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Introduction

Bovine alphaherpesvirus 1 (BoHV1) is recognized as an important pathogen of livestock industry causing infectious bovine rhinotracheitis (IBR) and infectious pustular vulvovaginitis/balanoposthitis (IPV/IPB). The virus belongs to the genus Varicellovirus in the Alphaherpesvirinae subfamily and has been reported worldwide. Although BoHV1 infections are often subclinical, symptoms in the upper respiratory tract and conjunctivitis are the most frequent clinical manifestations. Following acute infection of the respiratory or genital tract, BoHV1 undergoes cycles of latency to reactivation in local sensory neurons, leading to shedding and transmission of the virus via the respiratory, ocular or genital secretions as well as the semen from infected bulls. Reactivation may be triggered by stressful events (parturition, diet, dramatic whether conditions, transport and animal mixing, etc.), immunosuppression or treatments with corticosteroids [START_REF] Thiry | Parturition as a stimulus of IBR virus reactivation[END_REF][START_REF] Thiry | Reactivation of infectious bovine rhinotracheitis virus by transport[END_REF][START_REF] Turin | BHV-1: new molecular approaches to control a common and widespread infection[END_REF][START_REF] Winkler | Persistence and reactivation of bovine herpesvirus 1 in the tonsils of latently infected calves[END_REF]Akermann and Engels, 2006;van Drunen Little-van den Hurk, 2006;[START_REF] Jones | Bovine herpesvirus type 1 (BHV-1) is an important cofactor in the bovine respiratory disease complex[END_REF].

BoHV1 infection can induce direct production losses through reduced milk yield, weight loss, abortions, infertility, and higher susceptibility to secondary bacterial infections [START_REF] Hage | Milk production and reproduction during a subclinical bovine herpesvirus 1 infection on a dairy farm[END_REF][START_REF] Nandi | Bovine herpes virus infections in cattle[END_REF]. However, the economic impact of BoHV1 mainly results from restrictions in livestock trade. Indeed, IBR is included into the Terrestrial Animal Health Code of the World Organization for Animal Health (OIE) and is associated with additional guarantees at the European level. Several member states of the European Union (EU) have either successfully eradicated IBR (Austria, Denmark, Germany, Finland, Sweden, Switzerland) or implemented an EU-approved compulsory program at the national or regional scales (Belgium, Czech republic, Italy). In France, a voluntary eradication program based on the test-and-removal strategy without vaccination started in 1996. Concomitantly, a mandatory control plan based on serological testing together with vaccination and/or removal of positive animals was implemented in 2006. A steady increasing number of certified BoHV1-free herds was observed at the national level (from 49% in 2006 to 69% in 2016), leading the French Ministry for agriculture, food and forestry to approve an unique compulsory program since May 2016 in order to speed up the eradication process. The monitoring of certified-free status of herds is performed by whole-virus indirect ELISA test on bulk tank milk every 6 months or by annual testing of blood samples from animals older than 24 months. Samples with non-negative results are retested by a glycoprotein B (gB) blocking ELISA test used as gold standard.

Results of the voluntary program in mainland France revealed that 65.9% of farms (123,070 herds) were certified as free of IBR in 2014 [START_REF] Gache | Report on regulatory and voluntary surveillance of infectious bovine rhinotracheitis in 2013/2014: a stable situation and new opportunities[END_REF]. Seropositive animals were found in 1.1% of farms (1,303 herds) which had a certified-free status at the start of the campaign. However, no more than two positive animals were detected for 93% of herds. In most of these cases, epidemiological investigations never provided evidence for BoHV1 infection, which was consistent with the fact that BoHV1 infection of naïve herds mainly results in an intense spread of virus and a high within-herd seroprevalence. Such epidemiological non-feasible singleton reactors were also reported in Germany and The Netherlands [START_REF] Mars | Presence of bovine herpesvirus 1 gB-seropositive but gE-seronegative Dutch cattle with no apparent virus exposure[END_REF][START_REF] Isa | Comparative studies with three different bovine blood sample BHV-1 ELISA tests: indirect ELISA and bG-blocking-ELISA[END_REF]. Further characterization of unexplained gBpositive reactors from these countries revealed that they were consistently found negative in gE blocking ELISA and that no virus could be recovered following treatment with corticosteroids, ruling out infection with BoHV1 [START_REF] Mars | Presence of bovine herpesvirus 1 gB-seropositive but gE-seronegative Dutch cattle with no apparent virus exposure[END_REF]Böttcher et al., 2012).

