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Abstract 
 
Microalgae has been a great source for food, cosmetic, pharmacological, and biofuel production. The 
adoption of effective diagnostic assays for monitoring all stages of algal cultivation has become 
essential. In addition to microscopy identification, molecular assays can aid greatly in the identification 
and monitoring of algal species of interest. In this study, the 18S ribosomal RNA (rRNA) sequences of 
12 microalgal species and/or strains were used to design algal identification primers. Sequence 
alignment revealed five highly variable regions and multiple unique single nucleotide polymorphisms 
(SNPs). To design target algae specific primers, a SNP identified as unique to each microalgal species, 
was incorporated into the 3’-terminus of forward and reverse primer pairs, respectively. To further 
enhance primer specificity, transverse mutation was introduced into each primer at the third base 
upstream of the respective SNP. The SNP-mismatch primer pairs yield size-specific amplicons, enabling 
the rapid molecular detection of 12 microalgae by circumventing cloning and sequencing. To verify the 
primer specificity, two SNP-mismatch primer pairs designed for Chlorella sorokiniana DOE1412 and 
wildtype species of Scenedesmus were tested in the outdoor reactor run inoculated with C. sorokiniana 
DOE1412. The primer pairs were able to identify C. sorokiniana DOE1412 as well as the environmental 
invader Scenedesmus sp.. Furthermore, the ‘relative concentration’ of two microalgae was accessed 
throughout the entire cultivation run. The use of SNPs-primers designed in this study offers a cost-
effective, easy to use alternative for routine monitoring of microalgal cultures in laboratories, in scale-
ups, and in cultivation reactors, independent of the production platform. 
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Introduction 

Microalgae has garnered interest globally as a renewable resource with versatile applications 

including feedstocks, biofuels, carbon sequestration, wastewater treatment, food, and therapeutic 

supplements (Lupatini et al. 2017; Chen et al. 2017; Bilal et al. 2017; Xia et al. 2016; Cheng et al. 2016; 

Aikawa et al. 2015; Nagy et al. 2018; Anto et al. 2020). Algae as a group comprise approximately 

72,500 species that are classified into the 15 phyla and 54 classes (Scott et al. 2010; Guiry 2012), with 

>158,740 archived in the AlgaeBase (http://www.algaebase.org/). Over 3,000 isolates of live algal 

cultures representing major taxa of economic interest are maintained in the Culture Collection of Algae 

at the University of Texas, Austin, Texas UTEX https://utex.org/.  

Among the economically-important green algae, freshwater species include Botryococcus 

braunii, Chlamydomonas reinhardtii, Chlorella spp., Scenedesmus spp., and Spirulina spp. Those of 

interest among marine algae are Dunaliella salina, Nannochloropsis salina, and Neochloris salina, 

which have been widely cultivated because of their high lipid content, which can reach 50% weight per 

dry mass, competing with rapeseed oil production, at ~44% lipid content (Scott et al. 2010).  

To identify promising algal species that can be cultivated for substantial biomass and lipids, a 

number of isolates have been screened from natural habitats (Lee et al. 2014; Liu et al. 2011) and 

industrial wastewater systems (Lynch et al. 2015). To ensure quality control in production facilities, 

accurate identification and monitoring has become essential for laboratory culturing, scale-up, and 

cultivation phases. Traditionally, identification of algae has relied on morphology and size of algal cells 

by light microscopy. However, morphological identification is challenging, even for experts, because 

algal morphology can vary depending on the density of the algal culture, nutritional status, and 

environmental conditions that often vary in outdoor reactor settings (Juneja et al. 2013).  

Molecular markers have been used to improve the accuracy of the classification of organisms 

including bacteria, higher plants, and algae, with the highly conserved ribosomal small subunits (SSU) 

http://www.algaebase.org/
https://utex.org/


16S and 18S rRNAs (18S rDNA) being among the most widely used for phylogenetic identification and 

classification of bacteria and eukaryotic organisms, respectively (Meyer et al. 2010; Yin et al. 2008). 

Degenerate primer pairs designed to amplify the conserved regions of the rRNA genes have facilitated 

polymerase chain reaction (PCR)-amplification and DNA sequencing of the rRNA gene (rDNA) from 

similar algal organisms (Meyer et al. 2010; Hillis and Dixon 1991). Two hypervariable, non-coding 

sequences, referred to as the internal transcribed spacer (ITS) 1 and 2, or  ITS1 and ITS2, located 

between the 18S and 26S rRNA genes are frequently used for evaluating species relationships (Baldwin 

1992). The ITS and nuclear-encoded small subunits (SSU) have been shown to be informative for 

classifying diverse algal species (Gontcharov et al. 2003; McGarvey et al. 2004; Vreeland et al. 1987; 

Yin et al. 2008; Lortou and Gkelis 2019). Several studies have demonstrated that the concatenated 

SSU+ITS rRNA gene fragments are informative for re-evaluating the coccoid green microalgal genus, 

Coccomyxa (Malavasi et al. 2016), the Parachlorella clade (Song et al. 2018), and genera, Chlorella & 

Stichococcus (Hodac et al. 2016). Also, highly polymorphic DNA sequences such as single nucleotide 

polymorphisms (SNPs) and simple/single sequence repeats (SSRs), or microsatellites, have been used 

for taxonomic classification of algae (Cahoon et al. 2017).  

