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Abstract

Background: Haemonchus contortus is a common bloodsucking nematode causing widespread economic loss in
agriculture. Upon H. contortus infection, a series of host responses is elicited, especially those related to T lymphocyte
immunity. Existing studies mainly focus on the general immune responses of sheep T lymphocyte to H. contortus,
lacking investigations at the molecular level. The objective of this study was to obtain a systematic transcriptional
profiling of the T lymphocytes in H. contortus primary-infected sheep.

Methods: Nematode-free sheep were orally infected once with H. contortus L3s. T lymphocyte samples were collected
from the peripheral blood of 0, 3, 30 and 60 days post infection (dpi) infected sheep. Microarrays were used to
compare gene transcription levels between samples. Quantitative RT-PCR was employed to validate the microarray
data. Gene Ontology and KEGG pathway analysis were utilized for the annotation of differentially expressed genes.

Results: Our microarray data was consistent with gPCR results. From microarrays, 853, 242 and 42 differentially
expressed genes were obtained in the 3d vs. 0d, 30d vs. 0d and 60d vs. 0d comparison groups, respectively. Gene
Ontology and KEGG pathway analysis indicated that these genes were involved in metabolism, signaling, cell growth
and immune system processes. Functional analysis of significant differentially expressed genes, such as SLCOA3R2,
ABCB9, COMMD4, SUGT1, FCER1G, GSK3A, PAK4 and FCER2, revealed a crucial association with cellular homeostasis
maintenance and immune response. Our data suggested that maintaining both effective immunological response and
natural cellular activity are important for T lymphocytes in fighting against H. contortus infection.

Conclusions: Our results provide a substantial list of candidate genes in sheep T lymphocytes response to H. contortus
infection, and contribute novel insights into a general immune response upon infection.
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Table 2 General situation of differentially expressed genes in six comparisons

Database 3d vs. 0d 30d vs. 0d 60d vs. 0d 30d vs. 3d 60d vs. 3d 60d vs. 30d

Diff genes Up-regulated 853 99 242 234 42 15 1058 977 805 689 102 2
Down-regulated 754 8 27 81 116 100

GO annotation 327 71 14 389 320 37

KEGG Pathway annotation 139 26 9 159 139 11

PANTHER Pathway annotation 41 12 2 60 46 7

Summary of the amount and annotations of differentially expressed genes (diff genes) in T lymphocytes of sheep infected with H. contortus in the

six comparisons.
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Table 3 Common thirty-five genes differentially expressed in the 3d vs. 0d, 30d vs. 0d and 60d vs. 0d comparisons

Gene symbol Gene name GenBank Log fold change
number 3dvs. 0d 3dvs. 0d 3dvs. 0d
LOC100028054 similar to A kinase (PRKA) anchor protein (yotiao) 9 DY498437.1 —1.8385 2.803 1.744
- - CF116320.1 —1.4735 1.6095 1.1825
- - EE858261.1 -2338 1.746 1.2545
- - EE823315.1 —1.4945 2236 2.0075
- - EE782465.1 —2.3485 —1.6385 -197
- - GO684492.1 -1.6265 —1.444 —1.2705
SLC9A3R2 solute carrier family 9 (sodium/hydrogen exchanger), DY520662.1 —-1.1435 2.878 2.3875
member 3 regulator 2
SCN8A sodium channel, voltage-gated, type VIII, alpha EE862637.1 —2443 1.2955 1.0355
- - GO758506.1 —-1.906 -1.005 —-1.3805
- - DY500374.1 —1.4935 -1.389 -1316
LOC100057304 similar to Chromosome 1 open reading frame 2 DY491988.1 —2.869 1.2115 1.037
RXRB retinoid X receptor, beta EE807201.1 1.5525 23845 1.0745
- - EE867875.1 —1.7765 -1.206 —1.442
NUDT14 nudix (nucleoside diphosphate linked moiety X)-type EE806260.1 —3.048 —3.3985 —3352
motif 14
BAGALT2 UDP-Gal: betaGIcNAc beta 1,4- galactosyltransferase, DY491344.1 —3.364 1.924 1.649
polypeptide 2
ABCB9 ATP-binding cassette, sub-family B (MDR/TAP), EE818298.1 2.149 1672 1.5765
member 9
KLK10 kallikrein related-peptidase 10 GO766063.1 —1.802 —1.3535 -1.302
SLC28A1 Na/nucleoside cotransporter GO698122.1 —34035 —2.886 —-3.101
- - EE834108.1 —-3.603 -1.077 -1.697
C7H50RF24 chromosome 5 open reading frame 24 ortholog EE775125.1 1.289 1.301 1.2845
- - EE755431.1 -1.564 —1.9835 -2.1185
- - EE805398.1 24785 1.1985 1.0405
- - EE765998.1 -1.1025 1.6255 1.407
- - GO773148.1 —2.7225 2127 2.1205
- - EE818179.1 -1514 1452 1.161
- - DY479153.1 -1.3705 1.4445 1.138
LOC100155914 similar to prion-like protein doppel EEB68622.1 —2.582 —1.266 -1.8615
- - DY491124.1 —-2.879 —-3.3315 —3.5585
- - XM_002696802.1 1.096 1.236 1.201
MCP1 mast cell proteinase-1 NM_001009472.1 1.05 2.9485 1.7575
SMAD4 SMAD family member 4 NM_001076209.1 —2.3525 —3.225 —3.2645
ZNF330 zinc finger protein 330 NM_001038157.1 —1.4705 2.286 1.784
SEPT7 septin 7 NM_001001168.1 -2.067 —1.758 —1.2665
COMMD4 COMM domain containing 4 NM_001040597.1 —2.3775 —1.203 —1.5445
- - XM_002696814.1 -1.526 -1.228 -1.203
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30d), grouped into the three GO subcategories ‘biological process’, ‘cellular component’ and ‘molecular function'.
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Figure 2 KEGG annotations of differentially expressed genes. All differentially expressed genes in six comparisons (A: 3d vs. 0d; B: 30d vs. 0d; C:
60d vs. 0d; D: 30d vs. 3d; E: 60d vs. 3d; F: 60d vs. 30d) were annotated using the KEGG database for pathway analysis, and were classified according to
the six KEGG subcategories ‘metabolism’, ‘GIP (genetic information processing)’, ‘EIP (environmental information processing)’, ‘CP (cellular processes)’,
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Table 4 The correlative genes involved in the immune-relevant pathways from the results of KEGG pathway analysis in the six comparisons

