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Abstract— Microalgae present high potential for greenhouse
gas mitigation and value-added biomass production. In this project,
the main objective was to characterize genetic and biochemical
changes of high CO: (HCA) and low CO: (LCA) acclimated strains
of Desmodesmus abundans RSM under a model cement flue gas by
using genomic, transcriptomic, and lipidomic pipelines. Strain
growth under the flue gas was characterized in a N and S-depleted
culture medium to evaluate gas components (NOx and SOx) as
nutrient sources. Draft genomes of D. abundans strains were
generated and resulted in an estimated size of 81.20 and 83.61 Mb
for HCA and LCA, respectively; and 10 535 and 14 251 predicted
genes. Evolution of the strain HCA was characterized by some
differentially annotated GO (Gene Ontology) terms compared to
LCA. When D. abundans strains were grown under the flue gas
condition, HCA strain showed higher initial growth rates and N
consumption during the exponential phase than LCA; but similar
biomass productivities were reached at the end of the experiment.
Also, differences in biomass composition were observed among
strains. HCA strain possessed a higher content of pigments (32-
44% more chlorophyll a and b, and carotenoids), but lower content
of starch and lipids compared to LCA. Differential transcriptome
analysis resulted in 16,435 up-regulated and 4,219 down-regulated
contigs in HCA compared to the LCA strain. These contigs
corresponded mainly to genes involved in nucleotide and amino
acid synthesis, carbon fixation, C3 and C4 cycle, glycolysis and
gluconeogenesis, and TCA cycle. Lipidome analysis showed higher
intensities of putative glycerophospholipids in the HCA strain,
while glycerolipids were higher in LCA. Results suggest that D.
abundans strains exhibit different levels of adaptability and
response to flue gas because of acclimation to different CO:
concentrations. Understanding the adaptative mechanisms to high
CO: and response to flue gas could contribute to developing
cultivation strategies for microalgae CO: mitigation and
biotechnology applications.
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. INTRODUCTION

Global warming is one of the main environmental global
concerns, which has worsened as consequence of greenhouse
gas (GHG) emissions [1]. CO; is the major GHG since it
contributes to 66% of the earth’s radiative forcing, where
primary emissions are from fossil fuel combustion and the
cement industry [2]. Therefore, there is an urgency in the

establishment of biomitigation systems with high CO, capture
efficiencies. Among photosynthetic organisms, microalgae
possess CO; fixation rates twelve or more times higher than
plants due to their rapid growth [3], [4]. Also, microalgal
biomass represents a neutral carbon renewable source for
human nutrition and energy production [5], [6], which
together with climate action represent important sustainable
development goals worldwide [7].

Microalgae are a promising alternative for biological
mitigation of CO; and carbon revalorization through biomass
conversion into added-value byproducts [3], [8], [9], [10].
Microalgae biomass is characterized by a high content of
lipids (2-80 %), carbohydrates (11-75 %), protein (10-70 %),
and pigments (3-5%) [11], [12], [13], [14]. Some applications
of microalgae are biofuel generation, human and animal feed,
cosmetic, pharmaceutic, and biofertilizer production, among
others [10], [15]. Additionally, these microorganisms possess
promising characteristics for industrial applications such as
high biomass and metabolite productivities, and no arable land
nor freshwater is required for cultivation [4], [16], [17].

Despite microalgae production advantages and efforts in
optimizing cultivation and harvesting, production cost is still
high (US$3-50 /Kg) [18], [19], [20]. Cost optimization is
dependent on biomass productivity [20], which is affected by
culture conditions, bioreactor configuration (i.e., raceway,
tubular photobioreactor, flat panel, among others), and
operation mode such as batch, fed-batch, continuous or semi-
continuous cultures [17]. On the other hand, adaptative
laboratory evolution protocols have been proposed as a
strategy to improve the tolerance and performance of
microalgae under certain growth conditions [24]. These
adaptations have been related to the accumulation of
beneficial mutations/genetic variants [24], [25]. Moreover,
only a few microalgae strains have been well characterized in
this sense.

In addition, the number of microalgae species worldwide
is estimated to be one million, which are present in different
habitats and might possess a rich repertoire of metabolic
pathways [26]. Of these, only 222 de novo genomes of 149
microalgae species from 97 genera had been reported by
January 2020 [27]. Genome sequencing is a promising tool for
exploring microalgae metabolism and generating in-depth
information about adaptation mechanisms [5]. With the
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generated information, microalgae strains could be
manipulated by genetic engineering to give rise to highly
productive strains with improved contaminant removal rates
[28], [29].

