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Abstract: Pathogen infection in animals and plants is recognized in a relatively similar
manner by the interaction of pattern recognition receptors on the host cell surface with
pathogen-associated molecular patterns on the pathogen surface. Previous work demon-
strates that animal pathogenic bacteria can be recognized by plant receptors and alter
transcriptome. In this work, we have hypothesized that exposure to human parasites,
Cryptosporidium parvum and Giardia lamblia, would also trigger pathogen response in plants,
leading to changes in transcriptome. Detached Arabidopsis leaves were exposed for one
hour to heat-inactivated Cryptosporidia or Giardia. The transcriptome profile showed large
changes in gene expression with significant overlap between two parasites, including

V/7i

response to wounding”, “response to
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upregulated GO terms “cellular response to chitin”,
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oomycetes”, “defense response to fungus”, “incompatible interaction”, and “activation of
innate immune response”, and downregulated GO terms “positive regulation of develop-
wax biosynthetic process”, “leaf and

shoot morphogenesis”. Uniquely downregulated GO terms in response to Cryptosporidia
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cell surface”,
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regulation of organ growth”,

were GO terms related to chromatin remodelling, something that was not reported before.
To conclude, it appears that while Cryptosporidia or Giardia are not pathogens of Arabidop-
sis, this plant possesses various mechanisms of recognition of pathogenic components
of parasites.

Keywords: Cryptosporidium parvum; Giardia lamblia; Arabidopsis thaliana; transcriptome
profiling

1. Introduction

Humans can be infected with parasitic organisms through consumption of contam-
inated food and/or water [1]. Moreover, consumption of fresh plants can also lead to
infection with pathogens [2]. These pathogens do not necessarily cause the disease in plants,
and typically have lower virulence while outside their host (human or another animal).

Bacterial and parasitic infection is initially recognized by interaction between pathogen-
associated molecular patterns (PAMPs) on the pathogen surface and receptors known as
pattern recognition receptors (PRR) on the host surface [3]. While Toll-like receptors (TLR)
are the receptors that belong to the PRR group [4], PAMPs represent a versatile group of
molecules, typically proteins or lipopolysaccharides (LPS) [5]. Recognition of pathogenic
components typically leads to the activation of defence mechanisms, often resulting in
resistance to recognized pathogens [6]. For example, in animals, LPS and glycoproteins
(such as from Giardia lamblia (G. lamblia) are recognized by TLR2 and TLR4 receptors [7].
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PAMP recognition activates a cascade of defensive responses, including production of
various pro-inflammatory cytokines including IL-6, IL-12, TNF-«, as well as various other
inflammatory mediators [8] (Espinosa-Riquer et al., 2020).

Parasites are recognized in animals and plants in a similar manner through the acti-
vation of PRRs by PAMPs. PRRs in the form of nucleotide-binding and oligomerization
domain (NOD)-like receptors (NLRs) are similar in structure and function between plants
and animals. As a result, it appears that several pathogens can infect both animal, and
plant species [9,10]. As plants do not have adaptive immunity, they protect themselves
against pathogens through a two-tiered system, PAMP and microbial-associated molecular
patterns (MAMPs) or damage-associated molecular patterns (DAMPs) that are recognized
by PRR. This leads to pattern-triggered immunity (PTI) to be initiated [11]. For example,
surface receptor-like protein CUSCUTA RECEPTOR 1 (CuRel) was shown to be essential
for the perception of parasite-associated molecular pattern of Cuscuta reflexa parasite in
tomato [12]. When PTI fails or suppressed, a second line of defense, Effector-Triggered
Immunity (ETI), is initiated; ETI is initiated upon recognition of pathogenic effectors by
NB-LRR proteins (resistance genes) and results in hypersensitive response and isolation of
a pathogen at a place of infection [13].

PTI similarity between animals and plants is shown by the induction of immune
response in Arabidopsis thaliana (A. thaliana) by Salmonella enterica flagellin; this response
was shown to be dependent on active FLS2 protein [10]. Also, we previously demonstrated
that the response of A. thaliana to pathogenic E. coli O157:H7 is partially FLS2 dependent,
since the transcriptomic response of the fIs2 mutant was substantially different from the
wild-type A. thaliana plants [14]. Similar FLS2 dependence in response to another human
intestinal pathogen, Campylobacter jejuni (C. jejuni), was shown in A. thaliana [15]. We
found that the response of fIs2 mutant plants to C. jejuni was more robust on the level of
transcription; we also found that the response of the wild type A. thaliana to E. coli O157:H7
and C. jejuni was more similar than the response of the fls2 mutant plants, suggesting
that there are FLS-independent mechanisms of recognition of these two bacteria, and they
differ [15].

In this work, we tested two human parasites, Cryptosporidium parvum (C. parvum)
and G. lamblia, for their ability to affect the transcriptome of A. thaliana. Zoonotic enteric
protozoa parasites like C. paroum and G. lamblia are recognized by the host immune sys-
tem through their glycoproteins [16]. The exact receptors involved in the recognition of
C. parvum are unknown, but likely this recognition is dependent on NOD-like receptors
(NLR), such as the NLR family pyrin domain containing 6 (NLRP6), with glycoproteins
gp30, gp40/15, and gp900 playing an essential role [6]. Activation of NLRP6 leads to
inflammasome-dependent release of the pro-inflammatory cytokine IL-18 playing an essen-
tial role in the pathogenesis of parasitic infection [17].