A ‘SNP’ represents a kind of allelic variation within a genome of the same species (Mammadov 

et al. 2012). Common uses of SNPs have been for the diagnosis of genetic diseases associated with a 

single gene mutation, and in molecular crop breeding to track and select desirable traits (Mammadov et 

al. 2012). The incorporation of a single SNP at the 3’-terminus of a PCR primer, results in a mismatch 

between the primer and template, causing the DNA polymerase to extend the mismatched template at a 

lower rate compared to that of the matched duplex (Kwok et al. 1994). Thus, a primer containing at least 

one SNP that is unique to a species or variant at the 3’-terminus can effectively facilitate selective 

amplification of the target gene by increasing the rate of extension when the DNA sequence includes as 



few as a single base difference. However, at times, 3’-SNP-incorporated primers may not permit the 

discrimination of allelic variations within the same species or strain (Meyer et al. 2010). To address this 

caveat, replacing one of the three bases nearest to the SNP of interest with a mismatch or a ‘transverse 

mutation’, has been shown to enhance the specificity of the primers during the annealing step of a PCR-

amplification reaction (Hayashi et al. 2004; Liu et al. 2012).  

In this study, 12 microalgal species and/or isolates, which show importance in food, cosmetic, 

pharmacological, and biofuels industries, were selected for development of target alga-specific primers. 

To accomplish this, 12 SNP primer pairs were designed with the addition of a mismatch nucleotide at 

the third base upstream of the 3’-terminus of the diagnostic SNP, and primers were evaluated for 

specificity. The design also ensured that the 18S rDNA sequence from a targeted alga is amplified into a 

specific PCR band size to permit easy identification without cloning and sequencing the amplicon. This 

capability is expected to reduce turn-around time, cost, while also accelerating decision-making during 

the production cycle. In combination with morphology-based identification methods, the primer-based 

diagnostic assay would provide an effective tool for monitoring all stages of outdoor cultivation system 

for quality control. 

 

Material and Methods 

Culture collection and growth conditions 

Twelve microalgal cultures were obtained from different algal stock institutions including the 

Culture Collection of Algae (https://utex.org), located at the University of Texas at Austin (UTEX), 

National Center for Marine Algae and Microbiota (NCMA, https://ncma.bigelow.org/products/algae), 

and National Alliance for Advanced Biofuels and Bioproducts (NAABB). The culture collection 

number, strain name, 18S rDNA gene accession number, features, and growth media used to culture 



each algal species selected for this study are shown in Table 1. The taxonomic classification of the 12 

selected algae are delineated in Supplementary Table S1. 

 



Table 1. Features of the 12 microalgae selected for this study. The industrial uses and preferred growth media are shown for each. 
Isolates include nine freshwater microalgae: B. braunii races A/B/L, C. reinhardtii, A. protothecoides, C. sorokiniana DOE1412, H. 
pluvialis, N. oleoabundans, and Scenedesmus sp., and three marine microalgal species: C. cohnii, D. salina, and N. salina. 

 

Microalgae 
Culture 

collection 
no. 

Strain/ 
isolate  

18S rDNA 
GenBank 
accession 

no. 

Cell 
morphology/size Features Media 

Botryococcus 
braunii  

UTEX 
572 Race A KM068032 

Spherical, oval 
(13μm ×7-9μm) 

Large quantities of 
hydrocarbons (86% of its dry 
weight) (Brown et al. 1969) 
 
Colony organization in 
complex extracellular matrix 
(Weiss et al. 2012) 

Synthesized hydrocarbons: 
Alkadienes (Metzger et al. 
1985) and alkatrienes (Metzger 
et al. 1986) 

Bold 3N medium 
(Starr and Zeikus 
1993) 

- 
Berkeley 
(Showa) 
race B 

KM068033 
Triterpenoids (known as 
botrycoccene) (Metzger et al. 
1988) 

BG11 (UTEX), 
Modified Chu 13 
medium (Grung et 
al. 1989) 

- Race L KM068034 Spherical, oval 
(8-9 μm×5μm) 