Among Chlorophyta microalgae, species from the
Scenedesmaceae family have shown to tolerate high CO;
concentrations  with  high biomass and metabolite
productivities [9], [30], [31], [32]. Genomic analyses have
been performed in some of these species [5], [26], [33], [34],
[35], [36]. Also, transcriptomic studies have been conducted in
Desmodesmus species to elucidate pathways of lutein
biosynthesis [37] and bisphenol biodegradation [38]; and in
Scenedesmus species related to lipid metabolism under N
depletion [39]. However, genomic studies focused on carbon
fixation in these species are limited.

The microalgae in this study, Desmodesmus abundans
(strain RSM, UTEX 2976), is an environmental microalga
isolated in 2008 by our group from a river in Monterrey,
Nuevo Leon, Mexico [40]. The strain has been acclimated to
high CO- (strain HCA, 50% v/v COz/air) and low CO; (strain
LCA, atmospheric, 0.04% v/v COy/air) for thirteen years. In
previous studies, strain HCA showed higher growth and
utilization of cement flue gas components. In the present
study, the main objective was to characterize genetic (genome
and transcriptome) and biochemical changes of low and high
CO; adapted microalgae strains (LCA and HCA) to elucidate
adaptation mechanisms; as well as to optimize growth under a
model cement flue gas mitigation scenario in a 1 L column
photobioreactor to improve CO; capture and propose high-
value byproducts of the system.

Il. MATERIALS AND METHODS
A. Microalgae strains and CO; acclimation strategies

The microalgae, Desmodesmus abundans strain RSM
(UTEX 2976) was isolated from a freshwater river (pH 7.4) in
the city of Monterrey, Nuevo Leon, Mexico, in 2008 by our
research group. The strain was obtained after sample
enrichment under air for one month and, then acclimated to 25
% viv COo/air (Fig 1). After six months, the culture was
exposed to an atmosphere of 50 % v/v COy/air. Cultures have
been maintained under air (low CO; acclimated, LCA strain)
and 50% v/v COx/air (high CO; acclimated, HCA strain) for
13 years. CO; was supplied after inoculation to closed systems
with rubber stoppers by replacing 50% v/v (60 mL) of the
headspace with 99.9% v/v CO, (AOC Mexico, NL, Mexico)
using a syringe.

B. Genome characterization

1) DNA extraction and genome sequencing: DNA was
extracted from 60-80 mg frozen biomass pellet using the
FastDNA™ Spin Kit for Soil (MP Biomedicals, CA, USA).
Sequencing libraries were prepared following the Illumina

DNA Prep Protocol and Nextera DNA CD Indexes (Illumina,
CA, USA), and the paired-end sequencing run was performed
(2x300 bp) using the MiSeq Reagent Kit v3 and the MiSeq
Sequencer (lllumina, USA).

2) Genome assembly: De novo genomes were generated
using the CLC Workbench Genomics 22.0.2 (Qiagen, USA)
program. Firstly, sequencing QC reports were generated, and
adaptors and low-quality reads were removed using the Trim
Reads tool. Then, genomes were assembled using as
parameters 45 for word size, 98 for bubble size and 500 bp as
minimum contig length. After, the tool map read to contigs
was used and the contig update option was selected to correct
errors, and finally, overlapping contigs were merged with the
tool align contigs using the paired reads option from the
genome finishing module. Assembled genomes were assessed
using Quast Genome assembly quality 5.2.0 [41] and
Benchmarking Universal Single-Copy Orthologs (BUSCO
5.3.2) [42].

3) Structural and functional annotation: Genomes were
annotated using OmicsBox 2.1.14 [43]. For structural
annotation, repeat masking tool (Smit, 2013) was conducted
utilizing the Hideen Markov Models (HMMER) and the
3041_Chlorophyta database. Followed by the Eukaryotic gene
finding analysis with AUGUSTUS 3.4.0 [44] and
Raphidocelis subcapita as the closest species. RNAseq data
from Section 1. D was included as extrinsic experimental
evidence to identify parts of gene structure and alternative
splicing.