It is not clear whether human parasites are able to colonize plants and whether they
are able to induce the production of DAMPs. Therefore, we exposed A. thaliana (Col-0)
plants to C. parvum and G. lamblia. We found a large number of dysregulated genes, with
most of them being common between the two pathogens. GO term analysis revealed
upregulation of pathogen response genes and downregulation of growth, development,
and morphogenesis. This suggests that human pathogens can also be recognized by
plant machinery.
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2. Materials and Methods
2.1. Experimental Set Up

Wild type Arabidopsis thaliana plants (Columbia-0) were used in this experiment. Seeds
were placed for 48 h at 4 °C on potting soil and then moved to germinate and grow in
10 x 10 cm pots on soil at 16/8 day/night conditions at 22 °C.

The Giardia intestinalis (Lambl) Alexeieff (G. intestinalis) is the clone of WB strain
ATCC 50803. The Cryptosporidium parvum (C. parvum) is the strain AZ1, a C. parvum Type
II originally isolated from an AIDS patient. Both strains were prepared by Hyperion
Research Ltd. (Medicine Hat, AB, Canada). Giardia was prepared at the concentration of
2 x 10° cysts per mL, while Cryptosporidium at 5 x 10° oocytes per mL of 1x PBS at pH
7.2. Both were killed by irradiation with 400 m]J/ cm? UVC at 254 nm.

Plants were used for buffer treatment or treatment with a pathogen. Each treat-
ment was performed twice, representing biological replicates. For treatments, fully ex-
pended leaves of 3-week-old plants were cut and placed into 14 mL falcon tubes filled
with Murashige and Skoog (MS) medium (six to eight leaves per tube; two plants per each
experimental group). Before the treatment, MS medium was discarded, and tubes were
filled with 12 mL suspension of Giardia or Cryptosporidium in PBS (“pathogen” treatment
group). A control group was prepared by filling the tube in with PBS (“buffer” treatment
group). All work was performed in an operating Class II A2 biological safety cabinet at
room temperature within a containment level 2 facility at the University of Lethbridge.
Leaf tissues were submerged in the pathogen suspension or PBS for 2 h, washed three times
with PBS, and then flash-frozen in liquid nitrogen.

2.2. Total RNA Purification

For the RNA extraction, frozen leaves were ground in liquid nitrogen and the total
RNA was purified using TRIzol® Reagent (Invitrogen, Thermo Fisher Scientific, High
River, AB, Canada) according to instructions provided by the manufacturer. The quality
and the concentration of each RNA sample were analyzed using the NanoDrop 2000C
spectrophotometer (Thermo Fisher Scientific, High River, AB, Canada). RNA integrity was
analyzed using Bioanalyzer RNA 6000 Nano assay (Agilent Technologies, Inc., Santa Clara,
CA, USA).

2.3. mRNA Deep Sequencing, Demultiplexing and Sequence Assembly

For mRNA sequencing, the libraries were prepared from total RNA from three ex-
perimental groups, non-treated, buffer-treated and bacteria-treated plants, each in two
biological replicates. Libraries were prepared according to the instructions for TruSeq
RNA sample Prep v2 LS protocol (Illumina, San Diego, CA, USA). In brief, mRNA was
extracted from the total RNA using poly-T oligo-attached magnetic beads. After cDNA
synthesis, fragmentation and blunting the ends, indexing adapters were ligated to the ends,
and the DNA fragments with adaptors on both ends were amplified using limited-cycle
PCR method (15 cycles). The libraries were then quantified using the qPCR and analyzed
using Agilent DNA 1000 chip (2100 Expert Software, Agilent Technologies, Santa Clara,
CA, USA). The libraries were then normalized, pooled, and used for cluster generation
using a cBot (Illumina). After that, the single-end 72 cycles sequencing was performed on
the Illumina GAIIx.

Base calling and demultiplexing of reads were performed using the CASAVA v1.6
and Novobarcode software (Novoalign V4.03.01, accessed on 14 February 2017)). FastQC
v 0.10.1 was used for the preliminary quality check. Reads were mapped Arabidopsis
genome using TopHat v 2.0.4 beta [18]. Transcripts were assembled [19] and the assem-
blies were merged using the cuffmerge tool (Cufflinks v 2.0.2) with Arabidopsis genome
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as the reference. Cuffdiff tool (Cufflinks v 2.0.2) was used to assess relative transcript
abundance [20].

2.4. Obtaining the List of Differentially Expressed Genes
2.4.1. Quality Control, Sample Clustering and Detection of Differentially Expressed Genes
with DESeq2

Count data was loaded into R, normalization and variance stabilizing transforma-
tion [21] were applied using DESeq2 package. Normalized and variance stabilized data
was used in subsequent quality control and sample clustering analysis. Euclidean sample
distances were calculated in R, samples clustering was performed using hclust() function
in R. Sample to sample distances were visualized as a heatmap.

Principal components plot of the samples was obtained using PCAplot() function
availbale in DESeq?2 package.