Immune-relevant pathway 3d vs. 0d 30d vs. 0d 60d vs. 0d 30d vs. 3d 60d vs. 3d 60d vs.30d

Hematopoietic cell lineage CD59] - FCER2% IL6RT IL1R21, CD591 -

Complement and coagulation cascades CD59], C5ART] - - C5AR11, C1Rt, CD591 C5AR11, CD591 -

Toll-like receptor signaling pathway IRF7], MAP3K7IP2|, MAPK9]  IRAK11 IRAKT1, MAP3K7IP21, MAPKOT, IRF71  PIK3R21, MAPK91, IRF71 -

NOD-like receptor signaling pathway SUGTT|, MAP3K7IP2|, MAPK9| - - MAP3K7IP21, MAPK91, SUGT11 MAPK91T, SUGT1?T -

RIG-IHlike receptor signaling pathway — IRF7}, LOC782671], MAPK9| - - LOC7826711, MAPK91, IRF71 LOC7826711, MAPK91, IRF71 -

Cytosolic DNA-sensing pathway IRF7], LOC782671] - LOC7826711, IRF71 LOC7826711, IRF71 -

Natural killer cell mediated cytotoxicity ~ FCER1G|, PPP3R1] SHCIt PPP3R11, SHC11, FCERIGY PIK3R21, NFATC11, PPP3R11, FCERIGT SHCT|

T cell receptor signaling pathway PPP3R1], NCK21, PAK41 PAK41 - NCK2|, PPP3R11 PAK4], NCK2|, PIK3R21, NFATC11, PPP3R1T -

B cell receptor signaling pathway PPP3R1| - PPP3R11 PIK3R21, NFATC11, PPP3R11 -

Fc epsilon Rl signaling pathway FCER1G|, MAPK9| - - FCER1GT, MAPK9T PIK3R21, MAPKO1T, FCERIGT -

Leukocyte transendothelial migration ~ CYBA, CYBBT, MSNJ, - - CXCR4], MYL9|, RHOH|, CYBB1 MYL9|, RHOH/, PIK3R21, CYBB], CYBAT -
CTNNBT|, MYL9T

Intestinal immune network for TGFB1], PIGRT, TGFB21 - - CXCR4|, TGFB2|, TGFB11 TGFB2|, TGFB11 -

IgA production

Cemokine signaling pathway FOXO03|, GNB2|, GSK3A| SHCI1, GSK3AT  GSK3A1 CXCR4], GNB21, FOXO31, GSK3AT,  GNG10|, PIK3R21, GSK3AT, FOXO31, GNB21  SHCT]

Fc gamma R-mediated phagocytosis

SHCTt

PIK3R21

An up or down arrow beside each gene indicates up- or down- regulated. Italic genes are also amongst top ten differentially expressed genes.