Tetraterpenoid (known as 
lycopadiene) (Metzger et al. 
1990) 

BG11 medium 
(UTEX) 

Chlamydomonas 
reinhardtii CC125 - KM068035 

Oval, two 
flagella, (5-
10μm) 

Microalgal model organism 
Used for production of antigens, antibodies, immunotoxins, other 
therapeutic vaccines (Demurtas et al. 2013; Rasala et al. 2010) 

TAP medium 
(Gorman and 
Levine 1965) 

Auxenochlorella 
protothecoides UTEX25 - KM068036 Spherical (2-

10μm) 
Sources as aquaculture feeds, nutrient supplements and 
pharmaceuticals as well as biodiesel production (Xu et al. 2006) 

Proteose (Starr 
and Zeikus 1993) 

Crypthecodinium 
cohnii 

CCMP 
316 - KM068037 

Oval or 
spherical, two 
flagella (5-
30μm) 

Docosahexaenoic acid (DHA) producing alga  
  (Mendes et al. 2009) 

Porphyridium 
medium (Jiang 
and Chen 1999; 
Starr and Zeikus 
1993) 

Chlorella 
sorokiniana 

UTEX 
B3016 DOE1412 KM068038 Spherical (2-

10μm) 

High lipid producer and thermo-tolerant (35-40oC) 
  (de-Bashan et al. 2008) 
Capable of growing wastewater (mixotrophic)  
  (de-Bashan et al. 2008) 

BG11 (UTEX) 

Dunaliella salina UTEX 
LB1644 - KM068039 

Ovoid, spherical, 
cylindrical, two 
flagella (16-
24μm) 

β-carotene and glycerol producing alga (Raja et al. 2007) 
Erdschreiber's 
medium  (Starr 
and Zeikus 1993) 

Haematococcus 
pluvialis 

UTEX 
2505 - KM068040 

Spherical, 
ellipsoidal, or 
pear,  two 

Antioxidant astaxanthin (Del Rio et al. 2005) 
MES-volvox 
Medium (Starr 
and Zeikus 1993) 



flagella (8-
20μm) 

Nannochloropsis 
salina 

CCMP 
1776 - KM068041 Spherical (2-

3μm) Astaxanthin, zeaxanthin and canthaxanthin (Lubián et al. 2000) F/2-Si (Guillard 
and Ryther 1962) 

Neochloris 
oleoabundans 

UTEX 
1185 - KM068042 Spherical (4-

8μm) Cosmetics and biofuel production (Popovich et al. 2012) 
Soil extract 
medium (Starr 
and Zeikus 1993) 

Scenedesmus sp.  - - KM068043 

Usually present 
as colony with 
four cells. Two 
inner cells are 
oval to box 
shape while two 
outer cells are 
crescent-shape  
(12.5μm×4μm) 

Most common freshwater alga, natural competitor for Chlorella 
sp. Tucson, AZ raceway BG11 (UTEX) 

 
 



 
Total nucleic acids isolation  

Total genomic DNA (gDNA) was isolated from the algal cultures using a CTAB method with 

slight modifications, according to Angelova et al. (2014). To harvest algal cells, 100 ml of algae (4-7 × 

107 cells/ml) were centrifuged for 5 min at 4,500×g, and the pellet was rinsed twice with ddH2O. After 

freezing the pellets (10-20 mg) in liquid nitrogen, 20 mg of 1.4 mm metal beads and 1 ml CTAB buffer 

containing 200 µl β-mercaptoethanol were added to each tube. The mixture was pulverized for 5 min in a 

bead beater (Biospec products Inc, Bartlesville, OK). The homogenate was transferred to a sterile 1.5 ml 

microcentrifuge tube and 700 µl of chloroform: isoamyl alcohol (24:1) were added, followed by gentle 

mixing. After microcentrifugation for 10 min at 7,600×g, the liquid phase/supernatant was transferred to 

sterile 1.5 ml microcentrifuge tube, and 450 µl (2/3 volume) cold isopropanol was added. After incubation 

for 2 hr at -20 °C, the nucleic acid pellet was collected by microcentrifugation for 10 min (7,600×g at 

4 °C), rinsed twice with 1 ml 70 % cold ethanol, and resuspended in 50 µl 1× TE buffer (10mM Tris-HCl 

containing 1mM EDTA, pH 7.2). 