Gene variances were established for all 3 conditions simultaneously using likelihood
ratio test (LRT) as described in DESeq2 manual. Separate comparisons of interest: PBS vs.
Crysp and PBS vs. Gyr were extracted to obtain differentially expressed genes.

Genes differentially expressed between Control (PBS-treated) and Treated (either Gi-
ardia or Cryptosporidia) conditions were detected using Wald test on normalized count
data as described in DESeq2 manual. Multiple comparisons correction procedure was done
with Benjamini-Hochberg correction implemented in R. Genes with adjusted p-values (padj
column) less then 0.05 were considered differentially expressed.

Relationship between mean gene expression levels and log?2 fold change were visual-
ized as MA-plot, red dots on the MA plot show differentially expressed genes with FDR
adjusted p-value < 0.05.

2.4.2. Detection of Differentially Expressed Genes and Transcripts with NOISeq

Raw count data obtained as described in 2.5.1 was loaded into R and used to detect dif-
ferentially expressed genes between control group (PBS) and infection groups (Crysp and
Gyr) in two separate pairwise comparisons. Statistical tests were performed as described
in NOISeq manual. The trimmed mean of M-values (TMM) normalization procedure [22]
was applied to normalize raw counts data. The type of replicate used in NOISeq statis-
tical test was “technical”. The rest of the parameters were kept as defaults. Genes with
probablity value (“prob”) more than 0.95 were considered to be differentially expressed.
The results were of the NOISeq comparison can be found in NOISeq/directory located
in/gene_level_analysis folder.

Relationship between log2 fold change values (M) and differences between condition
(D) were visualized as scatter plots with differentially expressed genes (prob > 0.95) shown
as red dots.

2.5. Gene Ontology and Pathway Analysis

List of differentially expressed genes detected with NOISeq was used to find sig-
nificantly overrepresented GO categories and KEGG pathways. Over-represented GO
categories and pathways were detected using GOstats Bioconductor package [23]. Alterna-
tively, topGO package (http:/ /rpackages.ianhowson.com/bioc/topGO/ (accessed on 23
March 2018)) was used to explore significantly enriched GO categories only. The results of
topGO and GOstats analysis can be found in topGO/and GOstats analysis folders located
in gene_level_analysis/NOISeq/directory.

The analysis was done on all of the differentially expressed genes and on up- and
downregulated genes separately. Out of 3 components of GO classification only biological
process (BP) category was analyzed. Biochemical pathways annotation were obtained
from org.At.tair.db Bioconductor package. p-value cutoff was set at 0.01 to consider a GO
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category significantly over-represented, for KEGG pathways this cutoff was set at p-value
of 0.1. In topGO analysis GO categories with elimKS (p-value in elimination test) <0.01
were considered significantly enriched. Top 5 most over-represented GO categories were
visualized as an acyclic graph where top 5 nodes are shown as squares and the nodes with
lower p-values received more intense shade of red color.

Pathview [24] Bioconductor package was used to display pathway diagrams for select
significantly over-represented KEGG pathways.

2.6. Selecting Candidate Genes

Few candidate genes were selected based on very low (0 or almost zero) base line
expression in control group that increases many-fold (hundreds or thousands of times)
in treated. The selection was done as follows: the files containing the results of statistical
testing performed using either DESeq or NOISeq were sorted by log?2 fold change and
p-value. Out of top 10 genes obtained after sorting we selected those that were in top 10
detected by both methods: NOISeq and DESeq?2.

2.7. Real Time RT-PCR for Confirmation of Gene Expression

Total RNA was treated with DNase I (ThermoFisher Scientific, Lenexa, KS, USA)
according to manufacturer’s instructions. Briefly, RNA was treated in a total volume of
50 pL containing 5 pL of the 10x DNase I buffer (supplemented with MnCl,), 25 uL of
total RNA, 2 uL of DNase I (1 U/uL), and 18 uL of UltraPure Distilled Water (Invitrogen,
Carlsbad, CA, USA). Reaction was carried out at 37 °C for 30 min. Reaction mixture was
purified using phenol: chlorophorm: isoamyl alcohol (25:24:1) mix and precipitated using
1/10 vol of the 3 M sodium acetate (pH 5.2) solution and 2.5 volumes of the 96% ethanol.
Precipitate was washed twice in 1 mL of 75% ethanol and once in 1 mL of 96% ethanol, air-
dried and dissolved in 20 uL of UltraPure Distilled Water (Invitrogen, Carlsbad, CA, USA).
500 ng of total RNA from every tissue in 2 biological replicates was treated with DNase I,
purified, converted into cDNA and quantified with gPCR. The quantitative real-time PCR
was performed using SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA, USA). Primers
for the real-time quantitative PCR were designed using the Beacon Designer7 program
(Table 1). The optimization of the annealing temperature, melt-curve analysis, and the
analysis of amplicons via gel electrophoresis was done for each set of primers. Tubulin was
used as a control. To evaluate the PCR efficiency, the standard curve was established using
a series of cDNA dilutions. qPCR reaction was done with the following conditions: one
cycle at 95 °C, 10/, followed by 42 cycles of 95 °C, 30" + T, 30" + 72 °C, 30", followed by
single cycle of 72 °C, 2'.

