compared to the logarithmic
growth phase. This has also been observed by others [28] and suggests
that the signaling pathway induced by IAA is most relevant during
active cell growth. In addition to timing effects, it is also clear from our
data that IAA's impacts are highly strain dependent. C. sorokiniana ap-
parently supported more robust A. brasilense populations in co-cultures
and received greater growth promoting benefits than did A. proto-
thecoides.

IAA, as one of the auxin hormones, is known to regulate the rate of
cell elongation, division, and expansion in plants [41]. Research in
plants shows that the auxin binding protein, ABP1, is a critical regulator
of cell division [42]. Unfortunately, very little is known about the
mechanisms of auxin signaling in green algae. Similar to plants, IAA
and other auxin hormones have elongation effects on cells in brown
algae [43] which are genetically distant from green algae and plants.
Investigation of the genome of the brown alga, Ectocarpus siliculosus,
indicates that several of the auxin-responsive genes found in Arabidopsis
are not found in this algae [43] including ABP1. Thus the proteins in-
volved in auxin signaling in algae exhibit high genetic variability even
though the physiological outcomes: e.g. cell elongation and/or growth
stimulation are similar. In green algae, growth stimulation but not cell
elongation has been observed in response to A. brasilense [28].

Azospirillum is known to help plants overcome stress conditions [44]
and auxin hormones specifically help plants adapt to stressful condi-
tions [35]. This stress-mitigating effect also extends to algae for which
A. brasilense helps certain algae overcome pH, light, and salinity stresses
[22] but the specific mechanisms remain unclear. Under a variety of
stress factors, algae are known to accumulate energy storage products
including starch [45] and neutral lipids [46]. This is particularly true of
salinity stress [47] as well as stress due to nutrient limitation [10,48].
However, our results showed that none of the cultures were nutrient-
limited except for potentially A. protothecoides at 120 h. This lack of
stress was further reflected in the fact that none of the cultures had a
neutral lipid content in excess of 5% of total dry weight whereas
stressed A. protothecoides typically have neutral lipid content in excess
of 20% [15]. Moreover, cultures with the most rapid nutrient removal
rates, namely co-cultures, also had the lowest concentration of energy
storage products.

The results here show that both IAA and A. brasilense suppressed
energy storage products while promoting growth, protein, and pigment
production, suggestive of a low stress/high growth metabolic state.
Although exogenous stress factors were not specifically applied to algae
in the present experiments, it is possible that IAA and A. brasilense
stimulate a chemical cascade leading to mobilization of energy re-
sources for rapid growth. In plants, it is established that certain auxin
receptors are involved in tolerance to oxidative stresses and that there is
cross-talk between auxins and signaling pathways associated with re-
active oxygen species (ROS) [35]. Specifically, auxin pathways help
regulate hydrogen peroxide, antioxidant levels, and chlorophyll content
in plants [35]. We did not specifically test ROS or antioxidant levels in
the algae used in this study, however.

Our finding that A. brasilense suppressed starch production in ex-
ponentially-growing C. sorokiniana was surprising because it contrasted
with the findings of past researchers. Choix et al. showed that A. bra-
silense promoted starch production in both autotrophic [25] and mix-
otrophic [26] C. sorokiniana. Palacios et al. also showed that A. brasi-
lense promoted starch production in autotrophic cultures [27]. In all of
the above cases, A. brasilense and C. sorokiniana were cultured in algi-
nate beads and starch was measured using a chemical assay (perchloric
acid) which may hydrolyze residual material from the alginate beads,
biasing the results. Underscoring this point is that total starch and total
carbohydrate levels in one of these studies were nearly identical [25].
In the present study, we used enzymes specific to starch and thereby

avoided potential confounding factors from incidental degradation of
other polysaccharides. It is also possible that growth in the beads alters
the growth and metabolism of the algal cells compared to the sus-
pended cultures investigated in the present study.

Interestingly, spent medium from A. brasilense led to significantly
different compositional changes compared to co-cultures. Specifically,
spent medium did not lead to suppression of starch and neutral lipids in
C. sorokiniana but did lead to a reduction in cell wall content. Moreover,
by 120 h, spent medium led to a significant reduction in C. sorokiniana's
nitrogen and protein content which corresponded to its slower nitrogen
uptake rate. This result indicates that chemical constituents produced
by A. brasilense are transient in nature (e.g. IAA) and/or require close
cellular proximity in order to achieve effective mass transfer. It is also
apparent that the more stable secretions from A. brasliense can even be
harmful to some algae species as demonstrated by the inhibition of A.
protothecoides growth in spent medium. The spent medium used for A.
protothecoides cultures had IAA levels that were detectable but below
the limit of quantification.

The finding that A. brasilense and IAA can suppress rather than
enhance neutral lipids and starch have implications for industrial de-
ployment of this system. This plant growth-promoting bacteria and its
auxin hormones may be most appropriate in applications demanding
rapid algal growth with high protein content. However, in biofuel ap-
plications where lipids and starch are desired, this system may be de-
ployed as part of a two stage process. In the first stage, algae are grown
with A. brasilense to maximize growth before transferring to a second
stage where nutrient starvation stimulates lipid and/or starch produc-
tion similar to processes described by others [46,49,50]. This should be
possible in batch or fed-batch processes because our data show that A.
brasilense and its effects die out over the course of batch culture.

5. Conclusions

The outcomes of this study suggest that A. brasilense and IAA may
promote the growth of green algae but down-regulate energy reserves
such as neutral lipids and starch in the process. Moreover, the effects of
A. brasilense and IAA are highly strain dependent with stronger growth
promotion in C. sorokiniana than was observed in A. protothecoides.
Finally, secretions of A. brasilense found in spent medium resulted in
very different compositional changes compared to using live A. brasi-
lense and exogenous IAA. This indicates that bioactive constituents in A.
brasilense secretions are transient or that physical cell attachment is
important for ensuring adequate mass transfer of these constituents.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.algal.2020.101845.
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