 

18S rRNA degenerate primer design and PCR-amplification 

The design of the 18S rDNA degenerate primers was based on a consensus sequence obtained 

from an alignment of 23 sequences available in the NCBI GenBank database for Auxenochlorella 

protothecoides and C. protothecoides, and B. braunii isolates (results not shown). The primer sequences 

were F18S: 5’-GGGTTCGATTCCGGAGAG-3’and R18S: 5’-GTACAAAGGGCAGGGACGTAAT-3’, 

with an expected amplicon size of ~1.5 kbp. The polymerase chain reaction (PCR) cycling conditions 

were 95 °C for 10 min, followed by 40 cycles at 94 °C for 30 sec, 58 °C for 45 sec, and 72 °C for 1.5 

min, with final extension at 72 °C for 10 min.  

 



SNP-mismatch primer design  

To design targeted/selected species-specific primers, the SNPs were identified based on 

alignment of the 18S rDNA sequences (Fig. 1a) initially determined by PCR amplification with 

degenerate primers, designed around a consensus sequence, as described. To avoid potential mis-

priming or primer dimer formation, for each primer pair, the primer and plasmid vector sequences were 

cross-checked with each other and with those flanking the 18S rDNA to select unique sequences for 

amplification. For targeted/selected species-specific primer design, the SNPs were incorporated to the 

3’-terminus of forward and reverse primers, respectively. To enhance primer specificity, transverse 

mutations (e.g. from purine to pyrimidine or vice versa) were introduced in the third base position of the 

SNP in the 3’-terminus of each respective primer pair (Liu et al. 2012; Hayashi et al. 2004). The 

sequences and PCR cycling conditions for each SNP-primer pair are summarized in Fig. 1b.  

 

SNP-mismatch primer verification  

The 18S rDNA was amplified from microalgae by PCR-amplification using total DNA isolated 

from the laboratory cultures. Each reaction contained 10 ng plasmid DNA. The PCR cycling conditions 

for each primer pair are shown in Fig. 1b. Agarose gel electrophoresis of the PCR amplicons was carried 

out to determine if each primer pair amplified the expected size fragment (Fig. 2).  

Amplicons were visualized on a 1% agarose gel by electrophoresis in 1×TAE buffer (pH 8.0). 

The expected fragment size ranged from 951-1722bp. The PCR amplicons were gel-purified using a 

QIAquick Gel Extraction Kit (Qiagen Inc., Germantown, MD) and cloned into a pGEM-Teasy vector 

(Promega Inc., Madison, WI). The plasmid was transformed into E. coli DH5α competent cells. Clones 

were sequenced by Sanger sequencing at the UA Genetics Core 

(https://uagc.arl.arizona.edu/services/services/dna-sequencing). Sequences were annotated by BLASTn 

https://uagc.arl.arizona.edu/services/services/dna-sequencing


analysis (https://blast.ncbi.nlm.nih.gov/Blast.cgi) based on the closest match and e-value of zero 

(Altschul et al. 1990).  

 

Field testing of SNP-mismatch primers designed for C. sorokiniana DOE1412 and Scenedesmus sp. 

The utility of selected diagnostic primers was evaluated for water samples collected over a five-

week period from an outdoor reactor, Algae Raceway Integrated Design (ARID), in Tucson, AZ (Crowe 

et al. 2012). The raceway reactor was inoculated with C. sorokiniana DOE1412 at the outset of the run 

and monitored every five days from March 17-April 21. This reactor was selected for primer validation 

because it routinely became contaminated with Scenedesmus spp. that was apparently endemic to 

reactor’s location, however, precisely when during the run C. sorokiniana DOE1412 became vulnerable 

was not known. To accomplish this, one milli-liter of ARID raceway water sample was collected daily 

and subjected to cell count and optical density measurements at 750nm. The percentage (%) of 

Scenedesmus sp. in the water sample was calculated based on the cell count for each algal species. The 

water sample was concentrated and total DNA was isolated from water samples using the method 

reported previously by Park et al., (2019). Monitoring was carried out by PCR amplification using the 

SNPs-primers designed herein, and PCR cycling parameters as indicated below for detection of C. 

sorokiniana DOE1412 and the Scenedesmus sp. (Fig. 1b). 

 

Results and Discussion 

The 18S rDNA fragments of the 12 algae species were PCR-amplified using the degenerate 

primers. An amplicon of the expected size, ~1,500 bp, was obtained from the total DNA isolated from 

the 12 microalgal cultures. The amplicon was cloned, sequenced, and identified by comparison with 

sequences available in the NCBI GenBank database using BLASTn (Altschul et al. 1990). The BLASTn 



results indicated a closet match with sequences available in the NCBI GenBank to the respective algal 

genus and species (Supplementary Table S2). The 18S rDNA sequences were submitted to the NCBI 

GenBank and the accession numbers are shown in Supplementary Table S3.......Based on the 18S rDNA 

alignment (ClustalW), five highly variable regions (VR I-V) and multiple SNPs were identified (Fig. 