2.8. Software Versions Used

The following software versions were used: FastQC version 0.11.4; TopHat v2.0.10;
bowtie v. 1.1.2; subread-1.5.0; R version 3.2.4 (10 March 2016); Bioconductor version
3.2; DESeq2_1.10.1, NOISeq_2.14.1; biomaRt_2.26.1; pathview_1.10.1; Gostats_2.36.0;
org.At.tair.db_3.2.3.

2.9. Statistical Treatment of the Data

Statistical treatment for the sequencing data is described above. For the real time RT-
PCR, the average and standard errors of the mean were calculated. Statistical comparison
on treatments was confirmed by performing pairwise Students ¢-tests using the MS Excel
software, version 2018 (Microsoft, Redmond, WA, USA).
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Table 1. RT-PCR confirmation of selected genes with log2 > 8.

Gene_id log2 E(F)I;;,CR' Symbol: Description Primers
Common
AT-HSP17.6A: Encodes a cytosolic Forward: 5 AGTTTGGAAG
small heat shock protein with GTTTCCAATA 3
AT5G12030 11.14 983 chaperone activity that is induced by ~ Reverse: 5 GTCCCTCTGT
heat and osmotic stress. CTTTTGCCAC 3’
Forward: 5’ TCCGCCGCG
NA: Protein phosphatase 2C family =~ TCTCCCACATC 3’
AT1G07160 9.93 578 protein Reverse: 5 ACAAGTTCTT
AGCCGCAAAC 3
Forward: 5 GGATTACAGA
NA: DREB subfamily A-5 of GAATCCACC 3
AT1G22810 925 1251 ERF/AP2 transcription factor family =~ Reverse: 5 GCGTAATGG
CCATGCCGGC 3
ABRI1: A member of the ERF
(ethylene response factor) subfamily ~ Forward: 5 CGCAGCAGC
B-4 of ERF/AP2 transcription factor =~ CGCCTCCATC 3’
AT5G64750 8.80 2943 family. Expressed in response to Reverse: 5 ATACTCGTAT
ABA, osmotic stress, sugar stressand ~ GTTGGGCCC 3/
drought.
Unique Giardia
Forward: 5" ATTCCAAGC
NA: HSP20-like chaperones ATCTTCGGAGG 3
ATIG53540 10.83 27.24 superfamily protein Reverse: 5 TCTCTTCATT
CTCATTGCTC 3’
Forward: 5 CTCTCGCTCT
AtHSP23.6-Mito: nuclear gene TAAGAGACTC 3
AT4G25200 9:33 14.69 encoding mitochondrial protein Reverse: 5 ACAGAGGATT
CTCCATGAAC 3’
Forward: 5 AATAATCTCA
HSP17.611: 17.6 kDa class II heat ATCCTCGAAG 3
AT5G12020 8.56 7.32 shock protein Reverse: 5 ACTGAAACTT
CCTCATGAAC 3’
Unique Cryptosporidia
Forward: 5 TCAGATGCCG
NA: Leucine-rich repeat protein ATTTAGTAGC 3/
AT1G51820 9.58 2290 kinase family protein Reverse: 5 TGAATTGCT
AATATACCCTC 3’
Forward: 5 CCAACATCAC
NA: Homeodomain-like superfamily = CACCACCACC 3
ATSG01380 9.20 3211 protein Reverse: 5 GGGAACTGC
TGCCTAATAGC 3/
Forward: 5 AAGAAGCTTA
GAGGAAACGG 3’
AT5G52400 8.58 13.85 CYP715A1: member of CYP715A Reverse: 5’ TGTCGTGT
CCAATCATCTCC 3’
Forward: 5’ GGACCAATCA
MAPKKK15: member of MEKK TAGGTCGAGG 3’
AT5G35090 852 966 subfamily Reverse: 5 CTTCGCAAT
CTCTCCTCCG 3’
-4
NA: encodes a member of the DREB g?g:;i A5 C/é"EG;CCATAT
AT1G71520 8.42 15.48 f;l;f:crﬁﬂzi é\r;&';aclft OEerI;I/n 1?11’2 Reverse: 5' CTACGGCAG
P y CGCCTTCTGCGGTGG 3/

3. Results and Discussion

3.1. Clustering and DEGs Analysis Using DESeq and NOISeq

The number of sequencing reads ranged from 4.8 to 9.9 mln, with over 96% of them

mapping to the Arabidopsis genome (Supplementary Table S1). Clustering analysis showed

complete separation of control samples and parasite-treated samples (Figure 1).
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Figure 1. (A). Heatmap showing Euclidean distances between samples calculated with variance.
transformed data. Samples were clustered with hclust() function with default settings. (B). Heatmap
of top 1,000 DEGs obtained using DESeq.

To analyze the differentially expressed genes (DEGs), we used two different ap-
proaches, DESeq and NOISeq.

For DESeq, we set the significance at p < 0.05 and fold difference at —1 > log2 > 1.
Exposure to Giardia resulted in 2469 upregulated and 1767 downregulated genes (see the
entire list in Supplementary File S1). Exposure to Cryptosporidium upregulated 3052 and
downregulated 2609 genes (see the entire list in Supplementary File S52). Figure 1B shows
the heat map and dendrogram of the top 1000 DEGs, demonstrating complete separation
of samples.