GEZ:8 (GT0Z) S10109/\ % SasLIDd ‘| 12 Buex

Z1 jo g abeg



e baes & gpwh:-.ﬂdiffepmmimmh p%hincgﬁ -
1%Lgfsc“tma] funyona 8 DNAR G, o° 43. T,
gere Bpstotle MHClass e, o5 44 C7HSORE2,
a bog,reokhclog of D ufﬁnbpmso e Soyen esl; S
fameatsasa aner Mk todd s DNA moe

pose 4546 . Mg upeg batjon of Ry RBag

C7H50RF24y (he(h oy e pa s & atd o a-
ajenef \E”deve]opﬂemxﬂ er & ufnl% y rrpbo'
¥Yies o0 MRestasis M hemne - CcOM D4’down'
legll-,-‘teﬂ{m et e ® M isol 1sa pelg nwd dy

@menﬂﬂ 8 p%ho‘ﬂ ch]v gonafd | ne ‘gﬂ in NE-«B
te r Mmyen  47-49 . NF-x

]



Yang et al. Parasites & Vectors (2015) 8:235

Pest s of 8 & | myoimned Y4 1y Ty mPeytes Bude
agy 6t H. contortu§ degon:
]Pffepm'-ly exp sl germ V\eszosubetél te

KEGG p,t vy amYsis Lo © 44 na mvp sYsLe Ay ¢
funq F,Ql anmaien: Inildm:»mos © m-
magp gtinnnﬁ w:h -H d KII?QGG-H
Les oale m»pgermtm mmunss}'stem @segerm
mmrbue Lo = Nést =" ; mma 00 @Sses ¢ €)
P cla e esta e SUGTL, PAKA, FCERIG, GSK3A,

SHCly g FCER2. &egersﬂg‘gsoa H&»Igstthethp
Lte nd ffepmy'”y exnesse:l
ey minl e fa I}{y ofsernet/h EOQIE® p ;21 4y g
pmses - g exF@smnof PAI(4=.‘1_ fﬂp,‘g 38E
Y s oest Téi agquonafl da mnmon el

ge s - PAK4se \es as an

l? be e & e af Ylojre sig my 1y p-.t way 9657
PAKpea s pay 2 €ejn e QdM eogr fFajon
-14 ndce‘.rsig ae eeni iaié' in-

]4. esé %é t‘{sztieS'PAI<4iS *SO

ffgto Lh-,L ]1 nv& h GTRses to 2 g n Yles fdhn

£o gt s aljon: Fuk erm»le:t iS pmse fﬂy-tﬂ.s

fatodos opot ¥Yles keonopa @ayonel T]y

Yles - Te upgg b ;onef SU Tl . na& NO

gepora g @ion 58 . he NOUi 2 ﬁe]tr»g-pin
g 2 mAon gy jonth o gh ealgion

of 1L-1y g (¢ NE-iBy, ﬂgi% p vy s res e e
Q‘etionof

" - .
rge 8 A2so pey ¢ gsposes
SUGT1 rpveﬂ% H‘JME: éi h&r £S po 8es ".Ssn;:-gte'l
wh N 1, eion Padd p affer N 1pean
stnlfity Rt "o ch ftqrs-plfﬁ'irg rires of (e
SUGTI yetg noynye & {njnmie ; MMue gspoges
59. @p%en a M ey ﬁpms&s-gs stélin
y Moytes a 3% g l;, . SUGT1y § PAK4ex -
r@sionmn‘plpﬂ Lot 11-¢ le GSKBAIs- mh,i s #
sefne ejn mthmsmde 3‘1&mse
g-ﬁy PIK3CG 19 bates yietex ayn NK
és 518 IerFt ey = 14 ge H&»ﬁmsigm]gfg p-t -
veY 60,61 e up g ,L y@gensym ase jmse
ales Afo8lan \.r]t{(’ﬂ tog s

op R Toweerl e pmse see B Lo be
nnesse A Lo WL‘JILY ms GSK3A Mgan Mes owd
msignf an 2P Hiye - Teeaet" ge SHClpp -
Lg nisoform seisnf(»rr@d ffenmqaynﬂdnm{n
hliilt«]l@’s mry% funqms{nqgfﬁlsﬂ.spets'A
ig er e CM ves-stprgsig forgem»
gread mu# xl'ereﬁ e Yoy gy sig ol T
F%L vy 162-64 . nSHCL-ts‘-.s‘- Ymmgsaff
rgiqniné]suf-e pel’mrthey my pg!h.ie Jn
ql.sionﬂﬂ yles eon e gn v fmljon: Ye prlg 31
h]’er,teiﬂt e pg] 10n(»f1pn]tosisqﬁi Lurmgemgy
{n M ma GSK3A4 d SHCll s weein
gp.-sél"‘t Bmp‘-ﬁ! 6mp 1‘6/ © fp dle Ce N jme
sig iy p&h vays We néh-.tea e MMie - qu