1a). Also, the results showed that each alga species possessed a unique and group-conserved sequence 

regions, respectively, potentially conducive to designing primer pairs that target the conserved region of 

18S rDNA of the 12 algae, while having specificity on the selected algae conferred by incorporating 

SNPs. 

  



a) 

 
 
b) 
 

 Microalgae 
Culture 

collection 
no. 

SNP-mismatch primer sequences 
(5’ to 3’) 

Transverse 
mutation  

Tm 
(oC) Cycle Size 

(bp) 

1 Botryococcus 
braunii race A UTEX572 For: ATAGTCAGACCTGGTGCG 

Rev: AGGGACGTAATCAACCCT 
T>G 
G>C 55 40 276 

2 Botryococcus 
braunii race B - For: TGGATTTATGAAAGAGGG 

Rev: GTCCCTCTAAGAAGTGGG 
C>G 
C>G 58 40 479 

3 Botryococcus 
braunii race L - For: ACTCGGCGTGGTTACCCC 

Rev: CCGAGAGTCCCTCTAAGAAGTTGA 
- 

C>T 60 40 662 

4 Chlamydomonas 
reinhardtii CC125 For: AGCATTTGCCAAGGAAAC 

Rev: AAGGATAGGCTCGTTTGT 
T>A 
G>T 52 40 557 

5 Auxenochlorella 
protothecoides UTEX25 For: TCTCGGCGACTAGCCTAG 

Rev: CGAGATTACCCGGGCATG 
G>T 
C>A 58 35 132 



6 Crypthecodinium 
cohnii CCMP316 For: CTCAGCCTACTAAATCGC 

Rev: GCAGGGACGTAATCACTA 
A>C 
A>C 58 40 296 

7 
Chlorella 

sorokiniana 
DOE1412 

UTEX 
B3016 

For: CTGCCGGTCCGCCGTTTC 
Rev: TCGAAGAAACATCCGGCG 

- 
C>G 60 35 415 

8 Dunaliella salina UTEX 
LB1644 

For: AACAATACCGGGCATGTT 
Rev: GCTGGCAGGGTCATCTAC 

T>G 
A>T 58 35 596 

9 Haematococcus 
pluvialis 

UTEX 
2505 

For: GATTTCGGGTGGGTTACA 
Rev: CGCGTACCAAGGTACTCT 

C>A 
G>T 55 40 735 

10 Nannochloropsis 
salina 

CCMP 
1776 

For: GCGTCGGGATCCCTATCTT 
Rev: AATGCTAAGCATTCCCAGT 

- 
- 55 40 642 

11 Neochloris 
oleoabundans 

UTEX 
1185 

For: TAAATAGTCACGGTTTGC 
Rev: GCCTGCTCTGCAGCTCTA 

G>T 
- 58 40 290 

12 Scenedesmus sp.  - For: GCTATGGCCTATCTTTCGGT 
Rev: GGCGAAGTCATTAAAAAAACCTT 

T>G 
A>C 55 40 396 

 
Fig. 1. A. Sequence alignment of the12 targeted/selected microalgal 18S rDNAs using ClustalW 
(Lasergene, DNASTAR). Five highly variable regions were identified, represented in yellow. The SNPs 
not shared by all 12 microalgal isolates (based on the consensus) are indicated in red. B. SNP-mismatch 
primer pair sequences, type of transverse mutation, and PCR conditions for rapid identification on the 12 
targeted/selected algal species. The SNPs identified in the 18S rDNA sequences alignment (Fig. 1a) 
were incorporated into the 3’-terminus of each forward (For) and reverse (Rev) primer, respectively. The 
bold and underlined nucleotides represent the transversion mutation, which is introduced at the 3’-base 
pair upstream of the 3’-terminus where the SNP was incorporated to increase primer specificity to the 
target sequence.  
 
 

The 12 microalgae selected for this study are known to be morphologically and physiologically 

distinct. Based on phylogenetic analysis of 18S rDNA sequence (data not shown), the selected algae are 

taxonomically divergent (see Supplementary Table S1).  