For NOISeq, the significance was based on the probability test (see Methods) and
the probability value of >0.95, and the fold difference at —1 > log2 > 1. Exposure to
Giardia resulted in 1675 upregulated and 714 downregulated genes (see the entire list in
Supplementary File S3). Exposure to Cryptosporidia resulted in 2207 genes upregulated
and 1263 genes downregulated (see the entire list in Supplementary File S4). Heat map
with cluster analysis shows the overall lower number of DEGs in the NOISeq test, likely
due to more stringent conditions applied by this type of analysis. DEGs were visualized
using Volcano plots (Figure 2).

We then analyzed the overlap between DESeq and NOISeq analyses for Giardia
and Cryptosporidium. We found that all DEGs from NOISeq are accounted for in DE-
Seq (Figure 3A,B). It appeared that the number of unique DEGs found by DESeq was
much higher for the downregulated group than for the upregulated group, regardless
of the pathogen (Figure 3A; Supplementary File S5). We then analyzed the overlap be-
tween Cryptosporidia and Giardia and found that most of DEGs overlapped, with Cryp-
tosporidia having significantly higher number of unique DEGs as compared to Giardia
group (Figure 3C,D). We could not find any comparable data in plants, but in human, there

was a significantly larger increase in the number of DEGs in response to Cryptosporidia [25]
(Sun et al., 2022) as compared to Giardia [26,27] (Tako et al., 2013; Yang et al., 2024), al-
though, it should be noted that these analyses were done using different cells and exposure
times, and thus may not be directly comparable.
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Figure 2. Volcano plot visualization of DEGs using DESeq and NOISeq methods. Y axis shows log?2
fold difference between treatment and control. X axis shows the mean expression level of genes. Red
dots show significantly differentially expressed genes.

Cryptosporidia_Up Cryptosporidia_Down DeSeq_Up DeSeq_Down
DeSeq NOISeq DeSeq NOISeq Cryptosporidia Giardia Cryptosporidia Giardia

A c . .
Giardia_Up Giardia_Down NOISeq_Up NOISeq_Down
DeSeq NOISeq DeSeq NOISeq Cryptosporidia Giardia Cryptosporidia Giardia

D..

Figure 3. Overlap between DEGs. (A). Overlap between DEGs found by DESeq and NOISeq methods
for Cryptosporidia. (B). Overlap between DEGs found by DESeq and NOISeq methods for Giardia.
(C). Overlap between DEGs in Cryptosporidia and Giardia found using DESeq method. (D). Overlap
between DEGs in Cryptosporidia and Giardia found using NOISeq method.

3.2. GO Term Analysis of DEGs

To identify the pathways uniquely and commonly altered by pathogens, we per-
formed GO term analysis of the DEGs identified only by DESeq approach, since it
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included all genes identified by NOISeq as well (Figure 3C). A complete list of all

significantly different GO terms is presented in Supplementary File S5 and visual-

ized in Supplementary Figures S1-57. Table 2 shows selected representative examples of

GO terms.

Table 2. GO terms commonly and uniquely differently regulated in response to Giardia and Cryp-

tosporidia.
Term/Regulation Fold Enrichment Term/Regulation Fold Enrichment
COMMON UPREGULATED Giardia UPREGULATED
cellular response to chitin 10.90  response to heat 8.38
oligopeptide binding 7.85  ADP binding 6.38
response to organonitrogen compound 7.25  response to jasmonic acid 4.45
cellular response to hypoxia 5.81 defense response to bacterium 4.08
sulfur compound binding 5.81 innate immune response 3.79
jasmonic acid metabolic process 5.55  response to bacterium 3.53
calcium ion transmembrane transport 5.51  cellular response to stress 2.46
heat acclimation 4.83  response to abiotic stimulus 2.15
response to wounding 464 Giardia DOWNREGULATED
defense response to bacterium, incompatible interaction 4.56 ion transport 3.14
negative regulation of cell death 451  intrinsic component of membrane 1.41
response to ozone 449  Cryptosporidia UPREGULATED
secondary metabolite catabolic process 427 regulatlon of response to external 422
stimulus
toxin catabolic process 4.27  dephosphorylation 3.52
response to high light intensity 413 giiizsc;mtrogen compound catabolic 3.39
response to oomycetes 4.00 heterocycle catabolic process 3.32
defense response to fungus, incompatible interaction 3.90 'defense'response, incompatible 3.06
interaction
activation of innate immune response 3.69  regulation of response to stress 242
calcium ion transmembrane transporter activity 3.34 response to ethylene 2.37
quercetin 3-O-glucosyltransferase activity 3.13  protein transport 2.29
:ﬁ?jltn; embrane receptor protein serine/threonine kinase 3.13  cellular macromolecule localization 2.20
plant-type hypersensitive response 3.11 intracellular transport 2.13
host programmed cell death induced by symbiont 3.08  chloroplast stroma 2.06
salicylic acid mediated signaling pathway 3.04 Cryptosporidia DOWNREGULATED
ethylene-activated signaling pathway 2.69  specification of symmetry 19.48
COMMON DOWNREGULATED glucosinolate biosynthetic process 7.97
positive regulation of development 15.79  response to cyclopentenone 6.88
syncytium formation 13.16  nucleosome 4.58
cell surface 10.53  phloem or xylem histogenesis 425
regulation of organ growth 9.97  glycosinolate metabolic process 425
lant-type cell wall modification involved in .
Elultigrlralensional cell growth 810 DNA packaging complex 418
response to insect 7.29  sulfur compound biosynthetic process 3.93
very long-chain fatty acid biosynthetic process 7.02  oligopeptide transport 3.90
hormone binding 7.02  meristem structural organization 3.84
CCAAT-binding factor complex 7.02  anatomical structure arrangement 3.64
3-oxo-lignoceronyl-CoA synthase activity 702 ShAYme linked receptor protein 3.60
signaling pathway
wax biosynthetic process 7.02 transmemprane receptor protein 3.60
tyrosine kinase signaling pathway
regulation of gibberellic acid mediated signaling pathway 6.65  response to salicylic acid 3.36
regulation of anion transport 6.65  shoot system morphogenesis 3.19
organ growth 6.53 cell surface receptor signaling 3.00
pathway
asymmetric cell division 6.02 flavin adenine dinucleotide binding 2.98
auxin transport 526  response to organic cyclic compound 2.71
multidimensional cell growth 4.83  plant-type cell wall 232
positive gravitropism 475  chemical homeostasis 2.19
systemic acquired resistance 4.09 anchored component of membrane 217
leaf morphogenesis 3.92  apoplast 212
response to brassinosteroid 3.10
shoot system morphogenesis 2.87
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3.2.1. Commonly Upregulated GO Terms