irg ng ssepggt y fourgems n o e
ﬂveeit sincj.immurrlogi ﬂqj

]

as e M-
by,,d

Page 10 of 12

F© €ses i n T]y fl’}hhma FCERIG}SL egn mm ?‘.‘.{ n
ofhghif§ aly pepnrf(»rthe Fe pgionofﬁ -
fg « FCERIGﬁpts st -.-. dﬂ‘ifg eges
Los Uppgss ; ta MBA oY = ad { mf@'ﬁ.eh?'pesemu wy

S pe3es | n mmaqmy Lte ptr.snes‘ disenses
FCER2 (%D23)Js,,

65-67 . Aﬁ't]e pe}torforéE

rownas te 0w4f§ ay e eporis 1bn‘xl ‘é‘ in ps.ist -
anelo pgr.sites‘-gis /s fo ud dp g &
this st d?; CD23 mlec]les E] S nﬁi L en
l}'ﬂtoteéEl mmae @ ,eman ]stoaqo-ie
R cop ages - d ees; MN's 68 . Li”ﬂ H. contortus

itfetmn'segﬁmm fomemde ete e Pod
mef(Nesteeyaf ae ap ud § EMesne

p | g]
is t emglxsferél fmeD23+Bésu, CD4+ T Jg

i CDllC-b.mi enrg‘seﬂy% ,e-’iifgto-ni e 3; ¢
IG@

an by ﬁs!me 69 . FCE oreses wi' FCERL ¢
61111"{1@ lerl | MMae g poges ¢ mg
elecd ‘yt thurpglmml 32 pa d 6(“.

ysis of (e toptend; ffe ey expessél

ewsd a l}‘gimg-.seim e expessionef IL- 1% nihe
60 @;'30 mﬂ']p‘ison Mest Ylepre fmj s st dies
2 epoid @y dr]pghetionin IL-13 mRNAle J¢
3]; pa"&'.t V\eﬂl?'- rdagdeqreami]
301; IL-13,¢ re (»ft e W ytoltnssin QQ'pei m-
mipe @pmse]iﬁl ues éEseqaan Al 0t urnrgqi‘ -
i1 Mmdre dls to Acdles 70. \‘ﬁ“stfl‘f%
ds e ¥ jnoldrexyey f%ms o2 gaeyin L-1I3
mRNAe sl?' 6mp "{Espec et '-.Misime@u%
01§ef¢tion my g nr}y- ey 4 pem male
{ Mplen e ﬂiu\ esal i efifgst enfs eep; mman-
itY 2 L H. contortu§ de g o n-

h,

Ethical approval
’hedn‘t“ 'ﬁrpké‘ { nedp mng "i']t A% @l]eteﬂ ff‘ m
‘-111 ee.is w-.s-n*p\él Leexperf@m

an d.is mmf}lteeof gr mvesity 24 DNe
pfepne nufrbe 4s J ]U201‘30 0-072.

Conclusions

In s amm y »Lh

e pgesen st dy sn%ht te deg Cfbe

R pes | Nge e exnessionﬂcgss agrois e pg s
d urqgthei de tgonye p of sMeep Ty mbeyies §
H. contortus & Mmcem mys 2 ern l}‘q rfc»r

My s-ilu]}’sis - ¥yst ofd ffepm ]Y exnesseﬂ ge res
Ay ©esin © MRestas;s fimemneﬂﬁ‘i mmape
£S po 3e Vs o}f‘.-d e toga erwl By el e geres
of unv&mwnfunt{on A e (]CCurffg{ nt'es ee

ij ,0¥L$¢tthe beclda e mn&spfvﬂ

L 1. v it onof rEleLcdei mmuagly at

e‘ﬁl "h e]‘- nf.te 1sL of Qﬂdﬂtegerm
o}{:-.i eg rpq,des rewees 0 egon fo tle
st dy of'on, te yMmesistanete H. contortus e ¢ & n
ins eep- Td Ug vmrﬁincdes Lheidemiq qtonof
e H contortus fe ¢ on esista negernesjns'eep:



Additional files

Additional file 1: Details on differentially expressed genes in the
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