The species and/or race-specific 18S rDNA primers amplified the expected size product for all 

12 microalgal isolates (Fig. 2). However, despite the use of unique SNPs for the primer design, primer 

pairs expected to be specific for B. braunii race L, C. sorokiniana DOE1412, and N. salina, showed 

somewhat lower-than-expected specificity, compared to the other nine primer pairs. Although the SNP-

primer designed for B. braunii race L consistently yielded a robust amplicon of the expected size (662 

bp), periodically it amplified a ~750 bp product from B. braunii race B, observed on the gel as a faint, 

slightly larger than expected size band (Fig. 2). Despite this observation, the race L SNP-primers are 



considered specific for race L because they consistently yielded a robust band on the gel and are 

diagnostic based on size-specificity, making the primers diagnostic for race L. In another example, the 

N. salina-primers consistently yielded a robust amplicon of the expected size, 642 bp, for the intended 

target species. However, periodically, the primers amplified a 660 bp fragment from B. braunii race B 

and/or C. sorokiniana DOE1412, respectively. Even so, the SNPs primers are considered specific based 

on the ability to amplify a robust band of the expected size for each of the target microalgal. Further, 

because they are intended to be used for rapid detection in cultures initially identified by light 

microscopic identification, by which morphological differences are striking and cannot be mistaken 

among the divergent microalgal genera/species. And, for the closely related B. braunii races (strains), 

which could be more difficult to distinguish morphologically by microscopy, the SNPs primers were 

highly specific for each (Fig. 2). 

The SNPs primers developed in this study were shown to permit the microalgal detection on the 

targeted/selected species, allowing many samples to be monitored effectively in a short period of time, 

for either commercial or lab settings. Because the amplicons are size-specific by targeted/selected 

species, for routine use it is unnecessary to sequence the PCR product, except perhaps when a 

contamination of the respective cross-amplified species or strains is suspected. And in the latter 

scenario, sequencing should nonetheless remain unnecessary because microscopic examination can 

readily distinguish N. salina B. braunii, C. sorokiniana DOE1412, and Scenedesmus sp.. 



 
 
Fig. 2. Results of polymerase chain reaction-amplification of the 18S rDNA fragment for the 12 selected 
microalgal species using SNPs-mismatch primers and the expected size amplicon for each, respectively. 
The name of each target microalgal species or race and expected size amplicon is indicated to the left of 
each gel photograph, respectively. 
 

The primer specificity on the targeted/selected microalgal was achieved by strategically 

incorporating a SNP-modified base in each primer, and enabled differentiation of different races of the 

same species, as well as distinct species. Compared to light microscopic identification for routine 

monitoring of already-known algal species, PCR-amplification is more accurate and less time-

consuming, with assays requiring as few as five hours to complete from DNA isolation, to PCR 

amplification, and gel visualization. The approach is cost-effective on a routine basis for large numbers 



of samples, when compared to the time required to carry out morphological identification by light 

microscopy. Thus, this suite of validated PCR primers will enable rapid screening for quality control in 

lab cultures and commercial reactors, while only rarely requiring backup light microscopic verification.   

Finally, the PCR results obtained by monitoring the outdoor ARID reactor at 5-day intervals for 

six time points over an approximately 4.5 week cultivation run indicated that the SNP-mismatch primers 

accurately detected both C. sorokiniana and Scenedesmus species. The intensity of the amplicon in the 

gel can be used to assess the ‘relative concentration’ of C. sorokiniana DOE1412, in relation to 

Scenedesmus sp., before and after the documented invasion of a Scenedesmus sp. contaminant (Fig. 3). 

A gradual increase of Scenedesmus 18S rDNA amplicon intensity was observed from April 1 to April 

18, and the intensity was observed to be the highest for the April 21 sampling, at about the time the 

complete collapse of DOE1412 was recorded in the reactor. Although cloning and sequencing of the 

amplicons were unnecessary to interpret the results, for the purpose of the study, sequencing was carried 

out for all of the amplicons, and the BLASTn results confirmed the specificity of the SNPs-primer pairs 

(data not shown). The results of routine molecular monitoring for detection of C. sorokiniana DOE1412 

and Scenedesmus sp. at 5-day intervals, indicated that C. sorokiniana DOE1412 was the predominant 

microalga in the outdoor ARID reactor throughout the entire cultivation run. The initial detection of 

Scenedesmus sp. of by day 15 served to alert raceway managers of its initial appearance, i.e. at a PCR-

detectable level, revealed the persistent presence of Scenedesmus sp. and ultimately, an increase in 

contaminant toward the end of the run at time of harvest. The results of the molecular diagnostic assay 

were consistent with results of cell counts and optical density values obtained, in that all three 

approaches showed increased Scenedesmus growth, compared to C. sorokiniana DOE1412, as the 

cultivation run reached the anticipated termination date (Fig. 3).  

 



 
Fig. 3. Relative compositional analysis of C. sorokiniana DOE1412 and an unidentified wildtype 
species of Scenedesmus using SNP-mismatch primers. The 18S rDNA amplicons were obtained by 
PCR-amplification using 10 ng of total gDNA isolated from water samples collected over a five-week 
period from the ARID test bed, Tucson, Arizona. Cloning and sequencing of the 415 and 396 bp 
amplicons confirmed their identity as C. sorokiniana DOE1412 and an unidentified wildtype species of 
Scenedesmus. The cell counts, taking more frequently than PCR amplification was carried out, are 
shown as a percentage of Scenedesmus cells, plotted by the red line, while the C. sorokiniana DOE1412 
cell counts are plotted in blue, superimposed on the polymerase chain reaction amplicons, visualized by 
gel electrophoresis.  
 