Among commonly upregulated GO terms, there were “cellular response to chitin”,

YT

“oligopeptide binding”, “response to organonitrogen compound”, “jasmonic acid metabolic

s 7

process”, “response to wounding”, “defense response to bacterium, incompatible interac-

v

tion”, “negative regulation of cell death”, “response to oomycetes”, “defense response to
fungus”, “incompatible interaction”, and “activation of innate immune response” (Table 2).

Chitin is a structural component of cysts of fungi and various parasites, including
Giardia and Cryptosporidia [28]. Plants are known to respond to chitin, primarily stemming
from the fungal cell wall [29]. It is possible that response to chitin is uniform in plants,
regardless of its origin.

Oligopeptide production is a part of normal activities of parasites, and plants and ani-
mals developed mechanisms for their recognition as a part of microbe-associated molecular
patterns (MAMPs) defence mechanism [30].

GO term “response to organonitrogen compound” was enriched in cucumber plant
exposed to parasitic dodder plant [31]. Infection of wheat and oat with larvae of wheat
stem sawfly results in an increase in the level of organonitrogen compounds [32]. Such re-
sponse appears to be common in animals. Serum of chickens infected with Cryptosporidium
baileyi showed increased levels of organonitrogen compounds [33]. Exposure of human
intestinal epithelial cells to Giardia intestinalis also resulted in enriched GO term “response
to organonitrogen compound” [34].

Cellular response to hypoxia was also upregulated. The significance of this is not
clear, but genes involved in hypoxic response in part overlap with the immune response in
plants [35]. It is possible that the way we treated our plants with cysts (submerged in PBS)
could contribute to the upregulation of hypoxia response genes.

“Sulfur compound binding” was also upregulated. Plants produce hydrogen sulfide
(H2S) in response to pathogen stress, and H2S has been implemented in salicylic acid
signalling and plant immune response [36]. Exogenous application of H2S induces tolerance
to temperature, water availability, and salt stresses [37].

Several GO terms associated with response to fungal pathogens were overrepresented,
including “defense response to fungus, incompatible interaction”, “response to oomycetes”,
and “quercetin 3-O-glucosyltransferase activity”. Quercetin is often produced in response
to fungal infection of plants [38]. It is possible that cysts of Giardia and Cryptosporidia
have similar effects on plants.

“Heat acclimation” was another GO term commonly enriched in response to
pathogens. It appears that heat response and pathogen response induce similar sets of
genes, including those encoding several heat shock proteins [39].

Among classical hormonal signalling pathways activated in response to various biotic

Va7

stresses, “jasmonic acid metabolic process”, “salicylic acid mediated signaling pathway”
and “ethylene-activated signaling pathway” were commonly upregulated. The ethylene
pathway is commonly activated in response to insects [40] as well as in response to heat
stress [41]. Salicylic acid and jasmonic acid pathways are activated in response to viral,
bacterial, and fungal pathogens, especially during incompatible interactions [42]. Other
two GO terms overrepresented in response to both parasites were “defense response
to bacterium, incompatible interaction” and “defense response to fungi, incompatible
interaction”, suggesting that exposure to these two pathogens in plants occurs through
incompatible interactions, and that Arabidopsis has the mechanisms of recognition of these

pathogens and prevention of infection.
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3.2.2. Commonly Downregulated GO Terms

Among commonly downregulated GO terms, there were “positive regulation of
development”, “syncytium formation”, “cell surface”, “regulation of organ growth”, “plant-
type cell wall modification involved in multidimensional cell growth”, “response to insect”,

Va7 Za7i

“3-oxo-lignoceronyl-CoA synthase activity”, “wax biosynthetic process”, “organ growth”,
“asymmetric cell division”, “auxin transport”, “multidimensional cell growth”, “systemic
acquired resistance”, “leaf morphogenesis”, and “shoot system morphogenesis”.