4) Functional annotation: Genes were predicted using
CDS sequences as queries for BLASTX against the non-
redundant protein sequences (nr v5) of viridiplantae,
cyanobacteria, rhodophyta, and other phototrophic eukaryote
subsets. GO mapping and annotation steps, InterProScan and
EggNOG-Mapper were run. Enzyme code (EC) and
biochemical pathway were assigned using Kyoto
Encyclopedia of Genes and Genomes (KEGG).

C. Microalgae Growth Under Flues Gas

1) Model flue gas: Cement flue gas was simulated
according to the exhaust gases from a modern cement plant
with a desulfurization system [45], [46]. Flue gas composition
consisted of 250 000 ppm CO2, 700 ppm NO, and 100 ppm
SO; (in v/v). Cement Kiln dust (CKD) was also incorporated
into cultures as a strategy to control pH by the addition of 150
mg of CKD dissolved in culture media into the bioreactors
daily.

2)Culture medium: A culture medium without nitrogen
and sulfur (BG-11-N-S) was used to evaluate the potential of
flue gas as a nutrient source. NaNO3z and MgSQO4-6H,0 were
replaced from the BG-11 medium recipe with NaCl and
MgCl,.6H,0 to provide Mg and Na in the same concentration
and preserve solution osmolarity.

3) Experimental conditions in bioreactors: Cultures were
performed in a1 L customized bubble column photobioreactor
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(6 cm diameter, 45 cm height) with 980 mL working volume
and temperature was controlled by a glass water jacket (Fig 1).
Photobioreactor conditions were set at 25 + 2 °C and
continuous illumination with four external fluorescent lamps
that provided 80-90 umol PAR-photons m2 s to the vessel’s
interior. The gas was continuously supplied at a flow rate of
49 mL min (0.05 vwm) by a sparger stone at the bottom of
the column.
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Fig. 1 Experimental strategy for the genetic and biochemical characterization
of D. abundans strains after 13 of acclimation under high CO, and model flue
gas (MFG).

D. Transcriptome analysis

1) RNA extraction and RNA-seq: Microalgal biomass
samples were harvested at day 4 of growth under flue gas,
with three independent replicates for each strain. RNA was
extracted from 60-80 mg frozen biomass pellet following the
RNeasy Plant Mini Kit (Qiagen, USA) protocol. cDNA

libraries were constructed following the TruSeq RNA Sample
Prep v2 LS Protocol (lllumina, CA, USA), and the paired-end
sequencing run performed (2x81 bp) using the MiSeq Reagent
Kit v3 in the MiSeq Sequencer (lllumina, USA).

2) Differential expression analysis: Read quantification
and differential analysis were carried out using CLC
Workbench Genomics 11.0. Trimmed paired reads were
mapped against a generated de novo transcriptome and
expression tracks were used to identify differentially
expressed genes (DEGSs) between HCA and LCA strains. P-
values were corrected by false discovery rate (FDR) using
Benjamini and Hochberg’s method. The significance threshold
was set at FDR<0.01 and logz(FC)>2.

E. Lipidome analysis

1) Lipids extraction and High-Performance Liquid
Chromatography (HPLC): Samples were harvested at day 4 of
growth under flue gas, and lyophilized. Lipid extraction and
chromatographic separation were performed as previously
described by Mora-Godinez et al. [47]. Briefly, cell lysis was
performed using 5 mg of dried biomass with 1.5 mL 100 %
methanol, 500 uL HPLC water, and 10 glass beads (1 mm
diameter) in a FastPrep®-24 Homogenizer (MP Biomedicals,
CA, USA) at 6 m s? for 40 s. Lipids were recovered and
purified after several washes with methyl tert-butyl ether,
water, and methanol. The organic phase was recovered and
evaporated at 55 °C wusing a CentriVap Concentrator
(LABCONCO, MO, USA).

Lipidic extracts were resuspended in isopropanol and
analyzed in a HPLC (Series 1100; Agilent, CA, USA) coupled
via ESI to a TOF MS Detector (G1969A; Agilent, CA, USA)
system. A Luna CI18(2) column (150x2 mm, 3 um;
Phenomenex, CA, USA) was used, and mobile phases were
(phase A) water:acetonitrile (4:1 v/v) and (phase B)
isopropanol:acetonitrile (9:1 v/v), both modified with 10 mM
ammonium acetate and 0.1 % formic acid. Elution gradient
and HPLC conditions were set as previously reported [47].