In summary, this report describes the first demonstration of a SNP-mismatch PCR assay for the 

rapid detection of 12 targeted/selected commercially-important microalgae in lab cultures, and its 

application to near, real-time monitoring in an outdoor algal cultivation system. The routine adoption of 

this and other molecular assays designed for pathogen detection (Park et al. 2019), for example, can 

enable rapid detection and assessment of purity of microalgae in lab culture plates and liquid cultures, as 

well as for intermediate scale-ups and cultivation reactors. When used on a routine basis, molecular 

assays provide timely information with short sample turn-around times, to guide decision-making, on 

nearly all matters relevant to a successful reactor run, including, timing of nutrient provisioning or initial 

invasion by competitor algae, and determining the time to harvest, among others.  

 



Conclusions 

Economic microalgal cultivation relies on the control of environmental conditions (e.g., nutrient, 

light, temperature, and pH), and managing the influx of competitive algal species, predators, and 

pathogens that are of particular concern in outdoor cultivation systems. The adoption of rapid, effective 

diagnostic assays for monitoring all stages of cultivation, from lab to reactor, has become essential. In 

this study, 12 SNP-modified primers were designed and optimized for PCR-amplification of a size-

specific fragment of the 18S rDNA for selected industrially-relevant microalgae species/strains. Primer 

specificity and the ability to distinguish the targeted/selected algal species and strains (races) were 

optimized by strategic incorporation of a SNP at the 3’-terminus of the forward and reverse primers, 

respectively and by introducing transverse mutations (e.g. from purine to pyrimidine or vice versa) in 

the third base, upstream of the SNP, at the 3’-terminus of each primer. The SNP-primer pairs yielded 

size-specific amplicons for most of the microalgae included in this study, enabling the rapid molecular 

detection of 12 microalgae often of commercial interest, while circumventing costly cloning and/or 

DNA sequencing. Use of two SNP-primer pairs designed for identifying C. sorokiniana and wildtype 

species of Scenedesmus to monitor the composition of two microalgae over a five-week cultivation run 

in the DOE ARID reactor illustrated the utility of molecular diagnostics for assessing relative microalgal 

compositions. Further, the results of the molecular assays were consistent with traditional cell-count and 

optical density methods. Thus, PCR-amplification with SNPs-primers offers a cost-effective, easy-to use 

alternative for routine monitoring of microalgal cultures in laboratories, in scale-ups, and in cultivation 

reactors, independent of the production platform. 
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Supplementary Table S1. Taxonomic classification of the 12 microalgal species analyzed in this study.   
 

Kingdom Division Class Order Family Genus 

Plantae / 
Viridiplantae Chlorophyta 

Chlorophyceae 

Chlamydomonadales 
Chlamydomonadaceae Chlamydomonas 

Haematococcaceae Haematococcus 

Chlamydomonadales 

Dunaliellaceae Dunaliella 

Sphaeropleales 

Neochloridaceae Neochloris 

Sphaeropleales Scenedesmaceae Scenedesmus 

Trebouxiophyceae 
Trebouxiales 

Botryococcaceae Botryococcus 

Chlorellales Chlorellaceae Auxenochlorella 
Chlorella DOE1412 

Chromista 
Dinoflagellata Dinophyceae Peridiniales 

Crypthecodiniaceae Crypthecodinium 

Ochrophyta Eustigmatophyceae Eustigmatales Monodopsidaceae 

Nannochloropsis 

 

  

https://en.wikipedia.org/wiki/Chlamydomonadales
https://en.wikipedia.org/wiki/Sphaeropleales
https://en.wikipedia.org/wiki/Neochloridaceae
https://en.wikipedia.org/wiki/Trebouxiales
https://www.algaebase.org/browse/taxonomy/?id=4346
https://www.algaebase.org/browse/taxonomy/?id=4522
https://en.wikipedia.org/wiki/Ochrophyta
https://en.wikipedia.org/wiki/Eustigmatophyte
https://en.wikipedia.org/wiki/Eustigmatales
https://en.wikipedia.org/w/index.php?title=Monodopsidaceae&action=edit&redlink=1


Supplementary Table S2. Results of BLASTn analysis for the 18S rDNA sequences amplified from the 12 microalgal isolates used 
in this study.  
 