Both pathogens downregulated the GO terms associated with cell and organ growth.
This is a common response to infection with many pathogens in plants [43,44]. Downregu-
lation of plant growth in part occurs through inhibition of hormonal signalling, as evident
by downregulation of GO terms “hormone binding”, “response to brassinosteroid” and
“regulation of gibberellic acid mediated signaling pathway”. The latter two are classical
phytohormones promoting growth and development in plants [45,46].

Syncytium is the fusion of multiple cells, resulting in the multinucleate giant cell.
Pathogen infection is known to cause the development of syncytium; for example, infection
of roots with nematodes results in formation of feeding syncytium cells [47]. Syncytium
formation also occurs in human cells infected with viruses [48]. No such mechanism
was reported for Giardia or Cryptosporidia infection. It appears that both tested human
parasites suppress this mechanism in Arabidopsis.

Downregulation of GO terms “3-oxo-lignoceronyl-CoA synthase activity”, “wax
biosynthetic process” and “very long-chain fatty acid biosynthetic process” is likely a
specific response triggered by these two human parasites, even though they are not Ara-
bidopsis pathogens. Wax is an essential protector that often allows plants to withstand
certain abiotic stresses as well as gives protection against pathogens [49]. Thus, Giardia
and Cryptosporidia likely inhibit wax production in Arabidopsis to promote the chances of
further infection [50].

3.2.3. GO Terms Uniquely Altered in Giardia

Among uniquely upregulated GO terms by Giardia, there were “response to heat”,
“ADP binding”, “response to jasmonic acid”, “defense response to bacterium”, while among
downregulated, there were “ion transport” and “intrinsic component of membrane”.

While “heat acclimation” was the common GO term, “heat response” was uniquely
upregulated in Giardia, suggesting that this parasite triggers response in Arabidopsis that
has more significant crosstalk with heat stress response as compared to Cryptosporidia.
Activation of heat shock proteins in response to heat and infection is relatively common in
plants [39] and animals [51].

“ADP binding” has a significance in regulation of redox reactions and energy
metabolism [52], and in animals it may also be involved in immune response and platelet
aggregation [53].

Activation of “response to jasmonic acid” GO term indicates that Giardia triggers a
more significant pathogen response; jasmonic acid is activated by herbivory and bacterial
pathogens [54]. Overrepresentation of the GO term “defense response to bacterium” in
Giardia alone supports this notion.

Downregulation of “intrinsic component of membrane” and “ion transport” in Giardia
alone likely suggests a more significant effect on the membrane structure, fluidity, and
transport of ions as compared to Cryptosporidia. Activation of ion transport and changes
in the membrane potential are common responses to many pathogens in plants [55]. For
example, changes in Ca2+ in various cell compartments are perceived as second messengers,
and increased cytoplasmic concentration of Ca2+ is perceived as one of the signals of
pathogen recognition [56]. It is possible that Giardia has certain mechanisms of suppression
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of this activity. Curiously, Giardia infection results in significant alterations in ion transport
in human duodenum epithelium cells [57].

3.2.4. GO Terms Uniquely Altered in Cryptosporidia

In response to Cryptosporidia, upregulated GO terms were “regulation of response to

77

external stimulus”, “organonitrogen compound catabolic process”, “heterocycle catabolic
process”, “incompatible interaction”, “regulation of response to stress”, “response to ethy-
lene”, and “intracellular transport”, while downregulated included “specification of sym-

”ou

metry”,

”ou "o

glucosinolate biosynthetic process”, “response to cyclopentenone”, “nucleosome”,

”ou

“phloem or xylem histogenesis”, “DNA packaging complex”, “sulfur compound biosyn-
thetic process”, “meristem structural organization”, “anatomical structure arrangement”,
“response to salicylic acid”, “shoot system morphogenesis”, and “flavin adenine dinu-
cleotide binding” (Table 2).

Upregulation of “organonitrogen compound catabolic process” in the Cryptosporidia
group alone suggests that this parasite activates degradation of nitrogen-containing com-
pounds. Plants require nitrogen for defence against pathogens [58], so it is possible that
Cryptosporidia activate this process.

It is hard to understand why the “heterocycle catabolic process” GO term was upregu-
lated. Pathogens release heterocyclic compounds upon infection, and thus it is possible
that plants activate their degradation. On the other hand, heterocyclic compounds are
anti-microbial [59], and thus, it is possible that plants produced and degraded them at a
higher rate in response to Cryptosporidia but not to Giardia.

Upregulation of “incompatible interaction”, “regulation of response to stress”, “re-
sponse to ethylene” GO terms suggest that Cryptosporidia trigger some incompatible
interactions that are unique, although several incompatible interactions GO terms were
upregulated commonly by both parasites.