3) Feature detection and identity assignation: CDF files
were processed with MZmine 2.28. GridMass algorithm was
used for peak detection and RANSAC algorithm for feature
alignment. Peaks were filtered using 2 as the minimum of
peaks in a row; and gap filling with an m/z tolerance of 0.025
(50 ppm). Putative identities were assigned using the Lipid
MAPS® database.

I11. RESULTS AND DISCUSSION

A. Genome characterization of D. abundans strains
acclimated to low and high CO;

Because of the increase of CO. emissions and other
greenhouse gases, there is a need to look for microalgae
strains with high fixation rates, as well as to understand the
adaptation mechanisms to high CO, and extreme growth
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conditions as in flue gas. Therefore, the genome of the D.
abundans strain HCA, which has been acclimated to high CO;
for 13 years, was characterized and compared to the strain
LCA. The assembled genome of the D. abundans strain LCA
resulted in an estimated size of 83.61 Mb with 4 174 contigs,
and a N50 of 48 590 bp (Table I). Similarly, the HCA strain
genome had a size of 81.20 Mb with 4 097 contigs and a N50
of 48 310 bp. Both genomes presented around 91 % BUSCOs
of which 85 % corresponded to complete and 5 % to
fragmented sequences. However, differences in the number of
predicted genes were observed, with 14 251 genes for LCA
strain and 10 535 for HCA strain.

TABLE |
STATISTIC PARAMETERS AND COMPLETENESS BASED ON BUSCO ANALYSIS OF
THE ASSEMBLED GENOMES OF D. ABUNDANS STRAINS HCA AND LCA.

Assembly statistic HCA LCA
Genome size (bp) 81204 747 83611 544
Total contigs 4097 4174
Contig N50 (bp) 48 310 48 590
Largest contig 301 775 303 670
Contigs >=0 bp 4098 4175
Contigs >= 1000 bp 3583 3748
GC content (%) 56.62 56.36
Reads mapping (%) 99.46 99.46
N’s per 100 Kbp 1246.34 1742.28
Predicted genes 10535 14 251

BUSCOs (%)*
Complete 85.6 85.2
Fragmented 5.2 5.5
Missing 9.2 9.3

Includes 1518 BUSCOs from 16 Chlorophyta genomes.

Also, a lower number of sequences with GO term
assignations were observed in HCA compared to LCA strain
(7 302 versus 8 362), probably due to the lower number of
predicted genes. However, a similar number of sequences
were assigned annotated in KEGG pathways (5 342). For both
strains, the highest represented GO terms were membrane,
ATP binding, nucleus, and cytosol (Fig. 2a), still more
sequences were present for most of these GO terms in LCA.
Differences in the number of predicted and annotated genes
between strains could be because genes are identified
according to known genes in databases, and the genome of the
strain HCA appears to have accumulated many genetic
variants that significantly changed the gene sequence, which
difficulties the identification of more genes.

After GO terms annotation, genes were assigned to
KEGG metabolic pathways (Fig. 2a-b). Specifically, genes
involved in carbon fixation and nitrogen metabolism were
identified in D. abundans HCA and compared to strain LCA
(Fig. 3). A total of 22 enzymes from C3 (Calvin-Benson
cycle) and C4 (dicarboxylic acid or Hatch and Slack cycle)
pathways were found in both strains (Fig. 2a-b). However,
different numbers of sequences codifying for some enzymes
were found between strains. Among them, D-glyceraldehyde-

3-phosphate:NAD+ oxidoreductases (GAPDH, EC 1.2.1.12
and EC 1.2.1.59) with 10 sequences for each enzyme in strain
HCA and 8 in LCA; moreover for D-glyceraldehyde-3-
phosphate aldose-ketose-isomerase (GAPDH3, EC 5.3.1.1) a
higher number of sequences were observed for LCA than
HCA (6 and 4, respectively), and with the highest difference
phosphate:oxaloacetate carboxy-lyase (PPC) presented 5
sequences for HCA and 2 for LCA strain. On the other hand,
for anhydrase carbonic enzyme (CA, EC 4.2.1.1), in strain
HCA it was identified half of the sequences number in LCA
(Fig. 2c-d). Also, differences were found in nitrate (NR) and
nitrite reductases (NiR), as well as in glutamate (GOGAT) and
glutamine (GS) synthases, among others.