In view of the eradication program, the understanding of the causes for epidemiological non-feasible gB-positive reactivity is crucial. We hypothesized two main reasons for the occurrence of nonspecific reactivity in gB ELISAs. Firstly, only few studies aimed to evaluate the diagnostic performances of these tests [START_REF] Kramps | Evaluation of tests for antibodies against bovine herpesvirus 1 performed in national reference laboratories in Europe[END_REF]. Thus, false-positive reactions due to suboptimal specificity of gB ELISA tests might be responsible.

Secondly, an epidemiological study revealed that cross-reactivity due to infection with bovine alphaherpesvirus 2 (BoHV2) was one reason for singleton reactors in German cattle herds (Böttcher et al., 2012), highlighting that circulation of BoHV1-related herpesviruses may confound the serological diagnosis of IBR. In this study, evaluation of the specificity and sensitivity of BoHV1 gB ELISA kits was performed using large panels of field sera.

Additionally, different monitoring schemes were applied during the two successive surveillance campaigns 2014-15 and 2015-2016 in France in order to characterize singleton reactors from certified BoHV1-free farms.

Materials and methods

Herds and samples

A collection of field sera was used to evaluate the diagnostic specificity and sensitivity of gB blocking ELISAs as well as the between-herd seroprevalence for BoHV2 in French cattle herds. All samples were collected from animals older than 24 months in herds from various geographical origins, covering 33 departments in mainland France. An average number of 20 animals were sampled per herd, ranging from 10 to 30 animals. The 716 negative sera were originated from 35 herds with a BoHV1-free status for at least 3 years. The 281 positive sera were collected before vaccination in 15 herds previously classified as BoHV1-free and for which a massive seroconversion for BoHV1 was detected during the surveillance control testing.

The numbers of herds and animals which were further analyzed in this study during the two successive surveillance campaigns 2014-15 and 2015-16 are given in the respective results sections. All of these animals were originated from certified BoHV1-free herds and tested positive by indirect and gB blocking ELISA tests during the compulsory serological control carried out in official laboratories for IBR diagnosis. They pertained to the category of singleton reactors defined as followed: no more than one, two or three positive animals for a maximum herd size of 20, 200 or more animals older than 24 months, respectively. Virus neutralization test (VNT) using BoHV1 strain Los Angeles and BoHV2 strain RVB-0064 was performed on Madin-Darby bovine kidney (MDBK) cells according to the protocol described in the OIE manual (OIE, 2018). The BoHV2 strain was kindly provided by Patricia König (Friedrich-Loeffler-Institut, Reims).

ELISA kits and virus neutralization test

Statistical analysis

The Receiver-Operator-Characteristic (ROC) analysis was performed using R statistical software. Correlation between gB ELISA reactivity and serological status for BoHV2 was statistically evaluated by Mann-Whitney U-test using Statistica software (StatSoft France, version 10). Confidence intervals were calculated by using Exact Binomial test using the online Epitools epidemiological calculators (http://epitools.ausvet.com.au).