Several GO terms associated with photosynthesis, growth, anatomical structures, and
morphogenesis were downregulated uniquely in Cryptosporidia, including “specifica-

7o i

tion of symmetry”, “phloem or xylem histogenesis”, “meristem structural organization”,
“anatomical structure arrangement”, “shoot system morphogenesis”, and “flavin adenine
dinucleotide binding”. This suggests that Cryptosporidia may interfere with proper plant
development more than Giardia. While such an effect on plants is not known, in animals,
infection with these pathogens causes retardation of development [60]. Classical plant
pathogens, however, are known to inhibit plant growth and development [43,44,61].

In Brassicaceae (including Arabidopsis), glucosinolates are involved in plant protection
and are activated by various abiotic stresses and in response to insects [62]. It is possible
that downregulation of “glucosinolate biosynthetic process” is some sort of suppression
of defences triggered by Cryptosporidia; it is also possible that it is a mechanism of
prioritization of responses by exposed plants, where such a pathway may be considered
unnecessary for protection against this parasite.

GO term “response to cyclopentenone” was uniquely downregulated in Cryp-
tosporidia. Cyclopentenones are precursors of jasmonic acid and are activated in response
to pathogen stress, especially herbivory [63]. In animals, cyclopentenones are biologically
active lipid mediators involved in inflammation, cell proliferation, and angiogenesis [64].
It appears that Cryptosporidia has mechanisms to suppress this process.

Fairly unique GO terms that were downregulated in Cryptosporidia were “nucleo-
some” and “DNA packaging complex”. It is possible that this parasite releases a unique set
of chemicals, such as adhesive proteins, glycoproteins, components of feeding organelles,
digestive enzymes etc., that downregulate certain components of chromatin remodelling.
The latter is an essential process in response to many pathogens, both in plants [65] and
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animals [66]. We found only one article mentioning the potential effect of Cryptosporid-
ium infection on epigenetic regulation of host cells—C. parvum infection of rats provoked
an increase in premature hepatocyte polyploidization and hypertrophy, epigenetically
reprogramming hepatocyte structure and function [67].

3.3. RT-PCR Confirmation of Selected Gene Sets

To further validate the sequencing data, we have chosen a set of overexpressed genes
with log2 > 8, in common and Giardia- or Cryptosporidia-specific groups. RT-PCR analysis
confirmed the expression of all tested genes, albeit not to the same degree as observed in
sequencing (Table 1).

4. Conclusions

Our work showed that Arabidopsis has the machinery to respond to heat-killed human
pathogens, Giardia and Cryptosporidia. The majority of responses overlapped, indicating
that pathogenic components of these two parasites likely interact with similar receptors on
the surface of Arabidopsis cells. In general, GO terms involved in pathogen recognition,
plant defence and immunity, and phytohormone signalling were upregulated, while those
involved in plant development, plant growth, and morphogenesis were downregulated.
Among unique responses, Giardia caused downregulation in membrane structure and
ion transport, while Cryptosporidia “heterocycle catabolic processes” were upregulated,
while GO term “response to cyclopentenone” and GO terms associated with chromatin
remodelling were downregulated.

Future work may include more in-depth analysis of various pathways as well as use
of Arabidopsis mutants impaired in various types of pathogen recognition. One promising
avenue to explore is the analysis of the potential of Cryptosporidia to cause epigenetic
dysregulation in the host.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijpb16010013/s1, Supplementary Table S1. Read statistics. Sup-
plementary Figure S1. Visualization of differentially expressed GO terms using AgriGO in the
upregulated genes in Cryptosporidia common for DESeq and NOISeq. Refer to Figure S7 for color
coding visualization. Supplementary Figure S2. Visualization of differentially expressed GO terms
using AgriGO in the downregulated genes in Cryptosporidia common for DESeq and NOISeq. Refer
to Figure S7 for color coding visualization. Supplementary Figure S3. Visualization of differentially
expressed GO terms using AgriGO in the downregulated genes in Cryptosporidia unique for DESeq
analysis. Refer to Figure S7 for color coding visualization. Supplementary Figure S4. Visualization of
differentially expressed GO terms using AgriGO in the upregulated genes in Giardia common for
DESeq and NOISeq. Refer to Figure S7 for color coding visualization. Supplementary Figure S5. Visu-
alization of differentially expressed GO terms using AgriGO in the downregulated genes in Giardia
common for DESeq and NOISeq. Refer to Figure S7 for color coding visualization. Supplementary
Figure S6. Visualization of differentially expressed GO terms using AgriGO in the downregulated
genes in Giardia unique for DESeq analysis. Refer to Figure S7 for color coding visualization. Supple-
mentary Figure S7. Shows the color code legend for level of changes and regulation for GO terms
visualized in Supplementary Figures S1-56. Supplementary File S1. Description of file content in
DESeq?2 analysis of gene expression data for Giardia. Supplementary File S2. Description of file
content in DESeq2 analysis of gene expression data for Cryptosporidia. Supplementary File S3.
Description of file content in NOISeq analysis of gene expression data for Giardia. Supplementary
File S4. Description of file content in NOISeq analysis of gene expression data for Cryptosporidia.
Supplementary File S5. Full list of all unique and common GO terms identified by DESeq in Giardia
and Cryptosporidia.
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