 
Description 

NCBI 
GenBank 

accession no. 
% similarity % coverage E value 

Botryococcus braunii race A Botryococcus braunii strain AICB 861 18S 
ribosomal RNA gene, partial sequence JF261275.2 99.5% 100% 0.0 

Botryococcus braunii race B Botryococcus braunii OIT-351_Kyoto gene for 
18S ribosomal RNA, partial sequence LC468963.1 99.8% 100% 0.0 

Botryococcus braunii race L Botryococcus braunii AARL gene for 18S rRNA, 
partial sequence LC364103.1 99.9% 100% 0.0 

Chlamydomonas reinhardtii 
Chlamydomonas reinhardtii strain UPMC-A0054 
small subunit ribosomal RNA gene, partial 
sequence 

MH166735.1 100% 100% 0.0 

Auxenochlorella protothecoides 
Auxenochlorella protothecoides isolate CCAP 
211/7B small subunit ribosomal RNA gene, partial 
sequence 

MG022716.1 100% 100% 0.0 

Crypthecodinium cohnii Crypthecodinium cohnii 18S ribosomal RNA 
gene, partial sequence FJ821501.1 99.8% 100% 0.0 

Chlorella sorokiniana 
DOE1412 

Chlorella sorokiniana isolate NLMX small 
subunit ribosomal RNA gene, partial sequence MN011866.1 100% 99% 0.0 

Dunaliella salina Dunaliella sp. ABRIINW-B1 18S ribosomal RNA 
gene, partial sequence MG967653.1 100% 83% 0.0 

Haematococcus pluvialis Haematococcus lacustris isolate JNU35 small 
subunit ribosomal RNA gene, partial sequence MH681993.1 99.8% 100% 0.0 

Nannochloropsis salina Nannochloropsis salina isolate CCAP 849/4 18S 
ribosomal RNA gene, partial sequence KJ756830.1 99.8% 97% 0.0 

Neochloris oleoabundans Trebouxiophyceae sp. BZ-2019 small subunit 
ribosomal RNA gene, partial sequence MN031013.1 99.9% 98% 0.0 

Scenedesmus sp.  Scenedesmus sp. KNUA019 small subunit 
ribosomal RNA gene, partial sequence MT644350.1 99.5% 99% 0.0 

https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_974031002
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_974031002
https://www.ncbi.nlm.nih.gov/nucleotide/JF261275.2?report=genbank&log$=nucltop&blast_rank=1&RID=RESAV9NR016
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1751369898
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1751369898
https://www.ncbi.nlm.nih.gov/nucleotide/LC468963.1?report=genbank&log$=nucltop&blast_rank=1&RID=RETN76F6016
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1333373873
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1333373873
https://www.ncbi.nlm.nih.gov/nucleotide/LC364103.1?report=genbank&log$=nucltop&blast_rank=1&RID=RETRDNN0016
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1374491324
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1374491324
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1374491324
https://www.ncbi.nlm.nih.gov/nucleotide/MH166735.1?report=genbank&log$=nucltop&blast_rank=1&RID=RETTGAFZ014
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1341122454
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1341122454
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1341122454
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_258537145
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_258537145
https://www.ncbi.nlm.nih.gov/nucleotide/FJ821501.1?report=genbank&log$=nucltop&blast_rank=2&RID=RETY8X29016
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1677650461
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1677650461
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1516279576
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1516279576
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1435072255
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1435072255
https://www.ncbi.nlm.nih.gov/nucleotide/MH681993.1?report=genbank&log$=nucltop&blast_rank=1&RID=REU5UCSZ014
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_664680889
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_664680889
https://www.ncbi.nlm.nih.gov/nucleotide/KJ756830.1?report=genbank&log$=nucltop&blast_rank=1&RID=REU7KK82014
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1678526479
https://blast.ncbi.nlm.nih.gov/blast/Blast.cgi#alnHdr_1678526479
https://www.ncbi.nlm.nih.gov/nucleotide/MN031013.1?report=genbank&log$=nucltop&blast_rank=1&RID=REVT0WJC016
https://www.ncbi.nlm.nih.gov/nucleotide/MT644350.1?report=genbank&log$=nucltop&blast_rank=1&RID=REUR239C016


Supplementary Table S3. NCBI GenBank accession number for 18S rDNA sequences of the 12 selected microalgae. 
 

Microalgae NCBI GenBank accession no. 

B. braunii race A 
B. braunii race B 
B. braunii race L 
A. protothecoides 
N. oleoabundans 
N. salina 
D. salina 
C. reinhardtii 
H. pluvialis 
C. cohnii 
C. sorokiniana DOE1412 
Scenedesmus sp. 

KM068032 
KM068033 
KM068034 
KM068036 
KM068042 
KM068041 
KM068039 
KM068035 
KM068040 
KM068037 
KM068038 
KM068043 
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