Results

Diagnostic sensitivity and specificity of gB ELISAs

The performances of the three commercial gB blocking ELISA kits (from Idexx, IDVet and Biosellal) which were carried out in official laboratories (OL) for BoHV1 diagnosis in France were evaluated using a panel of 997 field sera. The sensitivity was estimated using 281 positive sera from 15 infected herds. The specificity was evaluated using 716 negative sera from 35 certified BoHV1-free herds. The status of all sera was verified with two other sets of commercially available BoHV1 serological tests, including two whole-virus indirect ELISAs and two gE blocking ELISAs, and by VNT for sera with discordant results between ELISA tests. Analysis of the 281 positive sera with concordant results between the two sets of indirect and gE ELISA tests revealed a sensitivity of 100% (CI95%: 98.7-100.0%) for the three gB ELISAs (Table 1). Among the 716 negative sera, 56 sera (8%) were found either doubtful or positive with at least one gB ELISA, seven out of them being also positive in at least one indirect ELISA. In contrast, all sera tested negative in gE ELISA, and sera with discordant ELISA results were found negative in VNT. Considering equivocal reactions as positive, the specificity of gB-Idexx, gB-IDVet and gB-Biosellal ELISAs was estimated at 97.5% (CI95%: 96.1-98.4%), 93.2% (CI95%: 91.1-94.8%) and 99.2% (CI95%: 98.2-99.6%), respectively (Table 1). Reactions above the positive threshold in gB ELISAs were found in 16/35 (46%) BoHV1-free herds, 63% of them with singleton reactors only. Since antigenic cross-reactions with BoHV2 could be responsible for singleton reactors in BoHV1 ELISA tests, the entire panel of sera was screened with a commercially available BoHV2 indirect ELISA (IDVet). Antibodies against BoHV2 were detected in 27/50 (54%) herds with a within-herd prevalence ranging from 4% to 92% in positive herds (median of 40%).

Seropositivity towards BoHV2 in these 27 herds was confirmed by VNT using BoHV2 as challenging virus. Among sera from herds with BoHV1-negative/BoHV2-positive status, the reactivity by three gB ELISAs was significantly increased for sera with BoHV2 antibodies (p < 0.001), leading to a higher number of false-positive reactions in BoHV2 positive herds, compared with the negative ones (Fig. 1). Furthermore, the number of false-positive reactions by gB-IDvet remained relatively high in BoHV2 negative herds (17 out of 339 sera), compared with the two others gB ELISAs (two sera for gB-Idexx and one serum for gB-Biosellal), accounting for the lowest specificity observed for this kit. In an attempt to increase the performances of gB ELISAs, a Receiver Operator Characteristic (ROC) analysis was applied to the same panels of sera. A specificity of at least 99.9% and a sensitivity ranging from 99.3% to 100% were achieved for cut-off values clearly distinct from those defined in the manufacturer's instructions (Table 1).

Surveillance campaign 2014-2015

Assuming that both suboptimal specificity and cross-reactions in gB ELISAs likely accounted for false-positive, singleton reactors in BoHV1-free herds, a new analytical scheme for IBR surveillance was carried out at the national level during the campaign 2014-2015 (Fig. 2A). gB-positive sera from singleton reactors were transferred from OL to the NRL for further analysis using a distinct gB ELISA (gB-Idexx or gB-IDVet). Sera were classified as weak or strong positive samples according to threshold levels distant by 5% OD from those defined by the ROC analysis (cut-off values of 70% and 25% for gB-Idexx and gB-IDVet, respectively), in order to take into account the interlaboratory reproducibility of gB ELISAs. This parameter was estimated through two consecutive proficiency tests including 67 and 47 OL. Singleton reactors with strong reactivity in gB-ELISA were vaccinated and/or removed, while those found negative or classified as weak positive at the NRL were analyzed at least 6 weeks later in a same manner. Comparative analysis of data between OL and the NRL is summarized in Table 2. Only sera with gB-Idexx or gB-IDVet results were included in this study because they accounted for more than 92% of samples submitted to the NRL, which represented 728 gB-positive sera from 656 herds. On the basis of data from 42 OL, 459 (63%) sera were classified as weak positive. Sixty-four percent of these sera were similarly classified at the NRL, while the remaining sera were found negative (16%) or classified as strong positive (20%). Among the 269 strong positive sera send by OL, 87% sera were confirmed as strong positive at the NRL. Overall, 83% of samples were similarly classified in both ELISAs.

To test whether weak positive reactions corresponded to animals at early stage of infection, new blood samples of 384 (95%) singleton reactors which were found negative or weak positive at the NRL were collected at least 6 weeks later and characterized as described above. As shown in Table 2, results of gB ELISA performed by OL revealed 63% negative sera, 34% weak positive, and only 3% strong positive. Analysis of the 142 non-negative sera at the NRL confirmed that most of them (87%) showed weak or no reactivity in gB ELISA.

Finally, the 121 samples which were found positive at the NRL were analyzed by VNT as confirmatory test. Only three sera tested positive, with neutralizing antibody titers ≤ 6.