B. Growth and biomass composition of microalgae strains
under flue gas

Both microalgae strains demonstrated the capacity to use
flue gas as a nutrient source of C, N, and S. Cement flue gas
composition possesses high amounts of CO»; but also of NOx,
and SOy that are oxidized to nitrite or nitrate and sulfate in
aerobic conditions, and can be used by microalgae [48], [49].
Despite both strains showed a high tolerance to flue gas, HCA
presented a higher growth rate during the exponential phase
than strain LCA (Table II). By the end of the experimental
period, both strains presented similar biomass productivities
(0.3 g dw L' d?), probably because of photobioreactor
limitations.

On the other hand, the conversion of flue gas components
into value-added byproducts is of great interest. Biomass
composition analysis showed higher pigment content in strain
HCA by 35 % chlorophyll a, 44 % chlorophyll b, and 32 %
carotenoids. On the contrary, starch was accumulated in
higher quantities in the LCA than HCA strain (23.1 vs 47.2 %
d.w.), as well as lipids (9.0 vs 19.1 % d.w.). Since, N was a
limited factor under the flue gas condition because of the
solubility of NO, we hypothesize that this represented a higher
stress for strain LCA, and therefore photosynthates
accumulated as storage compounds (starch and lipids), as
previously reported [50].

TABLE Il
SPECIFIC GROWTH RATE, BIOMASS PRODUCTIVITY AND
COMPOSITION OF D. ABUNDANS STRAINS UNDER FLUE GAS.

Parameter Strain HCA  Strain LCA
Specific growth rate (d™) 0.8+0.1 0.6+0.1
Biomass productivity (g d.w L™ d?) 03+0.1 03+0.1
Chlorophyll a (ug mg™* d.w.) 7.7+05" 5.0+0.38
Chlorophyll b (ug mg™ d.w.) 25+0.24 1.4+0.18
Carotenoids (ug mg™ d.w.) 2.8+0.24 1.9+0.18
Protein (% d.w) 21.3+0.1 214405
Starch (%. d.w) 231+45 472+223
Lipids (% d.w) 9.0+1.0A 19.1+1.08

Different letters indicate significant differences between
strains (t-test, p. value<0.05).
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Fig. 2 Functional annotation of D. abundans HCA and LCA genomes. Annotation of Gene Ontology (GO) terms (a), and KEGG pathway assignations of D.
abundans HCA (b) and LCA (c) genomes.

C. Differential expressed genes of CO; fixation pathways and
concentration mechanisms in D. abundans strains under flue
gas

Strains adaptative changes to high CO, were also studied
at gene expression level. Transcriptome analysis resulted in
high up-regulated contigs (16 435 vs. 4 2.19 down-regulated)
in the HCA strain compared to the LCA strain, both under flue
gas. Table 111 showed differentially expressed genes encoding

for enzymes of CO. concentration mechanisms (CCM), C3
and C4 cycles, which are also represented in Fig. 3. Several
contigs for most enzymes were observed for HCA and LCA,
probably due to differential preference of gene isoforms.
However, since these high numbers of variable contigs were
observed from the genome where several sequences were
found for an enzyme, it is suggested that the strains acquired
genome changes during the acclimation strategy.
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Fig. 3 Carbon fixation (a-b) and nitrogen metabolism (c-d) pathways in D. abundans strains HCA and LCA. The abundance of key genes strain genomes in each
strain is represented by the dot size and color intensity (b, c).

In this study, some components of the CO, concentration
mechanism (CCM) were up-regulated in the HCA strain under
high CO. (Table Il1). However, the CCM is normally down-
regulated under high CO; [51]. Putative carbonic anhydrases
(CAs) possess conserved regions of the alpha-type family, that
are associated with constitutive expression [51]. Therefore,
this suggests that CAs probably keep active to assist other
metabolic pathways, but also to use the different forms of
inorganic carbon in the medium (CO; and HCOy).