However, these three sera tested negative by gE ELISA. Altogether, these results indicated that a great number of singleton reactors from certified herds showed weak gB-positive reactions that did not increase with time and tested negative by confirmatory tests such as VNT or gE ELISA, ruling out putative infection with BoHV1.

Surveillance campaign 2015-2016

Taken into account the results of IBR surveillance in 2014-2015, new measures were adopted for the next compulsory campaign in certified BoHV1-free herds (Fig. 2B). Since the classification of sera as weak or strong positive in gB ELISA was strongly concordant antibodies could be responsible for serological drawback in BoHV1 diagnosis, a panel of 287 gB-positive/gE-negative singleton reactors corresponding to 215 herds from 48 departments was screened with the BoHV2 indirect ELISA (IDVet). Remarkably, antibodies against BoHV2 were detected in 85.7% of animals, leading to a calculated between-herd seroprevalence of 89.8% (CI95%:85-93.1%).

Discussion

Several studies were designed to evaluate the specificity and sensitivity of markerindependent BoHV1 ELISA tests. The results of an international ring test based on a limited number of samples indicated that indirect ELISAs were suitable for the detection of antibodies in both sera and milk samples, and that gB ELISAs exhibited the best performances for testing serum samples, with a sensitivity of 96% and a specificity of 99% [START_REF] Kramps | Evaluation of tests for antibodies against bovine herpesvirus 1 performed in national reference laboratories in Europe[END_REF]. In contrast, another study using a large field panel of 2754 sera revealed a relative low specificity of gB ELISAs which could potentially increase the number of BoHV1 positive farms with up to 20% [START_REF] Isa | Comparative studies with three different bovine blood sample BHV-1 ELISA tests: indirect ELISA and bG-blocking-ELISA[END_REF]. In the present study, we showed that the gB ELISA kits currently used for BoHV1 surveillance in France were highly sensitive whereas their specificity was lower than expected (specificity of 97.5% and 93.2% for the gB-Idexx and gB-IDVet ELISAs, respectively). Suboptimal specificity of gB ELISAs was emphasized by a comprehensive analysis of singleton reactors from certified BoHV1-free herds detected during two successive surveillance campaigns (from 2014 to 2016).

Characterization of 728 singleton reactors from 656 herds during the first campaign revealed that half of them corresponded to weak positive reactions. Analysis of new blood samples collected at a 6-week interval showed that these weak positive reactions fell into the negative range of gB ELISA, while those remaining stable could not be confirmed by either VNT or gE ELISA. These serological profiles were inconsistent with the humoral immune responses developed by infected animals. Indeed, antibodies directed against the gB protein appear early after infection (7-14 days post-infection) and raise to high and steady levels [START_REF] Kramps | A simple, specific, and highly sensitive blocking enzyme-linked immunosorbent assay for detection of antibodies to bovine herpesvirus 1[END_REF][START_REF] Babiuk | Immunology of bovine herpesvirus 1 infection[END_REF]König et al., 2003). Analysis of 1823 gB-positive sera from 1279 herds during the next campaign showed that 67% of singleton reactors corresponded to strong gB-positive reactions. However, most of them (93.6%) were not confirmed by gE ELISA despite the use of an upgraded cut-off, making this test as sensitive as gB ELISAs (Böttcher et al., 2012). Finally, epidemiological investigations following discovery of these singleton reactors as well as next annual surveillance controls failed to provide any sign of BoHV1 infection (data not shown).

Several factors may be responsible for the occurrence of nonspecific reactivity in BoHV1 ELISA, including batch variation of the ELISA used, bad sample quality, testing very fresh sera or samples collected soon after BoHV1-unrelated vaccination [START_REF] Beer | Diagnostic markers in the prevention of bovine herpesvirus type 1: possibilities and limitations[END_REF]OIE, 2018). Analytical schemes designed in this study for the characterization of singleton reactors (use of different validated batches, serum freezing, good concordance of results between laboratories) and subsequent epidemiological investigations (evaluation of the socalled "vaccination-phenomenon") allowed us to exclude all of these possible explanations.