Several pathways of central carbon metabolism were up-
regulated in the HCA strain compared to the LCA strain
(Table 111). For example, in the C3 cycle, several contigs were
observed for most enzymes. Of these, most up-regulated
contigs were found a higher magnitude of change than those
down-regulated.
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TABLE I11
DIFFERENTIALLY EXPRESSED GENES ASSOCIATED WITH CARBON FIXATION
PATHWAYS IN D. ABUNDANS STRAINS UNDER FLUE GAS.
Enzyme DEGs

Enzyme
Code (EC) Log:FC FDR

Pathway Name

Carbon
concentrating

mechanisms Carbonic anhydrase 4211 0.0035
(CCM) 0.0048
0.0000

-4.65  0.0021

- 0.0000

CO: fixation Ribulose-biphosphate carboxylase 4.1.1.39 g ggggg
0.0044

0.0000

. -7.12  0.0000
Phosphoglycerate kinase 2723 T313 00000

0.0021

0.0000

Glyceraldehyde 3-POy 1.21.12, -7.16 | 0.0000

dehydrogenase 1.2.1.59 - 0.0000

4.01 0.0000

C3 cycle Glyceraldehyde 3-POy4 12413 - 0.0000

dehydrogenase (NADP+) e

(Phosphorylating) 12159  -3.25 0.0000

- 0.0000

Transketolase 2211 750 00000

. . 0.0000
Ribose-5-phosphate isomerase 5.3.1.6 670 00000

. . 0.0000

Phosphoribulokinase 27119 726 00000

-5.57  0.0000

- 0.0000

Phosphoenolpyruvate carboxylase  4.1.1.31 0.0000

-6.79  0.0000

-5.64  0.0000

3.59  0.0000

. - 0.0000

Aspartate aminotransferase 26.1.1 00054

-5.03  0.0000

0.0031

-7.03  0.0000

Malate dehydrogenase 1.1.1.37

-8.33 | 0.0027

0.0000

0.0000

C4 cycle -6.58  0.0000

-7.28  0.0096
0.0000
-4.77  0.0000

Malate dehydrogenase (NADP+) 1.1.1.82

W

Malate dehydrogenase
(Oxaloacetate-decarboxylating)
(NADP+)

1.1.1.40

Malate dehydrogenase 11139 0.0001
(decarboxylating) T

Phosphoenolpyruvate

carboxykinase (ATP) 41.1.49

26.1.2 -7.08

0.0000
0.0007

Alanine transaminase

00

Pyruvate -phosphate dikinase 2.7.91 734 0.0000

D. Lipidome analysis of D. abundans strains under flue gas

Principal component analysis separated LCA replicates
from HCA by principal component 1 which explained 88.8%

of data variability (Fig. 4a). Lipid profiles showed higher
glycerolipid intensities in strain LCA than HCA, while
glycerophospholipids were increased in HCA (Fig. 4b). As
previously explained, results suggest that flue gas represented
a more stressful condition for the LCA strain since under
optimal conditions, fatty acids are synthesized and used to
generate membrane lipids [14], [52], [53], while under stress,
glycerolipids are accumulated [54]. Data correlates with a
higher growth rate observed at the beginning of the
experiment for the HCA strain (Table II).

g = HCA . a)

® 257 = LCA 3 .

£ .

o P \

S 0.0 ° “ ‘

X e \ f

<251 . :

o~

O £

a

-10 5 0 5 10
PC1 (88.8% explained var.)
b)

Cluster 1
GL=17
PL=6
Cluster 2
GL=4
PL=27

Fig. 4 Lipidome analysis of D. abundans strains HCA and LCA under
flue gas. a) Principal component analysis. b) Heatmap of significant changing
features (t-test, FDR<0.05).

IV. CONCLUSIONS

In this study, draft genomes for two strains of D.
abundans were generated and characterized. Transcriptome
revealed several differentially expressed genes between
strains. Specifically, genes associated with carbon fixation
pathways suggested a higher internal carbon flux and a better
strategy to scavenge N for the HCA strain. In accordance,
increased intensities of putative glycerophospholipids, but
lower glycerolipid intensities in strain HCA might evidence an
active growth with fewer lipid reserves, as confirmed by the
biochemical analysis. Results suggest that D. abundans strains
possess different levels of adaptability and response to flue gas
as consequence of the acclimation to different CO;
concentrations for 13 years. Understanding the adaptative
mechanisms to high CO and response to flue gas conditions
could contribute to developing cultivation strategies for the
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establishment of  sustainable CO»
biotechnology applications.

mitigation  and
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