Taken into account previous studies demonstrating the reliability of BoHV1 gB ELISAs [START_REF] Kramps | Evaluation of tests for antibodies against bovine herpesvirus 1 performed in national reference laboratories in Europe[END_REF], it was likely that singleton reactors with strong gB-positive reactivity might be attributed to serological cross-reactivity due to infection with other ruminant alphaherpesviruses. Bovine alphaherpesvirus 5 would probably induce severe clinical manifestations and has so far never been described in Europe. Infections with bubaline alphaherpesvirus 1 (BuHV1), caprine alphaherpesvirus 1 (CpHV1) and cervid alphaherpesvirus 1 (CvHV1) could also result in a gB-positive/gE-negative response. Both the number and the geographical localization of water buffalo herds are very limited in France, without any contact with cattle. Serological surveys revealed a very low prevalence of CvHV1 in wild ruminants [START_REF] Thiry | Serological survey of herpesvirus infections in wild ruminants of France and Belgium[END_REF][START_REF] Candela | Pathogens of zoonotic and biological importance in roe deer (Capreolus capreolus): seroprevalence in an agro-system population in France[END_REF], and a heterogeneous distribution of CpHV1 infection throughout the country [START_REF] Thiry | Serological evidence of caprine herpesvirus 1 infection in Mediterranean France[END_REF][START_REF] Suavet | First description of infection of caprine herpesvirus 1 (CpHV-1) in goats in mainland France[END_REF]. Therefore, it was unlikely that infections with these BoHV1-related viruses could accounted for the high number of epidemiological unfeasible singleton reactors reported from many regions of France. In contrast, Böttcher et al. (2012) showed that the seroprevalence for BoHV2 was higher in German dairy cattle herds with singleton reactors, compared to negative control herds. Moreover, the reactivity in indirect and gB ELISAs was significantly increased for cattle with BoHV2 antibodies. Our study demonstrated for the first time the presence of antibodies to BoHV2 in French cattle herds. Since BoHV2-positive reactions in ELISA was confirmed by VNT using homologous virus strain, it was unlikely that these serological results were either false-positive or induced by cross-reactions with a still unknown herpesvirus. BoHV2 infection appeared widely distributed throughout the country, with a calculated between-herd prevalence of 54% (CI95%: 40.4-67%). Remarkably, this between-herd prevalence was far smaller than the BoHV2 seropositivity among singleton reactors from BoHV1-free herds (89.8%). Furthermore, our results confirmed the crossreactivity of BoHV2 antibodies with BoHV1 ELISA tests, except gE ELISA. Altogether, these findings demonstrated that BoHV2 was responsible for the occurrence of singleton reactors in French BoHV1-free herds.

In France, the surveillance of dairy cattle farms is performed by serological bulk-milk testing. Farms with positive results are then retested using blood samples from animals older than 24 months, like beef cattle herds. Testing of blood samples is performed in a sequential manner. Firstly, pools of 10 sera are analyzed by indirect ELISA. Then, all sera from a positive pool are tested individually by gB ELISA. The panel of negative sera used in this study to evaluate the performances of gB ELISAs originated from 35 certified herds, including 15 beef cattle herds. Interestingly, while these herds were controlled as negative by indirect ELISA based on pooled sera, nine of them contained animals which tested both positive for BoHV2 and weak positive by gB ELISA. Therefore, testing of blood samples using pooled sera appeared to be a suitable strategy for limiting the serological drawback induced by BoHV2.

Conclusion

Obviously, serological tests should be enough sensitive to protect BoHV1-free herds from introduction of a latently infected animal. Due to cross-reactions with other bovine alphaherpesviruses, these tests should be also highly specific to avoid inappropriate withdrawal of the certified-free status. Consequently, ongoing eradication programs of BoHV1 in Europe generally rely on complex analytical schemes from routine to confirmatory diagnosis, including different tests (indirect ELISA, gB and gE blocking ELISAs, VNT), some of them being applied to different matrix (milk and serum). These monitoring systems are costly and time-consuming, preventing farmers to any trade for a long period. Our results highlighted that testing of pooled sera and re-evaluation of the cut-offs of gB ELISAs could be alternative diagnostic strategies for limiting nonspecific reactivity. 

  All ELISA tests commercially available in France and registered at the time of the study for the detection of BoHV1 antibodies in serum were used, including two whole-virus indirect ELISAs (Idexx IBR individual [Idexx] and ID Screen IBR Mixte Indirect [IDVet]), three gB blocking ELISAs (Idexx IBR gB X3 [Idexx], ID Screen IBR gB competition [IDVet] and BioLisa kit IBR gB Ab [Biosellal]), and two gE blocking ELISAs (Idexx IBR gE [Idexx] and ID Screen IBR gE competition [IDVet]). The assays were performed according to manufacturer's instructions. BoHV2 antibodies were detected by using the ID Screen BHV2 indirect ELISA from IDVet.
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Table 1 .

 1 Diagnostic specificity (Sp) and sensitivity (Se) of gB ELISAs. Analyses were performed on 281 positive sera from 15 herds with BoHV1 outbreaks and 716 negative sera from 35 BoHV1-free herds. The performances of gB ELISAs were estimated on the basis of the manufacturer's cut-off values and by a ROC analysis.

	Tables						
	gB ELISA	Manufacturer's cut-off	Sp (%) Se (%)	Cut-off	ROC analysis Sp (CI 95%)	Se (CI 95%)
	Idexx	45 ≤ (1-S/P)% < 55	97.5	100.0	75%	100.0 (99.5-100.0)	99.6 (98.0-99.9)
	IDVet	45 < (S/P)% < 55	93.2	100.0	20%	100.0 (99.5-100.0)	99.3 (97.4-99.8)
	Biosellal	45 ≤ (1-S/P)% < 55	99.2	100.0	60%	99.9 (99.2-100.0) 100.0 (98.7-100.0)
	Sp, specificity; Se, sensitivity; CI, confidence interval.			

Table 2 .

 2 gB ELISA reactivity of singleton reactors detected during the surveillance campaign 2014-15. Sera were classified as weak or strong positive samples in gB ELISA on the basis of new cut-off values defined by a ROC analysis.

	Day of blood sampling	gB-ELISA/OL Reactivity Nb. of sera	gB-ELISA/NRL weak strong neg. pos. pos.
	Day 0	weak pos.	459	76	292	91
		strong pos.	269	6	29	234
	Day ≥ 6 weeks neg.	242	NT	NT	NT
		weak pos.	129	21	93	15
		strong pos.	13	0	10	3
	OL, official laboratories; NRL, national reference laboratory for IBR.
	NT, not tested.					
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between laboratories, kits and successive blood samples, the discrimination of sera on the basis of their reactivity in gB ELISA was only performed at OL level using a single blood sample. The status of herds was determined according to the number of strong positive reactors, but independently of the number of weak positive reactors. Herds showing only weak positive reactors kept their BoHV1-free status, whereas those with more than three strong positive reactors were stated as infected herds and all seropositive animals were vaccinated and/or removed. In cases of herds having no more than three strong positive reactors, all positive sera (including weak and strong samples) were submitted to analysis at the NRL. The gE ELISA (from Idexx) was chosen in place of VNT as confirmatory test, allowing analysis of a great number of samples. The cut-off of the gE ELISA was set at 0.9, making this test as sensitive as the gB-Idexx (Böttcher et al., 2012). A total of 1823 gBpositive sera from 1279 herds were analyzed by gE ELISAs (Fig. 3). The gB-Idexx and gB-IDVet tests were applied on 68% and 32% of sera, respectively. Strong positive reactors (n=1221) accounted for 67% of seropositive animals. Seventy-eight (6.4%) of these animals also tested positive in gE ELISA. Six (1%) out of the 602 weak positive reactors were found positive in gE ELISA. Overall, gE-positive reactions were found in 5.4% of herds. A fraction of the gE-negative samples was analyzed by VNT, including 64 weak and 324 strong positive reactors. All weak positive reactors tested negative, and 9 (2.8%) strong positive reactors were found positive.

Prevalence of BoHV2 among singleton reactors

In view of the performances of blocking ELISAs used and the absence of epidemiological link between singleton reactors and IBR outbreaks, animal movement or accidental vaccination, it was likely that these gB-positive/gE-negative reactions mainly resulted from antigenic cross-reactivity with a BoHV1-related herpesvirus. Since BoHV2
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